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Abstract

An apparent indentation load vs. penetration depth curve, which is analyzed for mechanical property evaluation, doesn’t change
significantly because of the friction between a point-sharp indenter and an indented solid with a wide range of elastoplasticity,
although mean pressure under the indentation and contact depth vary remarkably by the friction.

© 2018 Elsevier Ltd. All rights reserved.

Selection and/or Peer-review under responsibility of 6th International Symposium on Advanced Ceramics.
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1. Introduction

Instrumented indentation is characterized as a load and depth sensing indentation, which is utilized for evaluating
local mechanical properties through the analysis of the indentation load P versus the penetration depth h (P-h curve,
hereafter). The precise observation of a tiny residual impression on an indented solid, which is inevitable for traditional
hardness testing, is not needed for the instrumented indentation. This is one of the advantages of the instrumented
indentation where the accurate measurement of a P-h curve is, instead of that, required. To simplify the analysis of a
P-h curve, the effect of the friction coefficient z between an indenter and an indented solid on the apparent P-h curve
is usually ignored, although the friction is one of the issues we should consider in contact mechanics.
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There are many studies on the effect of £z on indentation behavior. Most of them are, however, regarding a spherical
indentation [1-3, for example] and scratching [4-6, for example]. In contrast, there are not many studies on a frictional
indentation made with a point-sharp indenter. In the previous studies, where the frictional point-sharp indentation was
simulated with the finite element method (FEM, hereafter), the effect of zz on a P-h curve was discussed for specific
materials, i.e. metals where plastic deformation was dominant under an indentation [7-8], bulk metallic glass [9],
silicon [10], and so on. There seems to be no systematic study on the effect of the elastoplasticity of an indented solid
on a frictional indentation. Some of the previous studies reported the overestimation of hardness and Young’s modulus
due to the friction [7-9, 11-16] while other studies reported that the friction does not affect a P-h curve significantly
[10, 17-20]. The contradiction leads to the confusion whether the frictional effect on a P-h curve can be ignored as is
usually done or not.

In this study, the effect of & on a P-h curve made with a point-sharp indenter is examined systematically in a wide
prange with varying the elastoplasticity of an indented solid through the simulation of indentations with FEM. The
FEM simulation was carried out by using an indenter with an inclined face angle £ of 19.7°, which is the equivalent S
of the Berkovich/Vickers indenter, as well as 30°. The mean pressure under an indentation and the surface deformation
around an indentation were monitored to describe the frictional effect on a P-h curve.

2. FEM simulation of indentation

A conical indentation on a cylindrical elastoplastic solid was modeled to avoid the difficulty of modeling a
pyramidal indenter widely used for actual indentations. The effect of z on a P-h curve with a point-sharp indenter can
be discussed for conical indentation in substance, although there may be a difference in local stress distribution
between conical and pyramidal indentations. The FEM simulation exploited the large strain elastoplastic capability of
ABAQUS in the same way as reported in the literature [21-23]. Indentation contact was simulated using rigid cone
indenters with two different inclined face angles £(19.7° and 30°). The friction coefficient i between the cone indenter
and an elastoplastic solid varied widely from 0 to 10 to examine the effect of x on an indentation under the large
friction. For simplicity, the FEM simulation used elastoplastic rules without strain hardening, i.e., c=E¢& for <Y, and
o=Y for o 2Y, where o is the stress, E is the Young’s modulus, ¢ is the strain, and Y is the yield stress, respectively.
Indentations were simulated for E and Y ranges of 50-1000 GPa and 0.1-60 GPa, respectively. The von Mises criterion
was used to determine the onset of yielding flow.

3. Results and discussion

Apparent P-h curves with a point-sharp indenter are characterized geometrically by the indentation loading
parameter k; defined as k;=P/h? for loading and the relative residual depth & defined as &&h,/himax, where hy and himax
are the residual and the maximum depths, respectively. The effect of zz on the indentation unloading characterized by
the parameter k, defined as kx=P/(h-h;)? can be examined with k; and & as ko=k;(1-&)>. The &value changes from 0 for
an indentation on a perfectly elastic solid to 1 for that on a perfectly plastic one. Thus, & is an index of the
elastoplasticity of an indented solid. The mean pressure <p> under an indentation is evaluated as <p>=P/A., where A,
is the projected contact area given by the geometric parameter g of a point-sharp indenter and the contact depth h; as
A:=gh’. The g-value is determined as g=rm/tan’/3 for a cone indenter with an inclined face angle B The g-value for S
of 19.7° is 24.5, which is equivalent to that of the Berkovich/Vickers indenter. The hc-value is evaluated through the
observation of the simulated surface deformation around an indentation. By using the h.-value, the surface deformation
parameter yis determined as y=h/h..

Figure 1 plots the change in ki, & <p>, and y as a function of  for a plastic deformation dominant indentation
(PDDI, hereafter) where E and Y are 100GPa and 2GPa, respectively. In the PDDI case, & is 0.8 for frictionless
indentation. We have examined the effect of x on ki, & <p>, and y for several solids with Y/E=0.02 by changing E
and Y simultaneously. As a result, we have observed almost the same results shown in Fig. 1 for each of the solids,
although the absolute values of k; and <p> increase with an increase of E and Y. Fig. 2 plots the difference in ki, &
<p>, and y between frictionless and frictional indentations for £ of 19.7° as a function of & of the frictionless
indentation. Fig. 3 plots the change in the parameters K, &, <p>, and y due to the friction for #of 30° as a function of
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the frictionless & The frictional indentations for Figs. 2 and 3 were simulated for & of 0.2 because the amount of the
change in the parameters ki, &, <p>, and y due to uis saturated at £=0.2 (see Fig.1).

£=19.7°, Y/E=0.02

12— r——rrrr——m
5 _10
O <
Es
[+
5 o -
Q - 4 e
= A A -
SV 2 &
g =15/
e O—ﬂﬁ """""
2= 5
S~ 2f
A,

102 10! 10°
Friction coefficient u

Fig. 1. Change in parameters ki, & <p>, and y as function of friction coefficient x in plastic deformation dominant
indentation.

3.1. Effect of zzon k;

ki-value decreases slightly with an increase in £ up to 0.2 for PDDI (see Fig.1). The amount of the decrease in k;
is saturated at 4= 0.2 to be about -2%. The increase of x leads to the significant increase in <p> (see Fig.1) owing to
the increase in the resistance for indenter penetration. On the other hand, the increase of u yields the remarkable
decrease in h., which corresponds to the large increase in y (see Fig.1), because of the restriction of the piling-up
around a frictional indentation. k; is given as a function of <p> and yas follows:

k, = g )ff)

The equation indicates that the increase of k; by the increase in <p> is cancelled because of the decrease of k; by
the increase in 7. The k; decreases slightly with an increase in p because k; decreases in inverse proportion to the
second power of y, while k; increases in proportion to <p>. In the g~range over 0.2, where the effect of & on k; is
saturated, the friction is too large to slip the point-sharp indenter on the surface of the indented elastoplastic solid.

The change in k; due to g is very small for an elastic deformation dominant indentation (EDDI, hereafter) with
small & in comparison to PDDI with large & (see Fig.2). Contact area, where the friction force is applied to, decreases
by the sinking-in around an indentation, which typically occurs in EDDI. The change in <p> as well as yis small for
EDDI because the total friction force is small for small contact area (see Fig.2). Thus, the tiny change in k; due to
is observed for EDDI.

In the frictional indentation for £ of 30°, ki-value decreases slightly with an increase in & (see Fig.3), which is the
same trend observed for S of 19.7° (see Fig.2). The change in <p> and yfor £ of 30° is much larger than that for £ of
19.7° (see Figs.2 and 3) because the indenter penetration and the piling-up are strongly restricted by the friction for
large S. The significant increase in <p> (see Fig.3), in particular, leads to the increase of ki in the whole &range,
which is up to about +1%.

Consequently, the amount of the change in k; by the friction is within a few percent, although <p> and y
significantly increase with an increase in x and the increase is enhanced by the increase of /.

(M
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Fig. 2. Change in parameters ki, & <p>, and y due to Fig. 3. Change in parameters ki, & <p>, and y due to
friction with g of 0.2 under £ of 19.7° as function of & friction with  of 0.2 under £ of 30° as function of &
determined for frictionless indentations. determined for frictionless indentations.

3.2 Effect of pzon &

It is hard to find the change in & due to the friction in PDDI (see Fig.1). The friction does not significantly affect

the indentation unloading behavior because small elastic rebound in PDDI results in a small slipping distance between
an indenter and an indented solid during the unloading.
In the case of EDDI, the decrease in & due to the friction is observed (see Fig. 2), which is down to about -2%. The
resistance for the indenter pulling out from the indented solid increases by the friction, which leads to the decrease in
& due to the increase of P during unloading. The effect of the friction on & is, however, not significant because the
contact area between the indenter and the indented solid is originally small for EDDI due to the sinking-in around the
indentation.

The decrease in & due to the friction in EDDI is also observed for £ of 30° (see Fig.3). The amount of the decrease
in & for S of 30° is as large as that for S of 19.7° (see Figs.2 and 3), which is down to about -2%.

4. Conclusion

The effect of the friction on an apparent P-h curve is examined quantitatively in a wide g~range with varying the
elastoplasticity of indented solids through the simulation of indentation with FEM. Only a few percent changes in k;
and & are observed because of the friction, although <p> and ysignificantly increase with an increase in u especially
for PDDI. The main reason is that the increase of k; by the increase of <p> is cancelled because of the decrease of k;
by the increase in y. This means that the apparent P-h relationship, which is analyzed for mechanical property
evaluation, does not change significantly because of the friction. The same claim has been made in the previous studies
[10, 17-20]. This study clarifies that the claim is valid in a wide elastoplastic range of an indented solid. It must be
emphasized that the result in this study is valid only for an indentation on a typical elastoplastic solid. The validity of
this study is not guaranteed when the piling-up around the frictional indentation is enhanced extremely, e.g.,
indentation on a viscoelastic solid, a soft film on a hard substrate, and so on.
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Indentation Size Effect and Hardness Anisotropy in TizAlIC;

with tailored microstructures
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Abstract

Bulk TizAIC, was fabricated by either hot-pressing of synthesized TisAlIC, powders (HP), to produce strong texture,
or in-situ reaction hot-pressing of Ti/Al/TiC mixture (RHP), to produce relatively untextured structure. The vickers
hardness of TisAIC; with tailored microstructures was investigated in this study. A significant indentation size effect
(ISE) was observed in both HP and RHP samples. Hardness anisotropy owing to the effect of the crystal orientation
was confirmed only in highly textured TisAIC, with platelet length of 42um and was in good agreement with that
reported in the single crystal.

© 2018 Elsevier Ltd. All rights reserved.
Selection and/or Peer-review under responsibility of 6th International Symposium on Advanced Ceramics.
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1. Introduction

TisAlC, is a member of layered ternary carbides with the general formula My+1AXn (MAX)—where n =1, 2, or 3;
M is an early transition metal; A is an A-group element; and X is C and/or N—that exhibits unique combinative
properties of both ceramics and metals [1]. Since Barsoum & EI-Raghy [2] reported on the synthesis of pure-phase
bulk TisAIC, samples and its unusual properties, research on the MAX phases has exploded. Numerous studies on the
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structure and properties of MAX phases are summarized in several reviews [1, 3-5].

Recently, the controlled development of texture in polycrystalline materials is a topic of interest in ceramic
processing, since it allows the directionally dependent properties of single crystals in polycrystalline ceramics [6-8].
Grasso et al. [9] prepared highly c-axis-oriented B.C by slip casting in a strong magnetic field, and observed
anisotropic hardness. The high values of the hardness were in agreement with those reported for B4C single crystal.
The hexagonal unit cell of TizAlIC; is the highly anisotropic crystal structure. Thus, the mechanical properties of
textured TisAIC, can be expected to have anisotropic features. In our knowledge, the relationship between the
crystallographic texture and the hardness has not been systematically investigated in TizAIC,. Part of the reasons might
be the difficulty of controlling microstructure in single phase T TisAIC, ceramics.

TisAIC, exists in complex ternary systems in which several quite stable binary and other ternary phases coexist.
For example, the phases TiC, AlsTi, Al,Ti, AlTi, AlTis, TisAIC, Ti;AlC and TisAlC, may all be found on the phase
diagram [10]. Depending on the chosen raw materials and processes, some of these phases are often formed as transient
intermediates and likely to remain as impurities in synthesized TisAlC,. As is known, the sinterability of MAX phases
are very poor, which is directly related to its structure. Thereby, both higher sintering temperature and pressure assist
(hot pressing or hot isostatic pressing) are necessary to obtain high density for TisAIC,. Higher sintering temperature
promotes the vaporization of Al, and results in the decomposition of TisAlIC, to TiC. Due to these difficulties, a process
window for controlling microstructure, such as grain size and crystallographic texture, in single phase TizAIC; is
expected to be narrow.

In this study, we introduce the procedure for controlling the microstructure in TizAlC,. The highly textured TisAIC,
ceramics was successfully obtained by hot pressing of plate-like powder, which was featured by the alignment of the
c-planes of the crystals perpendicular to the pressing direction. For comparison, untextured TisAIC, was prepared by
in-situ reaction hot-pressing from Ti/Al/TiC mixture. Subsequently, the crystallographic and morphologic texture in
hot pressed TisAIC, was examined by XRD and SEM. Finally, the effects of texture on micro hardness for TizAIC,
are discussed in this paper.

2. Experimental Procedure

In this paper, two methods were used to prepare the bulk TisAIC,. The first method was hot-pressing of synthesized
TizAIC, powders. This method was abbreviated as HP in this paper. Ti (< 40um powder size, 99 % purity, Mitsuwa
Chemicals Co., Ltd., Japan), Al (< 40um powder size, 99 % purity, Mitsuwa Chemicals Co., Ltd., Japan) and TiC (<
2 um powder size, 99 % purity, Kojundo Chemical Laboratory Co., Ltd., Japan) were used as raw materials. In this
study, TisAlC, powders with different grain size were prepared through the reaction of raw materials. Grain size was
controlled by changing the annealing temperature. During the synthesis of TisAIC,, the vaporization of Al occurs.
Higher firing temperature promotes evaporation of Al during the synthesis of TisAIC,, and the composition shifts to
off-stoichiometry. In this study, the starting compositions of Ti:Al:C were optimized to obtain single phase of TizAIC,
at each annealing temperatures. The starting mixtures with proper ratio of Ti:Al:C, were mixed in ethanol by ball-
milling for 4 hour. After drying, cylindrical compacts: 25 mmx5 mm were prepared under the pressures of 10 MPa.
Calcining was carried out in a graphite furnace under Ar atmosphere (Model FVPHP-R-5, Fujidenpa Kogyo Co. Itd.,
Osaka, Japan). The heating rate was controlled at 10°C/min, and the calcining temperature was selected at 1500°C
and 1600 °C and held for 4 hour. Through the optimization of the starting composition, single-phase of TisAlC, was
obtained from the mixture with the starting composition of Ti:Al:C = 3:1.3:1.7 at 1500 °C and Ti:Al:C = 3:1.5:1.5 at
1600 °C. The grain size of synthesized powders calcined at 1500°C and 1600°C were 18um (abbreviated as FG) and
39um (abbreviated as CG), respectively. A typical SEM micrograph of a synthesized powder confirmed the layered
nature of the material, and indicated that the shape of grains were plate-like. The both synthesized FG and CG powders
were placed into a 30x40 mm graphite mold coated with boron nitride (BN). The synthesized TisAIC, powders were
hot-pressed at 30MPa under a flowing Ar atmosphere at 1500 °C for 60 min. In HP method, specimens prepared from
FG powder and CG powder were hamed FG-HP and CG-HP, respectively.

Another method to synthesize TisAIC; in this paper was in-situ reaction hot-pressing of Ti/Al/TiC mixture. This
method was abbreviated as RHP in this paper. The starting mixture was prepared using the same manner as in the first
method. The grain size was controlled by changing the hot-pressing temperature. Also in this method, a little amount
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of aluminum will evaporate during the sintering process. The starting composition of Ti:Al:C were optimized to obtain
single phase of TisAIC,. The starting mixtures with the proper ratio were placed into a 30mmx40mm graphite mold
coated with boron nitride. Then they were hot-pressed at 30MPa under a flowing Ar atmosphere at 1400°C for 60min
and 1500°C for 120min. Single-phase of TizAIC, was obtained from the mixture with the starting composition of
Ti:Al:.C = 3:1.2:1.8 at 1400°C and Ti:Al:C = 3:1.3:1.7 at 1500°C. In RHP method, specimens prepared at the
temperature of 1400 °C and 1500°C were named FG-RHP and CG-RHP, respectively.

After removing the surface layer from the sintered samples by grinding, the density of all the sintered samples was
determined by the Archimedes’ method with water as the displacing medium; the theoretical density was taken as
4.29g/cm?. For XRD analysis, vickers hardness testing and microstructural observation, plane grinding was done using
400 grit, 800 grit and 2000 grit of SiC abrasive papers with water as a coolant. Then, mirror polishing was carried out
using a polishing cloth with a diamond polishing paste of the grain size of 3um and 1um. The crystallographic
orientation and phase compositions were evaluated by X-ray diffraction (Model UltimalV, Rigaku Co., Tokyo, Japan)
with Cu radiation and a scanning rate of 2°/min at 40kV and 40mA. The vickers micro indentation hardness of the
mirror polished samples was determined as per ASTM E384 using a microhardness tester (Model MVK-H2, Akashi
Ltd, Japan) at loads of 0.01~2kgf. The vickers hardness of the samples were calculated using the following formula,

HV/(GPa)=0.0018544x P/ 1)

, Where P is the force (in N), d is the length of the diagonal of the indentation (in mm). For microstructural evaluation,
mirror polished surface of the sintered samples was chemically etched in Aqua Regia (1 parts 35% HCI and 1 part
65% HNO3). The solution was heated to 50°C and the sample was dipped. The microstructure was observed with
scanning electron microscope (Model S-4300, Hitachi, Japan).
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Fig. 1. XRD patterns of the top and side surface of sintered bodies: (a) FG-RHP, (b) CG-RHP,
(c) FG-HP and (d) CG-HP.
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3. Results
3.1. Crystallographic and Microstructural Results

All the sintered bodies prepared by HP and RHP method were fully dense (98-99% of the theoretical density
(4.29g/cm?)). The XRD patterns of the top and side surfaces of RHP sample are shown in Fig. 1(a) and (b). The top
and side surfaces which are parallel and perpendicular to the pressing direction are denoted as TS and SS, respectively.
Although Ti>AlC, which formed as an intermediate carbide during the formation of TizAIC; [11], was evident in the
side surface of FG-RHP sample, the predominant phase in each case was TizAIC,. Figure 1 (c) and (d) show the XRD
patterns of the top and side surfaces in the samples obtained by Hot-pressing of the FG powder and the CG powder.
No other phases but TizAlIC, were detected in HP samples. As seen in Fig. 1(c) and (d), it was clear that the diffraction

|
50um

Fig. 2. Back-scatter electron images (BEI) of chemical etched surfaces for (a) top surface of FG-
RHP, (b) side surface of FG-RHP, (c) top surface of CG-RHP, (d) side surface of CG-RHP, (e) top
surface of FG-HP, (f) side surface of FG-HP, (g) top surface of CG-HP and side surface of CG-HP.
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Table 1 Summary of relative density, open porosity, platelet length, platelet width, grain
aspect ratio and ratios of the peak intensities for the 002 basal plane / 101 plane in TizAlCo..

Relative Open Platelet Platelet Grain
density®  porosity length width aspect  Joz)/Ion)°
o) @)  (m)  (m) o
FG-HP 99 0.05 18 1.9 33 33.75
CG-HP 99 0.06 42 5.3 3.8 45.9
FG-RHP 99 0.01 18 2.4 3.3 1.485
CG-RHP. 98 0.3 32 4.8 3.6 17.55

aCrystallographic density of TizAIC,(4.3 g/cm3, JCPDS#52-0875)was applied for calculation
PRatios of the peak intensities for the 002 basal plane / 101 plane in top surface

peak of (002) plane of TisAlC,, perpendicular to the c-axis of the unit cell, showed much stronger relative intensities
on the TS surface than SS surface. While, the diffraction peaks of the (101) planes almost parallel to the ¢ axis showed
relatively weak intensities on the TS surface and they became stronger on the SS surface. Due to a high c/a ratio of 6
in hexagonal TizAIC; unit cell, the angle between (101) plane and basal plane is 81°. This indicated that the FG and
CG of TisAIC; particles both strongly oriented during hot-pressing, which was featured by the alignment of the c-
planes of the crystals perpendicular to the pressing direction. The differences in preferred orientation between can be
quantified by comparing ratios of the peak intensities for the 002 basal plane / 101 plane (loz)/l(101). The value of
loo2)/l 101y for FG-RHP, CG-RHP, FG-HP and CG-HP in TS were 1.485, 17.55, 33.75 and 45.9, respectively. This
indicated that even more pronounced preferred orientation occurred in the CG-HP sample. On the other hand, the
XRD pattern for FG-RHP is nearly identical to that obtained from untextured TizAIC: (l(002)/(101) =1.35). In contrast,
loo2)/l101y for CG-RHP is higher than that of untextured TisAIC;, and the CG-RHP sample has slightly textured
microstructure. The nonequiaxed particles, especially plate-like shape are beneficial for particle orientation under
uniaxial pressing condition. Higher sintering temperature of CG-RHP enhanced grain growth of plate-like TizAIC,
during densification, and resulted in slightly textured microstructure through rearrangement of TisAlC, platelets.

Typical back scattered SEM micrographs of polished and etched surfaces of TizAIC, prepared by RHP and HP
process are shown in Fig. 2. The samples prepared by RHP process does not show any obvious orientation of grains.
The average length and width of the platelets in FG-RHP were 18 and 2.4um, respectively. In CG- RHP, the average
length and width of the platelets were 32 and 4.8um, respectively. The grain size of TisAlC, was increased with
increasing the sintering temperature from 1400°C to 1500°C in RHP process. On the other hand, the preferred
orientation in HP process was shown from microstructure. The photographs taken from the side surface (perpendicular
to the pressing direction (Fig.3 (f) and (h)) shows mostly platelet edges, while sections taken parallel to the pressing
direction (Fig.3 (e) and (g)) shows mostly platelet faces. In both FG-HP and CG-HP samples, many of the plate-like
grains are stacked nearly parallel to the pressing direction. The average length and width of the platelets in FG-HP
were 18um and 1.9um, respectively. In CG-HP, the average length and width of the platelets were 42um and 5.3um,
respectively. The dark contrast observed in this sample (and the other samples in the study) is due to the action of the
chemical etching, as aggressive etching conditions were used in order to show the grain boundaries clearly. Although
the XRD spectra for CG-HP did not show the presence of any other phases, back scattered SEM micrographs of
polished cross sections indicated that another phase was present in the final microstructure; EDS indicated that this
phase, most probably, was Al,O3 [12].

The microstructural properties of HP and RHP samples were summarized in Table 1. It can be seen that the grain
aspect ratio exhibits about 3.5 in all samples, and is independent of grain size and crystallographic orientation. These
microstructural evidences show that the grain growth of TizAIC, occurs under constant aspect ratio during the
densification process. In RHP process we successfully obtained a relatively untextured micrstructure with similar
grain size, for comparison with the textured TisAIC, prepared by HP process. Based on the X-ray analysis and
microstructural / EDS observation, our previous study revealed TiC particle acted as seed crystal during the formation
of TizAIC, from Ti, Al and TiC powder mixture [11]. The strong relationship between the unit cells of TizAIC, and
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TiC resulted in a topotactic formation. In this study, the starting powder for TiC had an equiaxed shape, and seems to
be difficult to form textured structure in uniaxial pressing process. A relatively untextued microstructure of TizAIC;
was originated from the random orientation of TiC particle in a graphite mold for hot-pressing.
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Fig. 3. Vickers hardness versus indentation load for (a) RHP and (b) HP. Each point represents the average of 5
separate measurements.

3.2. Vickers hardness

Figure 5(a) shows the vickers hardness of the top and side surfaces for FG-RHP and CG-RHP. The hardness was
measured at loads of 0.5, 1, 2, 5, 10 and 20 N using a vickers hardness tester. Each point represents an average of five
measurements. At the load of 20N, the vickers hardness of the top and side surfaces for FG-RHP and CG-RHP were
about 3GPa. The hardness values of FG-RHP and CG-RHP were increased with decreasing applied load, and exhibited
the values of 5GPa at the load of 0.5N. In the relationship between vickers hardness and applied load for RHP samples,
all data fall onto each other. The values of the vickers hardness were found to be independent on grain size and
orientation of applied load. The similar dependence between the applied load and the vickers hardness in randomly
oriented TisAIC, was reported in the literature [12]. The vickers hardness of FG-HP and CG-HP as a function of the
applied load is shown in Fig 5(b). At higher loads, vickers hardness, except for top surface of CG-HP, asymptotes to
a value of about 3GPa, and increased with decreasing load levels. This was the similar behavior observed in RHP
sample. On the other hand vickers hardness in top surface of CG-HP at 20N exhibited a higher value of 9 GPa than
that observed in other HP samples, and increased to have the value of 14GPa at 1N. Below the load of 1N, hardness
of the CG-HP sample was not measurable because no trace of the indentations was found. In CG-HP sample, a
significant scatter was also observed in the values of hardness.

SEM micrographs for RHP and HP at the load of 20N are shown in Fig. 7. These micrographs reveal many unique
and characteristic features of the indented surfaces in TisAlC,. There is a distinct uplift of grains around the indentation.
No dominant cracks emanated from the corners of the indentation at the load of 20N. Noticeable difference between
TS and SS was not observed in FG-RHP and CG-RHP. On the other hand, distinctly different damage behaviors were
observed in both FG-HP and CG-HP. TS of FG-HP and CG-HP displayed uplift of platelet faces. On the other hand,
SS of FG-HP and CG-HP exhibited uplift of platelet edges. In the vicinity of indentation for SS, the damage region
extended to asymmetrically. Uplift of platelet edges was much pronounced parallel to the stacking direction of
platelets. Although, no significant difference was observed in vickers hardness for TS and SS in FG-HP, damage
behavior around the indentation was quite different. There was clear indication of basal slip lamellae within pushed
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out platelet edges. This seems to be attributed to the anisotropy of the mechanical property in TizAlC,. In the damage
region that extends perpendicular to the stacking direction, compressive stress around the indentation may be
appropriately oriented to basal slip dislocation. In this case the dominant deformation mechanism was the dislocation
slip along the basal plane, and the compressive stress around the indentation was accommodated by the shear
deformation of platelets. On the other hand, the direction of compressive stress is not appropriately oriented to basal
slip dislocation in the damage region parallel to the stacking direction. Therefore limited dislocation activity in basal
plane was not enough to relief the compressive stress around the indentation. Additional accommodation mechanism
such as grain push out was needed.

Fig. 4. SEM images of Vickers indentation at 20N for(a) top surface of FG-RHP, (b) side surface
of FG-RHP, (c) top surface of CG-RHP, (d) side surface of CG-RHP, (e) top surface of FG-HP, (f)
side surface of FG-HP, (g) top surface of CG-HP and side surface of CG-HP.
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4. Discussion
4.1. Indentation size effect

Investigations have confirmed that the hardness value calculated with Eq. (1) is usually load-dependent. When a
very low load is used, the measured hardness is usually high; with an increase in test load, the measured hardness
decreases. Such a phenomenon is sometimes referred to as indentation size effect (ISE). The load-dependence of the
measured vickers hardness values can also be described quantitatively through the application of the classical Meyer's
law:[13]

P=Ad" )

where P is the force (in N), d is the length of the diagonal of the indentation (in mm), A and n are constants that can
be derived directly from the curve fitting of the experimental data. The Meyer’s law parameters for RHP and HP
samples determined by the regression analysis are summarized in Table 2. Note that the ISE is usually related to the
deviation of the n-value from two. If n is equal to two, there is no indentation size effect. For RHP and HP samples,
the power law exponent n had the values between 1.56 and 1.68. The correlation factors R? were between 0.9904 and
0.9987. A significant ISE was observed in our TizAlC,. In the literature, dense polycrystalline ceramics (such as
mullite, alumina, TZP and SiC) have values of 1.79-1.98 for n in Eq. (2). The values of n observed in our TizAIC;
were lower than those reported in dense polycrystalline ceramics.

Much research work has been performed to explain the origin of the ISE, and several possible explanations such
as indentation elastic recovery,[14] the energy consumed in creating new surface (indentation facets and
microfracture)[15], and other mechanism (dislocation activity,[16] frictional contribution,[17] etc) have been
proposed in metals and ceramic. Especially in indentation of ceramics, micro-fracture around the indentation and
elastic recovery are often attributed to the origin of ISE. The hardness/modulus ratio, H/E can be taken as useful
indicator of a given material’s elastic recovery at hardness indentations. As H/E increases, the degree of elastic
recovery increase. The H/E values for most ceramics are in the range of 0.02-0.1, whereas most metals possess values
in the range of 0.001-0.03. By applying the reported value of modulus (297GPa) for bulk TizAlC,, [12] the H/E value
was calculated in this study. The H/E value of our TisAIC,, except for TS of CG-HP, was 0.012 which is lower than
that for most if not all ceramics, and is comparable with the value for soft steel. This suggests that the origin of ISE
observed in this study, with the exception of TS for CG-HP, is unlikely to be caused by elastic recovery. Other
mechanisms proposed to explain the ISE in Max phase is dislocation activity [18]. Due to the limited dislocation
activity in MAX phase, energy dissipation caused by the dislocation based model in individual grain is expected to
have anisotropy. Although FG-HP and CG-HP have highly oriented microstructure, any anisotropy of ISE was not
observed. In this study the formation of the damage zone was observed around the impression. The extra energy
dissipation during indentation might occur due to the combination of micro-cracking, grain push out and the
dislocation activity.

Table2. Regression analysis results of the experimental data according to Meyer’s law.

Sample n R?
FORHP Gl rae 09087
CoRHP G e 09904
O G 1k 09041
COHP G 1se 09017
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4.2. Hardness anisotropy

According to the microstructural observation, the top surface of CG-HP is mainly consisted of platelet faces, which
was comparable with the indentation size of 60um obtained at the maximum load of 20N. In such case, the observed
hardness is expected to have similar value, which is measured along a direction parallel to the c-axis in single crystal.
While the hardness of TisAIC; single crystal has not been reported to date, Nickl et al [19] prepared single crystal of
Ti3SiC,, which has the same crystal structure of TisAlC,, by chemical vapor deposition and investigated the hardness
anisotropy. They reported that the single crystal of TizSiC, had the anisotropic hardness, and the hardness being
parallel and normal to the c-axis yielded 12-15GPa and 3-4GPa, respectively. The reported hardness parallel to the c-
axis in single crystal of Ti3SiC, was in good agreement with that observed in TS for CG-HP.

Due to the highly oriented microstructure, TS of FG-HP mainly consisted of c-plane of the crystals. However,
hardness anisotropy was confirmed only in CG-HP. Based on the results of nanoindentations in TisSiC,, the hardness
at grain boundaries in the TisSiC, was lower than that of grain interior [20]. This indicates that the presence of grain
boundary under the indentation impression lowers the value of hardness. When multiple grain deformation occurred
in the indentation of our hot-pressed TisAIC,, vickers hardness were found to be independent on grain size and
orientation of applied load, and exhibited the value of 3-6GPa in this study, which was in same range of that reported
in single crystal of TisSiC, (normal to the c-axis). These results suggested that the hardness of polycrystalline TisAIC;
in multiple grain indentation condition was dominated by the lower hardness in single crystal with anisotropic hardness

Hardness anisotropy in textured TisAlC, fabricated by the strong magnetic field alignment technique followed by
spark plasma sintering has been reported recently [21]. The platelet length of their textured TisAIC, was about 5um
which was 4 times smaller than that of FG-HP in this study. Although multiple grain deformation occurs in their
textured TisAIC,, the measured hardness parallel to pressing direction (7.4GPa) was about 28% higher than
perpendicular one (5.8GPa). In the literature, 15vol % of Al,Os; was observed in the textured microstructure. The well
dispersed oxide phase might reinforce grain boundary and result in hardness anisotropy under multiple grain
deformation.

In this paper, we showed the simple way of controlling microstructure of TisAIC, ceramics by hot pressing. The
relationship between microstructure and mechanical response revealed in this article will help to have better
understanding of microstructural design for bulk Max phase materials.

5. Summary

Highly c-axis-oriented TisAlC, was fabricated by hot-pressing of synthesized TisAIC, powders (HP). The resulting
material exhibited very strong crystallographic texture with most of the plate-like grains are stacked nearly parallel to
the pressing direction. The vickers hardness of this textured TisAIC, was compared with the relatively untextured
TisAlIC; fabricated by in-situ reaction hot-pressing of Ti/Al/TiC mixture (RHP). A significant ISE was observed in
our TisAIC,. The Meyer’s law parameters for RHP and HP samples exhibited the value between 1.56 and 1.68, which
was lower than those reported in dense polycrystalline ceramics (1.79-1.98). Hardness anisotropy owing to the effect
of the crystal orientation was confirmed only in the textured TisAIC, with platelet length of 42um. The observed
hardness anisotropy was in good agreement with that for single crystal of TisSiCo.
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Proteorhodopsin (PR) is a microbial rhodopsin functioning as a light-driven
proton pump in aquatic bacteria. We performed low-temperature Raman
measurements of PR to obtain the structure of the primary photoproduct, the
K intermediate (PRg). PRk showed the hydrogen-out-of-plane modes that are
much less intense than those of bacteriorhodopsin as the prototypical light-
driven proton pump from haloarchaea. The present results reveal the signifi-
cantly relaxed chromophore structure in PRk, which can be coupled to the
slow kinetics of the K intermediate. This structure suggests that PR trans-
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start of its photocycle.
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Among retinal-based photoreceptors of microorgan-
isms (referred to as microbial rhodopsins) [1-3], the
most abundant and widespread is proteorhodopsin
(PR) [4,5]. The function of PR is to transport, via its
light-driven proton pump, protons from the cytoplas-
mic to the extracellular side to create electrochemical
membrane potential with photoabsorption. PR was
discovered in 2000 from marine y-proteobacteria [5].
Since then, the protein has been found not only in the
world’s oceans but also in nonmarine habitats accom-
panied by the adjustment of its absorbing spectral
wavelengths [4,7]. Before the discovery of PR, the pro-
ton-pumping microbial rhodopsin was known only
from haloarchaea living in extremely hypersaline envi-
ronments, such as bacteriorhodopsin (BR) from
Halobacterium salinarum [8]. However, the finding of
PR from eubacteria expanded the range of bacteria

Abbreviation
BR, bacteriorhodopsin; PC, phosphatidylcholine; PR, Proteorhodopsin.
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known to contain this photoreceptor, and PR is now
considered the most ubiquitous of the light energy
conversion modules of microbes. Thus, PR is the ori-
gin of the currently identified diverse retinal-based ion
pumps from a variety of eubacteria [9-11].

In PR, the retinal chromophore is covalently bound
to the seven-pass transmembrane protein via Schiff
base formation with the Lys231 on the seventh helix.
Before photoabsorption, the chromophore is the all-
trans retinal protonated Schiff base. The absorption of
light then induces a series of chemical changes starting
from the all-frans to 13-cis isomerization of the chro-
mophore. PR transports a proton across the cell mem-
brane in synchrony with the photoreaction. The
functional and spectroscopic characterizations revealed
that the proton transport mechanism of PR was simi-
lar to but still different from that of BR, the
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representative archaeal light-driven proton pump [12].
A relevant structural difference is the presence or
absence of a proton-releasing complex [12,13]. BR has
a proton-releasing complex including Glul94 and
Glu204 to mediate proton transfer between the protein
and the extracellular side [2], but PR lacks such a pro-
ton-releasing component. Also, the timing of the pro-
ton release is different between PR and BR. In PR,
proton release follows proton uptake at pH 7-9.5
[12,14,15], whereas in BR proton release occurs before
proton uptake [2].

The photocycle of BR provides the basis of the reac-
tion process for proton pumping, in which the pho-
toexcited retinal chromophore goes through several
intermediates as K-L->M—->N-O [2,8]. After pho-
toexcitation of BR, the first photoproduct, K interme-
diate, which has a distorted 13-cis chromophore, is
produced and then structurally relaxes into the L inter-
mediate. The M intermediate, having a deprotonated
retinal Schiff base, is then formed through proton
transfer from the chromophore to the nearby Asp85
(proton acceptor, pK, = 2.6 [16]). The protein eventu-
ally recovers the all-frans retinal protonated Schiff
base through the reprotonation of the chromophore
(M-to-N step) and the reverse isomerization (N-to-O
step), turning back to the original state. In PR, a simi-
lar photocycle is achieved under alkaline conditions
because Asp97, the proton acceptor that produces the
M intermediate, has a high pK, value of about 7.5
[12,17-21]. A notable difference in the photoreaction
of PR is the absence of the L intermediate prior to M
formation, as shown in Fig. 1. In PR, the apparent
K—M process has been observed with a relatively long
lifetime (10~200 ps) of the K intermediate [12,22,23].
This indicates that the initial structural change in PR
is distinctive.

To date, time-resolved or low-temperature spectro-
scopic techniques have been applied to study the struc-
tural change associated with the K formation. Low-
temperature FTIR studies revealed the hydrogen bond
(s) involving the chromophore and the internal water
molecules in the K intermediate of PR (PRy) [24,25].
A time-resolved IR study reported the subpicosecond
protein response occurring concomitantly with the K
formation [26]. Also, a recent low-temperature NMR
study of PRk revealed the chemical shift change of the
C10-Cl14 carbons of the retinal chromophore after
photoisomerization but the unaffected chemical shift
of Schiff base nitrogen in PRy, which was a different
situation from that of BR [27]. However, the structural
information thus far obtained for PRy largely con-
cerns the structural changes around the chromophore,
including the protein and internal water molecules.

Primary photointermediate of proteorhodopsin

Fig. 1. Photocycle of PRg. Chromophore structural changes are
illustrated.

Therefore, the conformational change of the chro-
mophore itself, which initiates the subsequent reactions
for proton pumping, has been rather unclear. In this
letter, we carried out the low-temperature Raman mea-
surements of PRg. Raman spectroscopy has been par-
ticularly useful to detect chromophore structural
changes in retinal-based photoreceptors [28-30]. This
present study clearly shows the different Raman spec-
tral features of PRk in comparison to those of BR
and reports a distinctive primary structural change in
the eubacterial proton pump.

Materials and methods

Proteorhodopsin  was prepared as reported previously
[14,15,31]. The purified PR sample was reconstituted into
the phosphatidylcholine (PC) liposome with PR/PC molar
ratio of 1 : 50, and was suspended in the 2 mm borate buf-
fer solution with pH 10 (alkaline form of the wild-type) or
2 mwm citrate buffer solution with pH 5 (acidic form of the
wild-type). The PR film for the low-temperature measure-
ment was prepared by drying the suspension on a glass
plate. The dried sample was then sealed by using another
glass plate and a rubber O-ring gasket. A drop of aqueous
solution of 10% glycerol was placed beside the sample for
hydration under water vapour-saturated conditions. The
hydrated PR film prepared in this way was mounted in a
liquid nitrogen-cooled cryostat (Oxford Instruments, Optis-
tat DN2) for spectroscopic measurements at 80 K. The
absorption spectrum was measured using a UV-visible spec-
trophotometer (HITACHI, U-3900, Tokyo, Japan). The
Raman spectrum of PR was measured by a 785 nm laser
(Toptica) with ~ 60 mW power at the sample. The back-
scattered light from the sample film was collected and dis-
persed in a 30 cm polychromator, which was equipped with
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an electronically cooled CCD detector (Pixis 256E; Prince-
ton Instruments, Tokyo, Japan) to obtain the Raman spec-
trum. A green LED (Luxeon, 510-540 nm) or laser light
(Cobolt, 532 nm) was used for the photoexcitation of PR
to produce its K intermediate. The low-temperature
absorption and Raman spectra of BR (from H. salinarum)
were also measured for comparison.

Results and Discussion

Figure 2A illustrates the absorption spectra of PR
(black) and its photoinduced changes (red) at 80 K.
As can be seen, the absorption component, which is
attributed to the photoproduct, appears on the red
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Fig. 2. (A) Absorption spectra of PR (at pH 10) at 80 K. Black (solid
line): pump-off spectrum under dark condition, red (solid line):
pump-on spectrum after green-LED illumination, grey (dashed line):
spectrum after green-LED illumination followed by red-LED
illumination (B) Raman spectra of PR (at pH 10) at 80 K. Black:
pump-off spectrum under dark condition, red: pump-on spectrum
after green-laser illumination (~1 mW), blue: K-intermediate
spectrum obtained by the spectral difference between pump-on
and pump-off spectra.
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edge after green LED irradiation. This photointerme-
diate returns almost completely to the original state
(unphotolysed PR) when excited by red LED (see grey
dashed line). These spectroscopic properties of the
photointermediate of PR well agree with those of K
intermediate of BR at 77 K [32], allowing us to attri-
bute the observed light-induced change to the produc-
tion of the K intermediate of PR. Next, the Raman
spectra of PR obtained at 80 K are shown in Fig. 2B.
Under a dark condition, the Raman spectrum of PR
at 80 K exhibits the preresonantly enhanced vibra-
tional bands of the retinal chromophore. They are
assigned to the C=C stretch (1542 cm™'), CH; defor-
mation (1455 cm™'), C-C stretch/CH in-plane bend
(1150-1350 ecm™'), CH; rocking (1007 cm™'), and
HOOP (hydrogen out-of-plane) vibrations (800—
1000 cm™'). The spectral feature shares close similarity
to the reported preresonance Raman spectrum at
room temperature [33], although we found a slight
temperature dependence of the bandshape of C-C
stretches (1150-1200 cm™') and the frequency of the
C=C stretch (1537 cm™' at 298 K vs. 1542 cm ! at
80 K). By photoexcitation with green laser light
(<1 mW), small but clear spectral changes were
induced in the Raman spectrum (red) at 80 K, as the
C-C stretch (1150-1200 cm™") and HOOP mode
(~ 800 cm™') changed their respective band shapes.
Then, the subtraction of the unphotolysed PR contri-
bution (~ 95%) produced the preresonance Raman
spectra of the K intermediate (blue). The K intermedi-
ate shows the C=C stretch (1523 cm™'), CH; rock
(1000 cm ") and HOOP (967 cm™ '), whose frequencies
are consistent with those observed in FTIR studies at
77 K [24,25].

Figure 3 (upper side) shows the low-temperature
Raman spectra of PR (dark state at pH 5 and 10) and
that of BR for comparison. When the Raman spectra
of PR are compared with that of BR, significant differ-
ences are found in the intensity patterns of C-C
stretches and in the frequencies of the C=C stretches.
The C=C stretching frequency is a measure of elec-
tronic delocalization over the chromophore, which is
known to empirically correlate with the S;<S, absorp-
tion peak. The high-frequency shift of the C=C stretch
from BR to PR (by 14 cm™ ') corresponds to the blue
shift of the absorption band from 573 nm (BR) to
520 nm (PR, at pH 10) at 80 K. The C-C stretching
modes at about 1100-1200 cm ™' are sensitive to the
geometry of the chromophore [28,34,35]. The compli-
cated intensity pattern of the C—C stretching region
originates from the coupling with the in-plane CH
bend. Since the coupling depends on the chromophore
structure [34,35], the different intensity patterns of
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Fig. 3. Rama spectra of PR and the K intermediate (PRy) in
comparison to those of BR and BRg. Upper: PR (at pH 10 and 5) vs
BR, Lower: PRk (at pH 10 and 5) vs BRg. The difference spectra
(A) between pH 10 and 5 are also shown.

C-C stretches of BR and PR indicate the conforma-
tional difference of the all-trans chromophore between
their retinal-binding sites. As for the Raman spectra of
PR in alkaline and acidic pH, their spectral features
are very similar. At alkaline pH, PR typically presents
the outward proton-pump activity with the deproto-
nated Asp97 counter ion (pK, 7-8) [12,17-21], whereas
it was reported that PR showed the inward proton
pumping [21,36] or weak outward proton-pump activ-
ity [14,18] with the protonated counter ion at acidic
pH. Despite this functional difference, the Raman
spectra of PR at pH 5 and 10 show no large

Primary photointermediate of proteorhodopsin

differences. The C=C stretch at ~ 1540 cm ™' exhibits a
small shift (by 4 cm™ ') between pH 5 and 10, as the
absorption maxima changes with the protonation state
of Asp97 (520 nm at pH 10, 530 nm at pH 5). The
intensity pattern about the C-C stretch region (1150—
1200 cm ") and the relative intensity of CHs rocking
(1007 cm™") change only slightly.

The Raman spectra of the K intermediate of PR (at
pH 5 and 10) are shown in Fig. 3 (lower side) in com-
parison to that for BR. The low-temperature Raman
spectrum of the K intermediate was measured pre-
viously for BR [37]. The Raman spectrum of the K
intermediate of BR (BRg) obtained in our experiment
showed vibrational bands with the same frequencies
and consistent relative intensities as reported [37]. The
C=C stretch at 1516 cm™' of BRg has a lower fre-
quency relative to that of the unphotolysed BR, reflect-
ing the red shift of the absorption band [32]. The C-C
stretching modes show a strong band at 1194 cm™ ',
which has been attributed to the vibrational feature of
the 13-cis conformation of the chromophore [35]. The
C=N trans configuration of the Schiff base was sup-
ported by only a small change in the C—C stretching
modes due to the deuteration of the Schiff base in D,O
[38] (Figs SI1-S3). Importantly, BRyg shows the
enhanced intensities of the HOOP modes. The intensi-
ties of the HOOP modes are sensitive to the skeletal dis-
tortion of the chromophore [39]. Therefore, the
moderately strong HOOP mode of CIl4-H (at
811 cm™') indicates the structural distortion at about
C,5=C,4 associated with the trans—cis isomerization. In
particular, the HOOP mode involving HC;;=C,H (at
960 cm ') exhibits unusually strong intensity, providing
evidence that the K intermediate has a large structural
distortion in the polyene chain of the chromophore [37].

In the higher frequency region of about 1000—
1600 cm ™!, the Raman spectra of PR (pH 5 and 10)
have close similarities with that of BRg. The C=C
stretch of PRy shows a significant low-frequency shift
(15421523 cm ™' for PRy at pH 10) from that of the
unphotolysed PR, as is observed for BRg (1528—
1516 cm™'). Also, the intensity patterns of the C-C
stretch  (1100-1250 cm™'), the CH in-plane bend
(1250-1350 cm™ "), and CH; deformation regions
(1350-1460 cm™ ") are similar overall, although the CH
bending (~ 1300 cm™') and the CH; deformation
modes (~ 1374 cm™") of PRk are less split and more
intense. In addition, the C14-H HOOP at ~ 800 cm ™!
similarly shows moderate intensities for BRg and
PRy. However, a remarkable difference between BRg
and PRk (at pH 5 and 10) is found in the intensity of
the HOOP mode at 960 cm™', which is assigned to
the out-of-plane motion of hydrogen at about
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HC,,;=C,H. This vibrational mode shows very strong
intensity for BRg, but the intensity becomes much
lower for PRk. Since the spectral features of PRy are
almost the same at pH 5 and 10, the initial conforma-
tional change of the chromophore hardly depends on
the protonation state of Asp97. The pH change actu-
ally caused merely ~ 2 cm™! frequency shifts of C=C
and C-C stretches and a slight change in the relative
intensity of the CHj3 rocking mode. These comparisons
of BRg and PRy (at pH 10 and 5) indicate that the
chromophore structures of the K intermediates of BR
and PR are different specifically in the structural dis-
tortion at about C;;=C,,. Briefly, PR has a much less
distorted 13-cis configuration than BRg.

According to the photocycle of BR, it has been postu-
lated that the retinal chromophore has a distorted struc-
ture in the K intermediate and that the L intermediate is
subsequently formed through the structural relaxation.
The L intermediate is the preparatory stage for the
chromophore to undergo deprotonation, thus produc-
ing the M intermediate. Therefore, a hydrogen bond
network is formed between the retinal Schiff base and
the proton acceptor (Asp 85 counter ion in BR) in the L
intermediate with the distortion of the chromophore
relaxed [28]. However, this molecular picture established
for BR is not readily applicable to PR. The chro-
mophore conformation in PRy is already relaxed lar-
gely, as the intensities of the HOOP modes are much
lower than those of BRy. The spectral feature in the
HOOP region rather resembles that of the L intermedi-
ate of BR, which exhibits low HOOP intensities [28].
Also, a low-temperature FTIR study by Ikeda et al.
revealed the difference in the hydrogen bond around the
retinal Schiff base between PRy and BRyg [24]. They
measured the light-induced frequency difference of the
ND stretch of the Schiff base at 77 K and indicated that
the hydrogen bond exists around the Schiff base in
PRy, whereas it is significantly weakened in BRy [24].
Therefore, like the L intermediate of BR, PRk can be
characterized by the relaxed chromophore structure
with the Schiff base hydrogen bonded.

The above-mentioned structural feature in the active
site of PRg may correlate with the initial reaction pro-
cess that is characteristic of PR. PR shows a photore-
action where the K intermediate has lifetimes in the
10-200 ps range, such as 20 and 180 ps [12,23]. These
lifetimes of PRy are significantly longer than that of
BRk (~ 2 ps) [40]. Moreover, the L intermediate is not
clearly observed in PR before the production of the M
intermediate. A possible interpretation of this reaction
process is that the L intermediate (PRy) is kinetically
not observable, probably because PRy decays more
slowly than PR does [12,21]. When we compare
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BRg and PRy, we see that the chromophore in BRg
is highly deformed and weakly hydrogen-bonded [24].
This unstable active site may favor a quick relaxation
into the L intermediate. In contrast, the situation is
significantly different in PRg. The chromophore in
PRy is much less distorted and the Schiff base forms
the hydrogen bond(s) [24]. Due to this stabilized chro-
mophore structure in the active site, the lifetime of
PRy can be prolonged, thereby slowing the production
of PRy. Then, the high pK, (7-8) [12,17,19-21] of the
Asp97 counterion would accelerate the decay of PRy
due to the high proton affinity, thus obscuring the
appearance of PR;. According to the X-ray crystallog-
raphy of BRg [41-43], Matsui et al. [41] predicted that
the 13-cis retinal chromophore has a 17° twist at about
the C1;=C;, bond. Using the density functional theory
calculation (at the B3LYP/6-31+G* level of theory), a
10-25° twist at about the C;;=C,, bond of the chro-
mophore is predicted to store the potential energy of
0.4-2.74 kcal/mol. These values are large enough to
change the activation barrier to form the L intermedi-
ate and affect the reaction rate by a factor of 5-100.
The distortion of the chromophore can be an
important factor for the kinetic properties of the K
intermediates.

What, then, is the molecular origin of the small
chromophore distortion in PRg? One possibility is the
small steric hindrance around the polyene chain of the
chromophore in the active site (cf. Fig. 4). PR has
multiple aromatic amino acid residues (Trp98, Trp197
and Tyr200) surrounding the chromophore, and these
bulky residues can exert the effect of steric hindrance
[13]. Recently, a theoretical study using the QM/MM
method examined the photoisomerization dynamics in
PR based on a homology model derived from the

Fig. 4. Active-site model in PR. PR structure is modelled from
SwissModel server [6] using the blue-absorbing variant (PDB entry:
4KNF) as a template.
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crystal structure of a blue-absorbing PR variant [44]. In
that study, the authors used a fixed protein structure
and proposed that the steric interaction between the
chromophore and Tyr200 played an important role in
the outcome of photoisomerization at about the
C5=C,4 bond [45]. Therefore, the flexibility in the posi-
tion of Tyr200 was suggested to decrease steric interac-
tion in the formation of PRg. Another possibility
associated with chromophore distortion is the hydrogen
bond structure around the retinal Schiff base. In BR,
the chromophore-binding site is characterized by the
pentagonal hydrogen bond network involving the pro-
tonated Schiff base, internal water molecules and the
aspartate residues of Asp85 and Asp212 (Asp97 and
Asp227 in PR) [46]. On the other hand, this particular
kind of hydrogen bond network around the retinal
Schiff base has not been found for PR or the variant
[44]. The absence of a rigid hydrogen bond network as
well as the reduced steric interaction may loosen the
structural restriction around the chromophore, and thus
may be the molecular origins of the distinctively small
chromophore distortion in PR.

To date, it has been presumed that the initial pho-
tointermediate stores photon energy as mechanical dis-
tortions of the chromophore, principally based on the
structure of BRg. However, contrary to the case of
BRg, the chromophore structure is already signifi-
cantly relaxed in PRg. This study suggests that the
proton transport of PR is achieved with small energy
storage within the chromophore at the very initial
stage of the photocycle.

Conclusion

We measured the Raman spectrum of the K intermedi-
ate of PR at 80 K to study the primary structural
change of the eubacterial light-driven proton pump.
The Raman spectrum of PRyg showed much lower
intensity of the vibrational mode at 960 cm™', which is
assigned to the out-of-plane hydrogen motion of
HC,,=C|5H, as compared to BRg. This spectral fea-
ture indicates that PRy has the distinctively small dis-
tortion in the retinal chromophore than BRg has, and
thus provides unprecedented insight into the initial
photoreaction process. The present results suggest a
stable chromophore structure under a loose constraint
in the retinal-binding site of PR, which can be coupled
to the slow kinetic property of PR.
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Photoactive yellow protein (PYP), from the phototrophic bacte-
rium Halorhodospira halophila, is a small water-soluble photore-
ceptor protein and contains p-coumaric acid (pCA) as a chromophore.
PYP has been an attractive model for studying the physical chemistry
of protein active sites. Here, we explore how Raman optical activity
(ROA) can be used to extract quantitative information on distortions
of the pCA chromophore at the active site in PYP. We use *C8-pCA to
assign an intense signal at 826 cm™" in the ROA spectrum of PYP to a
hydrogen out-of-plane vibration of the ethylenic moiety of the chro-
mophore. Quantum-chemical calculations based on density functional
theory demonstrate that the sign of this ROA band reports the di-
rection of the distortion in the dihedral angle about the ethylenic C=C
bond, while its amplitude is proportional to the dihedral angle. These
results document the ability of ROA to quantify structural deforma-
tions of a cofactor molecule embedded in a protein moiety.

photoreceptor | chromophore | vibrational spectroscopy |
density functional theory | molecular strain

any biological cofactors, including light-absorbing chro-

mophores in photoreceptors, are modulated upon in-
sertion into a protein binding pocket by both electrostatic and
steric interactions. The electrostatic component of these effects,
including hydrogen bonding and charge—charge interactions, has
been studied in some detail (1, 2). The steric contribution can
cause structural distortions in the cofactor, and such effects have
been considered to be crucial for biological function but are less
well understood. Proposed functional roles for cofactor distor-
tions include the out-of-plane distortion of chromophores as a
key factor in controlling their absorption spectra (3, 4). Fur-
thermore, photoexcitation of these proteins produces primary
high-energy intermediates with structurally perturbed chromo-
phores (5-8), which drive subsequent protein conformational
changes (9, 10). Such structural distortions have proven difficult
to measure experimentally.

Recent progress in Raman optical activity (ROA) spectros-
copy has revealed this technique as a promising avenue to derive
structural details on the distortion of a chromophore within a
protein environment (11-15). ROA measures the difference in
Raman scattering intensity between right (/%) and left (I™) cir-
cularly polarized incident light, which provides information on
molecular chirality (16-18). The sum of I® and I" corresponds to
the Raman spectrum. A protein environment can distort an
achiral chromophore into a chiral conformation, and ROA
spectroscopy provides an approach to derive detailed structural
information of the chromophore in the protein under physio-
logical solution conditions. This method can be extended to a
structural studies of short-lived intermediate (15). These studies
suggested that the hydrogen out-of-plane (HOOP) mode is espe-
cially sensitive to the distortion of the chromophore. We recently
reported that preresonance conditions are ideal for measuring
structurally informative ROA spectra, since chromophore signals
are substantially enhanced without the disruption of the ROA

www.pnas.org/cgi/doi/10.1073/pnas.1806491115

effect that occurs under full-resonance conditions (14, 19). Here,
we aim to further develop the use of preresonance ROA spec-
troscopy in determining chromophore distortions in photoactive
yellow protein (PYP).

PYP is a small water-soluble blue light photoreceptor protein
from the phototrophic bacterium Halorhodospira halophila, and it
provides an attractive model system for studying the physical
chemistry of protein active sites (20-22). It contains a p-coumaric
acid (pCA) chromophore, which is covalently linked to Cys69
through a thiol ester bond (23, 24). As shown in Fig. 14, the pCA is
in the #rans conformation and its phenolic oxygen is deprotonated in
the initial dark state, pG. The chromophore is out-of-plane dis-
torted in its active site, although the distortions of the pCA chro-
mophore vary significantly among the available high-resolution
crystal structures of the pG state (25-32). In Fig. 1 and SI Appendix,
Table S1, we use three dihedral angles t(C3—C4-C7-C8), 1(C4-C7-
C8-C9), and 1(C7-C8-C9-02) to characterize the chromophore
distortions. The values of these angles exhibit a fair amount of
scatter among these crystal structures, as displayed in D and E. The
fact that the values do not appear to be converged even below 1-A
resolution documents that these dihedral angles are difficult to
determine using state-of-the-art high-resolution X-ray and neutron
diffraction approaches. PYP exhibits several intense ROA bands
ascribed to the ethylenic HOOP modes (12, 14). Here, we report
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Fig. 1. The structures of the pCA chromophore for PYP. (A) The structure
and atom numbering of the chromophore. (B and C) The structures of the
chromophore in two representative crystal structures (PDB ID codes 1NWZ
and 2QJ7). (D and E) Dihedral angles t(C3-C4-C7-C8), t(C7-C8-C9-02), and
7(C4-C7-C8-C9) as a function of crystallographic resolution. The data for
1NWZ and 2QJ7 are displayed as closed circles and squares, respectively.

how these HOOP modes can be used to extract information on
distortions of the pCA chromophore in its active site.

Results and Discussion

The published assignment of the proposed ethylenic HOOP
modes of pCA was not confirmed, and the possibility that the
observed ROA bands are due to the protein moiety remained
open (12). Therefore, as a first step, we used isotope labeling to
confirm the assignment of one of the important HOOP modes
vs. To conclusively test the proposed assignment to the I8 mode,
we prepared PYP whose chromophore is labeled with '°C at the
C8 carbon atom. Fig. 2 shows the preresonance Raman and
ROA spectra for the pG state of wild-type PYP with 785-nm
excitation (black traces a and e, respectively). The resonance
Raman spectra for a long-lived blue-shifted intermediate deno-
ted pB (also called I, or PYPy,) are displayed in SI Appendix, Fig.
S1. These spectra are consistent with those reported previously
(12, 14, 33, 34). In Fig. 2, we also show the Raman and ROA
spectra for 13C8-1PCA PYP (red traces). In addition, the figure
depicts the '2C/"°C difference spectra (traces ¢ and g). These
data reveal that four different ROA signals, including the
prominent band at 826 cm™, are clearly affected by the isotope
editing. This negative ROA band was tentatively assigned to vyg,
which is a HOOP mode of the C8-H moiety (12, 35). It exhibits a
6 cm™' downshift upon '*C8 substitution, supporting the as-
signment of this band to yg. The effect of the isotopic substitution
can also be seen at 1,556, 1,283, and ~1,050 cm™" in the differ-
ence ROA spectrum. These bands were ascribed to the C=C
stretching mode vy3, HC7=C8H rocking v,;, and C8-C9
stretching v,9, respectively (12). All of these modes involve
motions of the C8 atom, and the present observations are con-
sistent with the previous assignment (12, 35).

To provide a quantitative test of these band assignments, we
performed density functional theory (DFT) calculations and
examined the effects of the >C8 substitution of the pCA chro-
mophore. In these calculations, we used an active-site model
(model 1) that consists of deprotonated pCA methyl thiol ester
as a chromophore model (12). Model 1 also includes methanol,
acetic acid, and methylamine to mimic surrounding Tyr42,
Glu46, and Cys69 residues, respectively. These components were
arranged on the basis of the crystal structure (SI Appendix, Fig.
S3) (27, 32). In this model, six dihedral angles (listed in S/

8672 | www.pnas.org/cgi/doi/10.1073/pnas.1806491115

Appendix, Table S1) are constrained based on crystal structures
of PYP (27, 32). These structural constraints have been shown to
be important to reproduce the main features of the observed
ROA spectrum (12). The hybrid functional B3LYP and the 6-
31+G™* basis set were used for these calculations, and a larger
basis set with an additional diffused function (6-311++G**) only
moderately affected the calculated spectra (SI Appendix, Fig.
S4). In Fig. 2, we display the calculated Raman and ROA spectra
(traces b and f). The *C minus '*C difference Raman and ROA
spectra are also calculated for model 1 (traces d and /), and most
of the observed isotope effects are reproduced by the present cal-
culation. Importantly, the assignment of the 826 cm™ band to v is
confirmed by the observed shift of =6 cm™ upon '*C8 substitution
and the comparable shift of =8 cm™ for model 1 (792-784 cm™).
In addition, the assignment of the other *C8-senisitive bands such
as V3, Va3, and vy is also confirmed by the DFT calculations.
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Fig. 2. Observed and calculated Raman and ROA spectra of PYP whose
chromophore is unlabeled (black) and '3C8 labeled (red). (A) The observed
Raman spectra. (B) The calculated Raman spectra. (C) The observed and (D)
calculated "3C minus 'C difference Raman spectra. (F) The observed ROA
spectra. (F) The calculated ROA spectra. (G) The observed and (H) calculated
'3C minus '2C difference ROA spectra. PYP samples were dissolved in 10 mM
Tris:HCl, pH 7.4, and the sample concentration was 4-5 mM. The spectra
were obtained with 785-nm excitation (~200 mW). The calculated spectra
were based on model 1, and Gaussian band shapes with a 10 cm™" width
were used except a 20 cm™' width for the highest band at 1,539 cm™".
Raman and ROA intensities for the highest intensity bands were reduced by
a factor of 2 (1,319, 1,314, 1,310, 1,268, 1,266, and 1,259 cm™") or 10 (1,633,
1,628, and 1,539 cm™") to make the other bands visible in the figure. The
ROA spectra are magnified by a factor of 2,000.
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These Raman and ROA spectra of PYP containing 13C8—pCA
allow the conclusive assignment of the ROA band at 826 cm™ to the
HOQP vibration of the ethylenic moiety. As displayed in Fig. 2, the
vs band is one of the main ROA bands for PYP, and its intensity is
more than 50% to that of the most intense vy3 band. This is in sharp
contrast to the case of the Raman spectra, where the intensity of the
vs band is only 15% of the vy3 intensity. The observation of the in-
tense ROA band leads us to expect that the HOOP yg mode pro-
vides a good spectroscopic ruler for the chromophore distortions.

Thus, we aimed to extract information on structural deforma-
tions of the pCA from this band. We next performed systematic
DFT calculations to explore what structural factors affect the
ROA spectra, particularly the sign and intensity of HOOP bands.
For this analysis, we focus on the three dihedral angles ©(C3-C4—
C7-C8), 1(C4-C7-C8-C9), and t(C7-C8-C9-02) to characterize
the out-of-plane distortions of the chromophore. We used the
active-site models analogous to model 1 and varied these three
dihedral angles up to +30° from a planar structure, while the other
structural parameters were not constrained. As an example, Fig.
3A4 displays the effects of varying t(C4-C7-C8-C9) on the simu-
lated Raman and ROA spectra. The dihedral twist about the
C7=C8 bond does not affect the overall spectral features of the
Raman spectra. An exception is the ys band near 800 cm™, and its
intensity increases when the chromophore is distorted, while its
frequency exhibits a small 2 cm™" upshift upon changing ©(C4-
C7-C8-C9) by 30° from a planar structure. In contrast to the
Raman spectra, many of the ROA bands change its signs and/or
intensities as a function of ©(C4-C7-C8-C9). As illustrated in Fig.
3A4, the yg band is especially sensitive to this dihedral twist. These
results indicate that both the position and intensity of bands in
Raman spectra generally are insensitive to changes in dihedral
angle. On the other hand, the intensity of bands in ROA spectra
are sensitive to dihedral angles, and thus provide an opportunity
to study distortions of these angles in protein active sites.

Fig. 3 B-D illustrates the effects of chromophore distortions
on the ROA band intensities, and the results can be summarized
in the following two points. (i) The ROA intensities almost lin-
early change as a function of the dihedral angles. This implies

that the ROA intensity reflects the extent of the out-of-plane
distortions of the chromophore and its sign indicates the di-
rection of the structural distortions. (ii) The ys mode is especially
sensitive to t(C4-C7-C8-C9). Because of this high sensitivity,
even modest distortions of this angle can be experimentally de-
tected. As summarized in SI Appendix, Table S1, the value of
7(C4-C7-C8-C9) for model 1 is 170.0°, which is consistent with
both the direction and the degree of twist found in the crystal
structures (27, 32). To confirm the dominant contribution of the
twist about the C7=C8 bond, we have performed further DFT
calculations for models with additional structural constraints. S/
Appendix, Fig. S5 compares the yg intensities with and without a
constraint of t(C3-C4-C7-C8) = —10° or t(C7-C8-C9-02) =
—10°. As seen in the figure, the additional structural constraints
cause only minor effects on the yg intensities, implying that this
ROA band can be used as a marker of the dihedral twist of the
ethylenic C=C bond. We conclude that t(C4-C7-C8-C9) is a major
factor in determining the amplitude of the ROA band of the yg
mode, and that the amplitude of this band at 826 cm™" can therefore
be used to gauge distortions over this angle at the PYP active site.

The HOOP modes in Raman spectra for a photoreceptor
protein have been used to probe the chromophore distortions
(36, 37). Thus, we next examine the effects of the structural
distortion on the Raman intensities of yg in SI Appendix, Fig. S6.
In this work, we aimed to identify the most valuable spectro-
scopic readout for obtaining information on dihedral angles. In
contrast to the ROA intensities, the Raman intensities exhibit a
nonlinear dependence on the dihedral twist about the C7=C8
bond. In fact, the data for the yg Raman band can be fitted with a
parabolic curve as illustrated as a dashed line in the figure. On
the basis of these data in 4, we also calculated circular intensity
difference (CID) A, which is defined by Eq. 1:

R-J-

TIR 4V t

SI Appendix, Fig. S6B demonstrates that the CID value exhibits
somewhat complicated dependence on t(C4-C7-C8-C9). This
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Fig. 3. Simulated Raman and ROA spectra of the active-site models for PYP. (A) Raman (a) and ROA (b-h) spectra are shown. The dihedral angle about the
C7=C8 moiety was varied up to +30° from a planar geometry of ©(C4-C7-C8-C9) = 180°. The ROA spectra are magnified by a factor of 2,000. (B-D) ROA in-
tensities as a function of the dihedral twists for the chromophore model of PYP. K is a constant (S/ Appendix). The Inset shows the normal mode yg for model 1.

Haraguchi et al. PNAS | August 28,2018 | vol. 115 | no.35 | 8673

BIOPHYSICS AND
COMPUTATIONAL BIOLOGY



ONAS

behavior of the A value is due to the fact that the ROA signal is
roughly proportional to a dihedral twist, while the Raman in-
tensity exhibits a parabolic dependency. The theoretical basis
for these differences is discussed in S/ Appendix. These theoret-
ical considerations also show that the ROA invariants for the
distorted structure are proportional to the Raman polarizability.
Thus, the large Raman intensity for ys explains the high sensi-
tivity of the corresponding ROA band. These considerations in-
dicate that the amplitude of the ROA band of yg is the most
valuable experimental parameter for examining distortion of
17(C4-C7-C8-C9). The ROA intensity of this mode is directly
proportional to this dihedral angle, providing a spectroscopic
ruler for distortions of this bond.

As discussed above, the ROA intensities are roughly pro-
portional to the three dihedral twists (Fig. 3). It is, therefore,
expected that we can estimate a relative value of a dihedral angle
from the observed spectra. For instance, if the ys ROA intensity
of a mutant PYP is one-half of that of wild type, we expect that
7(C4-C7-C8-C9) of the mutant is also one-half compared with
that of wild type. Ideally, the amplitude of the ROA band of vy
would allow the determination of the absolute value of this an-
gle. Two approaches can be considered for obtaining the abso-
lute value of the dihedral angle of t(C4-C7-C8-C9). First, the
experimental determination of the absolute Raman and ROA
cross-sections of this mode would allow the absolute value of this
dihedral angle to be derived. This approach therefore would
require high-accuracy measurements as well as theoretical pre-
dictions of the absolute cross-section. Second, the CID for the
HOOP mode could be used. Since this is a dimensionless value,
measurement of the absolute Raman and ROA cross-sections is
not needed for an experimental determination. Care should be
taken in this approach, since the dependence of the CID on the
dihedral twist is not linear (S/ Appendix, Fig. S6B). This ap-
proach would rely on the accurate computation of the intensities
of the Raman and ROA bands of a vibrational mode. The cal-
culated CID value for yg at a dihedral angle of 170° is —1.3 x 107,
while the experimentally determined value reported here is
—0.82 x 1073, While an accuracy of within a factor ~1.5 is rea-
sonable for current quantum-chemical calculations, the esti-
mated value of t(C4-C7-C8-C9) would have a relatively large
error. Therefore, this approach will require improvements in
computational methods for deriving absolute intensities of
Raman and ROA signals.

Finally, we briefly discuss energies associated with the chro-
mophore distortions. SI Appendix, Fig. S7 displays the relative
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energies AE compared with a planar geometry for the active-site
models used in Fig. 3 and SI Appendix, Fig. S5. It is seen from the
figure that the distortion energy for the C7=C8 double bond is
higher than that for the C4-C7 or C8-C9 single bond. For the
higher-energy C=C bond, a twist by 30° causes a distortion en-
ergy of ~16 kJ-mol™', which is somewhat smaller than a typical
energy for a hydrogen bond (20-60 kJ-mol™') (38, 39). This
analysis indicates that ROA has an ability to detect subtle
structural distortions of the chromophore that can be induced
by hydrogen bonding interactions with the surrounding
protein moiety.

In summary, we have measured the Raman and ROA spectra of
13C8-pCA PYP. The reported results provide clear evidence that
the ethylenic HOOP mode yg exhibits an intense ROA band for
PYP. Further DFT calculations using the active-site models dem-
onstrated that the yg ROA band is specifically sensitive to an out-
of-plane distortion of the ethylenic C7=C8 bond. The sign of the
ROA band reflects the direction of the distortion, and its intensity
is proportional to a dihedral twist of ©(C4-C7-C8-C9). These
observations indicate that a HOOP ROA band provides a spec-
troscopic ruler for the out-of-plane distortion of the chromophore
that is embedded in a protein environment. Since structural dis-
tortions of cofactors are considered to be important for many bi-
ological functions (3, 4, 8-10), ROA spectroscopy will be useful to
detect this functionally important structural information.

Materials and Methods

We prepared p-coumaric-8-'*C-acid (**C8-pCA) from p-hydroxybenzaldehyde
and triethylphosphonoacetate-1-">C followed by alkaline hydrolysis of the
ester (S/ Appendix). Production of wild-type PYP apoprotein from Escherichia
coli, reconstitution of the holoprotein with the chromophore, and the sub-
sequent protein purification were performed as reported in a previous
study (40). The near-infrared ROA instrument used in this study is based on
an incident circular polarization scheme described previously (11, 12).
Preresonance Raman and ROA spectra with 785-nm excitation were cal-
culated using the DFT method via the Gaussian 09 program (41). The hybrid
functional B3LYP and the 6-31+G** basis set were used for these calcula-
tions. In some cases, a larger basis set with an additional diffused function
(6-311++G**) was used. The calculated frequencies were scaled using a
factor of 0.9648 (42).
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ABSTRACT: Three kinds of photochemical reactions are known in
. . . 1698

flavins as chromophores of photosensor proteins, reflecting the

various catalytic reactions of the flavin in flavoenzymes. Sensor of Measured

blue light using the flavin FAD (BLUF) domains exhibit a unique i

photoreaction compared with other flavin-binding photoreceptors in 8 168

that the chromophore does not change its chemical structure g_ %: Simulated
Enol formation — 12C-FMN

between unphotolyzed and intermediate states. Rather, the
hydrogen bonding environment is altered, whereby the conserved
Gln and Tyr residues near FAD play a crucial role. One proposal for ﬁ
this behavior is that the conserved Gln changes its chemical
structure from a keto to an enol. We applied light-induced difference
Fourier transform infrared (FTIR) spectroscopy to AppA-BLUF. The spectra of AppA-BLUF exhibited a different feature upon
'“N-Gln labeling compared with the previously reported spectra from BlrB, a different BLUF domain. The FTIR signals were
interpreted from quantum mechanics/molecular mechanics (QM/MM) calculation as the keto—enol tautomerization and
rotation of the GIn63 side chain in the AppA-BLUF domain. The former was consistent with the result from BlrB, but the latter
was not uniquely determined by the previous study. QM/MM calculation also indicated that the infrared signal shape is
influenced depending on whether a Trp side chain forms a hydrogen bond with the Gln side chain. FTIR spectra and QM/MM
simulations concluded that Trp104 does not flip out but is maintained in the intermediate state. In contrast, our data revealed
that the Trp residue at the corresponding position in BlrB faces outward in both states.

. — 13C-FMN
and rotation T T

1700 165(21
Wavenumber (cm )

B INTRODUCTION domains, except in PixD (SIr1694) from cyanobacteria and
BlrB from R. sphaerhoides, which only consist of a BLUF
domain.*

The photoreactions of the various flavin-binding photo-
receptors differ from each other. In CRY, the photoreaction of
the flavin chromophores involves reduction of FAD, whereas in
photoreceptors, including cryptochrome (CRY);>* the light, the LOV domain, it involves covalent bond formation between

oxygen, and voltage (LOV) domain;> and the sensor of blue the C4a 4;}tlolrzn of FMN and the sulfur atom on the nearby
light using FAD (BLUF) domain.°"® CRY was the first flavin- cys.teine. o The' photoreaction in the BLUF domain is
binding photoreceptor identified in plants for photomorpho- unique, and _UV—V]S spectroscopy reveals no apparent change
genesis.” Later, CRYs were also discovered in insects and in the chemical str.ucture O_f the FAD7 chromophore between
animals as components of the circadian clock.”'? Their unphotollyzed.and' intermediate states.

primary and tertiary structures are similar to DNA photolyases Upon illuminating the BLUF domain (7’1max ~ 450 nm), a 10
(PHR), and they are classified as the CRY/PHR family.3’10 nm red-shifted intermediate is formed,” and the absorption
The LOV domain was identified as a blue-light-sensing domain spectra of the unphotolyzed and intermediate states show that
of phototropin in Arabidopsis thaliana,” whereas the BLUF the chemical structure of FAD is in the oxidized form. Ultrafast
domain was identified in Euglena gracilis as a FAD-binding transient spectroscopy of PixD and PapB from purple bacteria
photoreceptor domain in photoactivated adenylyl cyclase
(PAC) and in AppA in Rhodobacter sphaerhoides.”” The Received: May 16, 2018
LOV and BLUF domains mostly consist of separate protein Published: August 31, 2018

Flavins act as coenzymes and participate in various reactions in
different flavin-binding enzymes."” A new function of flavins as
a chromophore of photoreceptors was discovered in 1993.
The two flavins, flavin mononucleotide (FMN) and flavin
adenine dinucleotide (FAD), are components of various

ACS Pub“cat]ons © 2018 American Chemical Society 11982 DOI: 10.1021/jacs.8005123
v J. Am. Chem. Soc. 2018, 140, 11982—11991
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Figure 1. Schematic models of the possible relative positions and chemical structures of Gln and Tyr residues in the BLUF domain. Broken lines
represent hydrogen bonds and are based on ref 33 and our QM/MM calculation (see the “Results” section).

showed that electron-coupled proton transfer occurs between
the conserved Tyr and Gln and FAD, followed by a reverse
transfer from FAD in the formation of the red-shifted
intermediate.'*'* However, such radical formation was not
observed in the BLUF domains from AppA and BIsA by
ultrafast infrared spectroscopy.'® Thus, the early steps of the
photoreaction of the BLUF domain remain uncharacterized.

Consequently, an outstanding question in the field is how
the red shift in the BLUF domain is achieved. Fourier
transform infrared (FTIR) spectroscopy shows that the C4=
O group of FAD forms stronger hydrogen bonds in the red-
shifted intermediate state.'”"” Mutational studies have shown
that the conserved Gln and Tyr residues near the FAD
isoalloxazine ring play a crucial role in the formation of the red-
shifted intermediate and in the early photochemical process.*’
Because the Gln residue is located in the vicinity of FAD’s
C4=0 group, it must be involved in the hydrogen bonding
alteration.

To explain the FTIR and UV—vis spectroscopy results, a
model was proposed that involves the rotation of a Gln side
chain, whereby a strong hydrogen bond in the C4=0 group
of FAD forms in the intermediate state.”' Although X-ray
crystal structures of BLUF domains have been reported,” ~**
X-ray crystallography is neither able to detect hydrogen atoms
in proteins nor can it distinguish oxygen and nitrogen atoms in
Gln residues at the reported resolutions.

The direction of Trpl04 side chain in AppA-BLUF is
proposed to involve the stable isomer state of the Gln side
chain. Although the Trp residue is not conserved across all
BLUF domanis® and a site-directed mutant at Trp104 of
AppA-BLUF forms the red-shifted intermediate state,” the
intermedlate state of mutant AppA-BLUF has a shorter
lifetime.>® Different X-ray crystal structures of the orientation
of Trpl04 have been reported for the AppA-BLUF domain,
where it is either located near the FAD chromophore (Trp;,
form) or it flips out into the solvent (Trpy form).>">* X-ray
crystal structures of PixD, BIrB, and PAC from the
cyanobacterium Oscillatoria acuminata have been reported as
Trpyy forms.”>*> % Rotational isomers of the Trp side chain

11983

were thought to be related to the unphotolyzed and
intermediate states by calculation of the stable Gln rotamers.””
Another calculation study explored the structure responsible
for the absorption shift of the flavin chromophore using single
amino acid mutations.”” In both cases, the Trp,,, structure was
concluded to represent the unphotolyzed state. In contrast, a
free-energy simulation study indicates that Trp;, and Trp,,
conformations are in equilibrium in the unphotolyzed though
the Trp;, form is slightly more stable.”” Resonance Raman
spectroscopy of the AppA-BLUF domain showed that Trp104
was in the Trp;, conformation.>® Thus, the structure of the Gln
side chain in the unphotolyzed state remains an open question,
as does the hydrogen bonding environment around Gln and
flavin and the structure of the intermediate state.

An alternative proposal of keto—enol tautomerism in the
photoreaction of BLUF domains was first reported by Stelling
et al. using ultrafast infrared spectroscopy.’’ An early
theoretical study using quantum mechanics/molecular me-
chanics (QM/MM) calculation supported enol formation in
the intermediate state of the AppA-BLUF domain by searching
for structures that reproduce the electronic transition of the
flavin and C4=0 stretching vibration.”> The enol model was
furtléezr8 supported in the above-mentioned calculation stud-
les.”””

Figure 1 summarizes the possible models of the relative
positions for the chemical structures of Gln and Tyr residues.
Variation in the direction of the Gln side chain, the keto or
enol form of the Gln side chain, and the hydrogen bonding
donor of the O—H group of the Tyr side chain are illustrated.
The Trp residue (Trpl04 in AppA) is not illustrated because
this residue is not directly involved in the photoreaction.”® The
free-energy simulation study shows that the conformations of
Gln and Tyr side chains undergo interconversion as well as
Trp side chain.”

Recently, in a study using a combination of experiment and
calculation, FTIR and density functional theory (DFT) were
used to show that the enol isomer of the GIn side chain was
formed in the stable red-shifted intermediate state in BlrB and
BIrP1-BLUE.>> This study used '*N-Gln labeling of BlrB to

DOI: 10.1021/jacs.8b05123
J. Am. Chem. Soc. 2018, 140, 11982—-11991



Journal of the American Chemical Society

show that keto—enol tautomerism of the Gln side chain
occurred in the intermediate state. However, they did not draw
a conclusion on the orientation of Gln side chain for the
intermediate state because their simulated infrared spectra did
not necessarily reproduce the measured infrared spectra by
>N-GIn labeling.*

In this study, we applied FTIR spectroscopy using '°N-Gln
to AppA-BLUF to evaluate its photoreaction modes. As
mentioned above, FTIR spectroscopy is a powerful method,
especially for detecting hydrogen bonding environments (e.g.,
reviewed in ref 34). The isotope effect of our FTIR spectra was
quite different from that of Domratcheva et al. despite using
the same isotope labeling and measurement technique.** Using
the QM/MM approach, we found that different directions of
the Trp side chain affect the apparent isotope effect of the
FTIR signal. We could also identify the only photoreaction
model that involved keto—enol tautomerism and rotation of
the GIné3 side chain. The O—H group of the Tyr21 side chain
acts as the hydrogen bonding donor in the unphotolyzed state,
and the stretching vibrational mode was inferred by H/D
exchange as an O—D stretch.

B MATERIALS AND METHODS

Preparation of AppA-BLUF Domain. AppA-BLUF was purified
as reported previously’*° but with slight modifications. Briefly, N-
terminal Hiss-tagged AppA-BLUF was expressed in a Gln auxotrophic
Escherichia coli strain known as ML17, which is gln A deficient.””
ML17 was grown in an M9 medium containing 0.5 g/L of Gln. For
SN-Gln labeling of, L-glutamine-(amide-"*N) (98% "*N; Cambridge
Isotope Laboratories) and other unlabeled amino acids were added at
a concentration of 0.5 g/L each to prevent scrambling. To label >N
or "*C uniformly, *"NH,CI (Cambridge Isotope Laboratories) or *C-
p-glucose (Chlorella Industry) were used at concentrations of 0.5 or
4.0 g/L, respectively. For Tyr-D, labeling (deuteration at the 2'3'5'6’
ring positions), E. coli strain BL21 (DE3) was used, as reported
previously.” Inclusion bodies containing AppA-BLUF polypeptides
were collected form the bacteria, and reconstitution of the AppA-
BLUF domain was performed as reported previously.***

To use isotope-labeled flavins purified from LOV domains, FMN
was used as a chromophore of AppA-BLUF. As Masuda et al.
previously reported, the same light -induced FTIR spectra are
obtained regardless of the chromophore used.*® Uniformly labeled
SN or C FMN was purified from the LOV domain expressed in E.
coli BL21 (DE3). Expressed Arabidopsis phot2-LOV2 domain in BL21
(DE3) was purified as reported elsewhere.*” The purified LOV
domain was concentrated and denatured by heating at 95 °C for 5
min. Insoluble denatured protein was removed by centrifugation, and
the supernatant containing FMN was collected.

Matrix-Assisted Laser Desorption/lonization Mass Spec-
trometry (MALDI-MS) Measurements. Dialyzed AppA-BLUF in
50 mM NH,HCO;, pH 8, was applied to immobilized-trypsin enzyme
spin columns (MonoSpin Trypsin, GL Sciences) and digested over
three cycles of centrifugation (25 °C, 10 X g). a-Cyano-4-
hydroxycinnamic acid (CHCA; Wako) was used as a matrix and
matrix solution [10 mg/mL CHCA in 50% acetonitrile (Wako)
containing 0.1% TFA (Wako)] was mixed with the tryptic digest at a
ratio of S:1 (v/v). Subsequently, 0.5 uL of the sample/matrix solution
was spotted onto a MALDI sample plate.

MALDI-MS spectra were acquired using a high-resolution spiral
time-of-flight mass spectrometer (JMS-S3000 SpiralTOF, JEOL Ltd.)
equipped with a pulsed Nd:YLF laser (4 = 349 nm, 2 ns pulse width).
Positive ions generated by laser irradiation were introduced into the
flight tube with an accelerating voltage of 20 kV. All mass spectra were
acquired by averaging 100 individual laser shots with the delay time
set to 290 ns (n = 1—3; Figure S1). When '*N-Gln was introduced
into AppA-BLUF, the value of m/z increased in the peptide fragments
containing Gln, and the peak intensity ratio changed in the peptide

fragments containing Asn. The isotope labeling efficiency for GIn and
the scrambling efficiency for other amino acids were calculated from
peak intensity ratios of isotopomers in the mass spectra. We estimated
that isotope labeling for Gln was 92—99%, with less than 13%
scrambling for Asn observed. Scrambling of other amino acids was
almost never observed. High intensity peak observations in the
seventh peptide (HSNVEILAEEPIAK; see Figure S1) did not come
from the BLUF peptide, and the Hisg-tag was not investigated

FTIR Spectroscopy. Light-induced FTIR spectra were measured
with an FTS-40 (Bio-Rad) equipped with a cryostat (Optistat-DN,
Oxford). The films were illuminated with 400—500 nm light, which
was supplied by a combination of a halogen-tungsten lamp (1 kW)
and an optical filter (C-40B, Asahi Techno Glass) at 260 K. Three to
eight independent measurements with 128 interferograms were
averaged. The obtained spectra at 260 K were almost identical to
those measured at 288 K (Figure S2). Under these conditions, the
intermediate formed was stable. Therefore, the film was incubated at
room temperature for 1—2 h in the dark to revert to the unphotolyzed
state. The photoreaction of the film was repeated 2—3 times.

Spectral fitting was carried out using Igor Pro software (Wave-
Metrics). The bands of different FTIR spectra in the 1720—1660
cm™' region were fitted using multiple Gaussian functions.

DFT calculation. DFT calculation using propionamide as a model
compound for Gln was performed using the B3LYP functional with a
6-31+G(d,p) basis set using Gaussian 09 software (Gaussian, Inc.).*
Optimization of molecular structures and calculation of vibrational
frequencies were carried out for propionamide and its enol isomer as a
model compound for glutamine (Figures S3 and S4, Table S1 and
S2). A water molecule was placed as a hydrogen-bonding partner, and
calculated frequencies were scaled with a single scaling factor of
0.9648.""

QM/MM Calculations. All quantum chemical calculations were
performed using Gaussian 09."° A two-layer ONIOM™* method was
used to perform the QM/MM calculations on the BLUF domains of
AppA. Initial protein coordinates were obtained from the crystal
structures of the BLUF domains of AppA (PDB codes 1YRX*' and
21YG**), and missing hydrogen atoms were added using GaussView 5
by standard protonation state conventions.* The only exception was
Glu63, since both keto and enol forms were considered for this
residue. For Glu63, we also considered models where the positions of
the Ne and Oe atoms were alternated. The QM region in the QM/
MM calculations comprised FMN, with the phosphate group being
eliminated from the QM region, and the side chains of Tyr21, His44,
Asn4S, GIn63, Trpl04 (1YRX), and Met106 (2IYG) (Figure SS).
The covalent bonds across the QM-MM boundary were capped with
hydrogen link atoms. QM/MM geometry optimization and vibra-
tional analysis (calculations of harmonic frequencies and IR
intensities) were performed within the electronic embedded
scheme,** which considers the partial charges of the MM region in
the QM calculations. The QM subsystem was described by DFT at
the B3LYP/6-31G** level of theory, while the MM region was treated
by an empirical AMBER force field.">*® The calculated vibrational
frequencies were scaled uniformly using a factor of 0.9627.*'
Simulated IR spectra were generated assuming a Gaussian band
shape with a half-width of 10 cm™.

B RESULTS

FTIR Analysis of an FMN-Reconstituted Sample at
260 K. In this study, the measurement and sample conditions
differed from our previous work.” One difference is that
measurement was conducted at 260 K to prevent fluctuation of
the spectra in the 1760—1600 cm™ region, where the O—H
bend of water appears. We found that the light-induced
difference in the spectrum at 260 K was quite similar to that
measured at 288 K (Figure S2a and S2b, also see refs 19, 25,
and 38, reported by Masuda and co-workers). This is in
contrast to the LOV domains, where progressive structural
changes take place at temperatures of >250 K.>**

DOI: 10.1021/jacs.8b05123
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A second difference is that we used FMN instead of FAD in
the reconstituted chromophore. As we describe below, we used
EMN for uniformly "*C- or “N-labeled flavins, which were
purified from LOV domains labeled with *C or 'N. As
Masuda et al. previously reported, the same photoreaction
occurs regardless of the chromophore used.”® Indeed, our
FTIR spectrum of AppA-BLUF reconstituted with FMN was
identical to the one of AppA-BLUF reconstituted with FAD
(Figure S2cb). Therefore, FMN reconstituted AppA-BLUF
was used and is referred to hereafter as unlabeled AppA-BLUF

Detection of the C=N Stretch of GIn’s Enol Isomer.
To investigate whether the side chain of GIn63 forms an enol
isomer in the intermediate state, we compared the light-
induced difference in the FTIR spectra between 1750 and
1600 cm™. As shown in Figure S1, the estimated labeling
efficiency of *N-Gln was 92—99%, and scrambling to Asn was
<13% in the polypeptide synthesized by Gln auxotrophic E.
coli. This high labeling efficiency was a big advantage, especially
for the calculation of double difference spectra, which were
calculated from difference spectra measured in different
samples. Therefore, we could attribute the spectral shift caused
by the introduction of *N-Gln directly to the presence of the
Gln side chain.

Figure 2a compares the light-induced difference spectra of
unlabeled (red line) and '*N-Gln labeled (blue line) AppA-
BLUF. A new band appeared at 1691 (+) cm™ for the *N-GIn
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Figure 2. (a, b) Light-induced difference FTIR spectra of the AppA-
BLUF domain reconstituted with unlabeled (a) and uniformly *C-
labeled (b) FMN in the 1800—1500 cm ™" region. Red and blue lines
show unlabeled and "*N-Gln labeled AppA-BLUF, respectively. (c, d)
Double difference spectra between unlabeled and N-Gln labeled
AppA-BLUF reconstituted with unlabeled (c) and *C-labeled (d)
FMN, respectively.

labeled AppA-BLUF. The intensity of a negative band at
~1710 cm™" appeared larger in "*N-Gln labeled AppA-BLUF.
A double difference spectrum between unlabeled and '*N-Gln
labeled AppA-BLUF is presented in Figure 2c. Positive peaks
at 1707 and 1698 cm™' are present, as is a negative peak at
1689 cm™".

In a previous report, DFT calculation of model compounds
of Gln showed that the C=O stretch of the keto form and
C=N stretch of enol form appear at 1678—1641 and 1679—
1638 cm™!, respectively, and these vary depending on the
presence/absence of hydrogen bonding partners.”® The
frequency shifts induced by "N labeling were 1—4 and 16—
14 cm™', respectively.

We also conducted DFT calculations of propionamide as a
model compound for Gln. The calculation of the keto form of
propionamide shows that the C=0O stretch should appear in
the 1723.4—1667.6 cm™"' region and that the expected shift by
amide-"*N labeling should be 0.6—3.0 cm™! with/without a
water molecule placed as a hydrogen bonding partner (Figure
S3 and Table S1). The calculated frequency region and shift
values of the C=N stretch by '*N labeling were 1717.6—
1645.2 and 12.5-16.6 cm ™, respectively (Figure S4 and Table
S2). Although our calculation of the C=O stretching region
did not cover the value calculated by Domratcheva et al.,* the
overall tendency on the effect of '*N labeling was similar.

On the basis of the DFT calculations, the downshift of 18
em™' (1707-1689 cm™) or 9 cm™' (1698—1689 cm™) by
'“N-Gln labeling could not be explained by either the C=N
stretch or the C=O stretch. We noted that the double
difference spectrum was much less complex than that of BlrB,
in which C=N and C=O stretches from Gln and FAD were
influenced by "*N-Gln labeling.

Behavior of C=N Stretches in the Presence of *C-
Labeled Flavin. The larger signals originating from the C4=
O stretch of flavin overlapped in this region, which may have
prevented the extraction of smaller signals, and we could not
determine whether the band at 1707 or 1698 cm™" originated
from the C="*N stretch. To address this problem, we used
13C-labeled flavin. Under this scenario, C=0 stretches from
flavin should exhibit a downshift of ~40 cm™, and the C=N
stretch should be detected more clearly when the C=N group
formed. Figure 2b shows the spectra from light-induced FTIR
of unlabeled (red line) and '*N-Gln labeled (blue line) AppA-
BLUF reconstituted with uniformly *C-labeled FMN. Upon
“N-Gln labeling, a clear spectral shift of 3 and § cm™ was
observed at 1688 (—) and 1679 (+) cm™', respectively. The
double difference spectrum between unlabeled and “N-Gln
labeled AppA-BLUF is shown in Figure 2d. There was a
positive peak at 1683 cm ™' and a negative peak at 1674 cm ™.
If the same signal was detected as was obtained from unlabeled
FMN reconstituted samples, then the double difference spectra
should have been same. However, a clear spectral shift due to
13C labeling of FMN was evident.

A question was raised as to why the double difference
spectra exhibited a downshift of 15 cm™" due to '*C-labeling of
FMN, since the signals from FMN must have been eliminated.
Without the formation of covalent bonds between the
apoprotein and the chromophore, it is unknown whether the
3C-labeling of FMN could influence the C=N stretch of Gln.

Interpretation of the FTIR Bands. To investigate which
signals are involved in the difference (or double difference)
spectra, we applied curve fitting to the difference spectra in the
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1720—1670 cm™" region. Figure S6a shows the spectra fitted
using Gaussian functions. Peaks occurred at 1709.6 (—),
1702.1 (+), 1696.1 (+), and 1690.2 (+) cm™! in the 1720—
1670 cm™" region of the difference spectrum of unlabeled
AppA-BLUF. Similarly, the signals of *N-Gln labeled AppA-
BLUF were fitted and peaks were detected at 1709.5 (—),
1696.2 (+), and 1690.2 (+) cm™'. The signal intensity at
1690.2 cm™" of '*N-Gln-labeled AppA-BLUF was twice as
large as that of unlabeled AppA-BLUF. Other bands were
identical between unlabeled and '*N-Gln-labeled AppA-BLUF.
Therefore, we concluded that the signal at 1702.1 (+) cm™
was downshifted to 1690.2 (+) cm™ due to *N-Gln labeling.
The C=O0 stretch of the keto isomer of Gln likely occurred at
1709.5 (1709.6) cm™, where the C4=0 stretch of the flavin
overlaps or is coupled. The C4=0 stretch of the flavin in the
intermediate state is either at 1696.1 (1696.2) or 1690.2 cm™.
The origin of the positive band, which was not assigned as the
C4=0 stretch, is unknown.

Similar fitting was carried out for *C-FMN reconstituted
samples (Figure S6b). The shift was from 1683.9 (+) cm™' to
1674.7 (+) ecm™" after *'N-Gln labeling and the negative band
at 1687.5 (1683.5) cm™' could originate from the C=0
stretch of Gln. If the band was assigned as the C=0 stretch of
Gln, then an FTIR signal originating from the C4=0 stretch
of flavin was not observed. Though these data suggest the
existence of a C=N stretch from the Gln side chain in the
positive side of the difference spectra (intermediate state), a
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question remains as to whether and how the *C-FMN
influences the C=N stretch of Gln.

We analyzed the reconstituted AppA-BLUF with uniformly
SN-labeled FMN and uniformly *C'*N-labeled FMN using
the same approach (Figure S7). The double difference spectra
of AppA-BLUF reconstituted with N- and '*C'*N-labeled
FMN showed that unlabeled and '*N-Gln-labeled apoprotein
were similar to those reconstituted with unlabeled and
uniformly "*C-labeled FMN, respectively. Thus, *C-labeled
FMN influenced the signals originating from the side chain of
Gln. However, it was still unclear whether the signal originated
from the C=N stretch of the enol form.

QM/MM Simulation of AppA-BLUF. To understand the
behavior that the C=N stretch band was likely downshifted
due to *C-labeled FMN (see Figure 2), we used QM/MM
calculation on the AppA-BLUF structure, and the effect of
isotope labeling was investigated. Some models were
eliminated from the schematic drawing in Figure 1. For
example, the keto form in Figure 1d, where Tyr and Gln do not
form a hydrogen bond, was unlikely because of its instability.
Of the enol form as a candidate for the intermediate state, the
models in Figure 1fh can be eliminated because the O—H
stretch of Tyr does not act as a hydrogen bonding donor,
which is contrary to our previous result.”’ Thus, taking the
Trp;, and Trp,, structures into account, a total of 10 model
structures were constructed (See the “Materials and Methods”
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section and Figure SS), and their vibrational frequencies
calculated.

First, the O—H stretch of Tyr21 was investigated, and the
calculated frequency of the O—H stretch of Tyr21 is
summarized in Table S3. The calculated values were much
higher than 2800 cm™'. We previously investigated the
anharmonic effect of the N3—H stretch of FMN in the LOV
domain by DFT calculation, and the frequency was ~150 cm™
less.*® Anharmonicity was not taken into consideration in the
calculation on the BLUF domain, so the frequency of the O—
H stretch would be calculated at a higher frequency. Here we
chose possible candidates for the intermediate state where the
O—H stretch of Tyr21 was calculated at <3400 cm™!, which
include models 3, 4, 6, 7, and 9.

We next postulated that the following conditions should be
fulfilled for possible structures of the unphotolyzed state: (i)
The enol form cannot be present in the unphotolyzed state,
which leaves models 1—6 as possible unphotolyzed candidates.
(i) A conformational change from only Trp, to Trp,, or
Trpyy to Trp;, cannot be a candidate, since BLUF domains can
also exhibit red-shifted intermediate states with no Trp at the
corresponding position at 104 of AppA-BLUF (e.g,, PACaF2*
and W104F mutant of AppA-BLUF).” This eliminated models
1-4 (4-1), 2—5 (5-2), and 3—6 (6—3). Consequently, 22
possible combinations of the reaction remained (Figure S8).

Infrared difference spectra were calculated for these 22
combinations (Figure S9) based on unlabeled and “N-GIn
labeled apoprotein with unlabeled and '*C-labeled flavin. The
spectra revealed the following characteristics. First, the
conformation of the Trp104 side chain influenced the infrared
spectra. For example, the spectra of model 3 or 6 in the
unphotolyzed state and model 7 or 9 in the intermediate state
were quite different although the conformational changes of
Gln and Tyr are the same. C2=0 and C4=0 stretches from
the flavin chromophore and the C=0 (or C=N) stretch of
GIn63 were influenced by whether the N—H group of Trp104
forms hydrogen bonds with the nitrogen or oxygen atom of the
GIn63 side chain. Second, in the double difference spectra,
where the influence of "“N-Gln was extracted, the spectra
exhibited shifts of 2—11 cm™ due to *C-FMN. Upshift or
downshift from '*N-Gln labeling was dependent on the
combination of structures.

We looked for similarities between the measured spectra in
Figure 2 and the simulated spectra. Two difference spectra
(Figure S91 and S9 m) exhibited downshifts of bands in the
1710—1680 cm™" region, and the double difference spectra
revealed a ~ 10 cm™' downshift from '*C-FMN labeling.
These spectra are reproduced in Figure 3.

The possible patterns in the 22 candidates were reduced to
two kinds for N-Gln-, *C-, and “N-FMN labeling. To
narrow down these candidates, we examined the vibration of
the Tyr C—O—H group. Takahashi et al. reported that the C—
O stretch and the C—O—H bend are highly dependent on the
hydrogen bonding environment.* In particular, the C—O—H
bend of Tyr appears in a lower frequency region (1167 cm™")
when the oxygen atom of the Tyr side chain acts as a hydrogen
bonding acceptor. Calculations were performed for Tyr-D,-
labeled models 2, 3, and 7 and compared with the measured
spectrum. In model 2, the C—O—H bend of the Tyr21 side
chain appeared at 1152 cm™ and was upshifted by 10 cm™
upon Tyr-D, labeling. In contrast, in models 3 and 7, the C—
O—H bend and the C—O stretch appeared in a higher
frequency region (>1200 cm™'; Figures 4 and S10 and Table
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Figure 4. (a) Light-induced difference FTIR spectra of unlabeled
(red) and Tyr-D,-labeled (blue) AppA-BLUF domain reconstituted
with unlabeled FMN in the 1800—1000 cm™ region. (b) Double
difference spectrum between unlabeled and Tyr-D,-labeled AppA-
BLUF. (¢, d) Simulated double difference spectra between unlabeled
and Tyr-D,-labeled AppA-BLUF in models 2 and 7 (c) and models 3
and 7 (d).

S4). In the measured and the double difference spectra, the
signals originating from Tyr appeared at >1200 cm™" (Figure
4a,b), ruling out the possibility of model 2. Note that the
spectra obtained from measurement and calculation did not
coincide, particularly in the 1500—1300 cm™" region (Figure
4b and d). One reason is that the hydrogen bonding
environment was not reproduced well enough by the QM/
MM calculation for the anharmonicity of Tyr vibrations to be
taken into consideration. Another is that AppA-BLUF domain
used in this experiment contains two Tyr residues, Tyr21 and
Tyr56, and their signals may overlap. Nevertheless, these data
suggest that no Tyr side chain acts as a hydrogen bonding
acceptor.

Collectively, these data suggest that AppA-BLUF undergoes
a shift from model 3 to 7 upon illumination, such that rotation
and keto—enol tautomerism of the Gln side chain occurs and
Trp is maintained in the Trpy, form. This conjecture that Trp
is maintained in the intermediate state is consistent with
resonance Raman spectroscopy analysis of Trp®® but
inconsistent with calculations.”””*

Tyr O-D Stretch in the Unphotolyzed State. In the
above analysis, we deduced the only model where the
measured spectra could be explained by QM/MM calculations.
In this reaction model, Tyr O—H acts as a hydrogen bonding
donor in the unphotolyzed and intermediate states. This result
is consistent with previous results from PixD.*

To directly observe the O—H stretch signal of Tyr21 in the
unphotolyzed state, we used a deuterated hydrogen in a D,0
environment. Figure S11 shows the O—H and O—D stretching
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Figure 5. (a) Light-induced difference FTIR spectra of unlabeled (black) and Tyr-D,-labeled (red) AppA-BLUF domain hydrated with D,O in the
2750—1920 cm™" region. (b and ¢) Expanded spectra in the 2750—1800 cm™" (b) and 2160—1800 cm™" (c) regions.

vibrational regions upon hydration with H,O and D,O,
respectively. Because the exchangeable X—H groups (X = N,
O) were deuterated, the signal intensity at the X—H stretching
region decreased, and the signal intensity in the X-D
stretching region increased.’® The corresponding X—H/X—D
stretches were observed.

A positive band at 2029 cm ™" was observed, which originally
occurred at ~2800 cm™! in a continuum band,** and we
concluded that the band at 2029 cm™ originated from the O—
D stretch of Tyr21. Interestingly, this signal was influenced by
deuteration at the 2’3’5’6’ ring positions, which decreased
signal intensity (Figure 5). This may be because of an
anharmonic effect with the ring vibration mode. We note that
the isotope effect of the O—D stretch of ring D, labeling was
not reproduced by the present QM/MM calculation because
the anharmonic effect was not taken into account.

Because we assigned the band at 2029 cm™' to the O—D
stretch for Tyr21 in the intermediate state, we should find the
O-D candidate stretch in the unphotolyzed state in the 2600—
2200 cm™ region. According to the QM/MM calculation, the
O-D stretch of Tyr in model 3 was at 2235 cm™.

The negative band at 2416 cm™"' was smaller in the Tyr-D,-
labeled AppA-BLUF, suggesting at this represented the O—D
stretch in the unphotolyzed state. This frequency region shows
that the O—D group forms hydrogen bonds, which is
consistent with model 3.

Implications of the Present Simulation on the
Photoreaction of BIrB. By the measurement and calculation
of spectra of uniformly isotope-labeled samples, the only
consistent photocycle model was determined for the
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unphotolyzed and red-shifted intermediate states of AppA-
BLUF (Figure 3, lower panel; models 3 and 7, respectively). As
mentioned above, spectral characteristics observed here after
“N-GIn labeling were quite different from those reported
previously.”> The simulated infrared spectra in Figure S9
indicate that Trp;,, and Trp,, conformation has a large
influence to the spectra, which could be the reason for the
inconsistency between the spectra of AppA-BLUF and BlrB.
Next, we investigated whether there is the simulated infrared
spectra similar to those from BlrB where the isotope effect by
'“N-Gln looks similar.

Because we did not evaluate the enol model shown in Figure
1g, we could not verify its models completely; instead, only the
model involving Trp side chain rotation was investigated.
Three kinds of models were possible: model 6—7 (Trp flip-in),
model 3—9 (Trp flip-out), and model 6—9 (Trp kept-out; see
Figure S8 for each conformational model). Their correspond-
ing infrared spectra are shown in Figure S9p,s,v, respectively.
Of those, difference spectra of Figure S9s (model 3-9)
exhibited upshifts of the bands in the 1710—1680 cm™" region,
indicating that this cannot be the candidate. As for the
remaining spectra of two kinds, the influences on '*N-Gln
labeling looked different. The double difference spectrum
shown by a solid line in Figure S9p (model 6—7) was similar as
that in Figure S9m (model 3—7), the photoreaction of AppA-
BLUF. However, the double difference spectra in Figure S9v
(model 6—9) showed more complex feature as well as the
reported double difference spectrum.’ As far as the simulated
model can be applied to BlrB, we propose that the
photoreaction of BlrB comprises tautomerization of keto to
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enol and rotation of the Gln side chain but that the side chain
of Trp (Trp92 in BlrB) keeps outward. In the previous report,
they did not determine the rotation state of Trp92 in the
intermediate state,”" and the result of the unphotolyzed state of
Trp92 as being the “out” form was consistent with our result. It
should be noted that the band in the higher frequency region
was 1742 (—)/1720 cm™ (Figure S9v); because the observed
band was at 1710 (—)/1695 cm™" in the measured spectra of
BIrB,> our optimized structures do not necessarily reproduce
the structures of BlrB.

B DISCUSSION

Keto—Enol Tautomerism and Rotation of GIn Side
Chain. In this study, we investigated whether keto—enol
tautomerism and rotation of the Gln side chain takes place in
the photocycle of the AppA-BLUF domain. Using FTIR
measurement and QM/MM calculation of isotope-labeled
samples (models), we determined the only model in which
rotation and keto—enol tautomerism of the Gln side chain
occurred and Trp was maintained in the Trp;, form for the
photocycle of AppA-BLUF. The reason why the O—H group
of the Tyr side chain forms an unusually strong hydrogen bond
in the intermediate state was explained by the nitrogen atom of
the enol form functioning as the hydrogen bonding acceptor.
Our conclusion of keto—enol tautomerism of the Gln side
chain was the same as previously reported by Domratcheva et
al. for the photoreaction of BIrB.>> However, we could
determine the orientation of Gln using various isotope-labeled
(**N-GlIn, ®C-FMN, and Tyr-D,) samples.

A recent study on the X-ray crystallography of a bacterial
PAC from the cyanobacterium Oscillatoria acuminate showed
that the Gln side chain was rotated at ~40° between the
unphotolyzed and intermediate states.”’ The oxygen atom was
assigned to the vicinity of the Tyr side chain, but it was difficult
to distinguish oxygen and nitrogen atoms by X-ray
crystallography. The rotation at 140° may take place.

Influence of »N-GIn Labeling. Figure S12 shows the
calculated bands that are involved in signals in the 1750—1660
cm™" region when reconstituted with unlabeled FMN. Model 3
consists of three bands at 1722.1, 1707.9, and 1687.5 cm™.
The first originates from the C2=0 stretch of flavin, while the
second and third are combinations of the C4=0 stretch of the
flavin and the C=O0 stretch of GIn63 with reverse phase. The
bands at 1722.1 and 1687.5 cm™" were not influenced by "*N-
Gln labeling, whereas the band at 1707.9 cm™' was shifted
slightly (~3 cm™).

Model 7 also consists of three bands at 1726.9, 1693.7, and
16774 cm™". The first originates from the C2=0 stretch of
flavin, which did not shift due to *N-Gln labeling, while the
second and third are combinations of the C4=0 stretch of
flavin and the C=N stretch of the enol form of GIn63 with
reverse phase. The bands exhibited a downshift of 5.3 and 9.1
cm ™" upon "“N-Gln labeling, respectively. In models 3 and 7,
the first signals (C=0 stretch from the flavin) did not differ,
whereas the second and third signals were downshifted because
of the change from the C=0 to C=N groups of the Gln side
chain. As a result, in the comparison of spectra between
models 7 and 3, the main bands at 1710 (—)/1693 (+) cm™
were attributable to the disappearance of the C=O group
associated with the formation of the C=N group. Upon **N-
Gln labeling, the signal at 1693 (+) cm™ was downshifted to
1688 (+) em™.
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Thus, the QM/MM data are consistent with the FTIR data
(see Figure 2), and the influence of *N-Gln labeling was not
extended to the C=O0 stretches of flavin but limited to the
C=0/C=N stretches of Gln, which was different from the
results for BIrB.*?

Behavior Reconstituted with '*C-Labeled Flavin. In
model 3, upon *C-FMN labeling, there are three bands in the
1750—1600 cm™ region: 1705.3, 1680.7, and 1676.9 cm™
(Figure S13). The band at 1705.3 cm™ originated from the
C=0O0 stretch of Gln and was downshifted by 1.7 cm™' by '°N-
Gln labeling. Both of the bands at 1680.7 and 1676.9 cm™
originated from the '*C2=0 stretch of flavin. The band from
the '*C4=0 stretch of the flavin was not observed clearly, and
the vibration contributed to the three bands. These bands from
flavin were not affected by the '*N-Gln labeling.

The spectrum of model 7 upon *C-FMN labeling contains
three bands at 1688.5, 1683.9, and 1670.6 cm™". The bands at
1688.5 and 1670.6 cm™" originated from the C=N stretch of
Gln and C4=0 stretch of flavin, which exhibited a downshift
to 1677.5 and 1667.1 cm™, respectively, by *N-Gln labeling.
The band at 1683.9 cm™" originated from the '*C2=0 stretch
and did not exhibit a downshift upon *N-GlIn labeling. The
C=N stretch (in model 7) was downshifted by "*C-labeling of
the flavin by 11 cm™" (from 1688.5 to 1677.5 cm™", see Figures
S$13 and S14) because of vibrational coupling with the C2=0
stretch of the flavin, which caused the spectral shift in shown
Figure 2. In the cases of both 2C- or'*C-labeled flavin, "*N-
Gln labeling did not affect its C=O stretches except for the
coupling of the C4=0O group of the flavin and the C=N
group of Gln.

Quasi-Model of BIrB as a Trp,,; BLUF. Comparison of
the measured and calculated infrared spectra showed that the
most probable photoreaction model of BIrB is the tautome-
rization of keto—enol of the Gln side chain with the Trp side
chain maintaining the out form. When the vibrational signals
were checked for the unphotolyzed (model 6 in Figure S8) and
intermediate (model 9 in Figure S8) structures, the spectral
feature upon "“N-Gln labeling differed from that presented by
Domratcheva et al.**

Figure S14 shows the difference spectra of keto—enol
tautomerism for Gln and Trp in the Trp, form (model 6—9
in Figure $9). In model 6, the unlabeled protein has vibrational
signals at 1741.2, 1704.5, and 1676.1 cm™'. These were
assigned to the C2=0 stretch of flavin, a combination of the
C4=0 stretch of flavin and C=O0 stretch of the Gln side
chain, and another C=O stretch of the GIn side chain,
respectively (red spectra in Figure S14, bottom). The former
two signals were not influenced by *N-Gln labeling (blue
spectra). The newly appearing bands at 1673.5 and 1667.7
cm™' upon '"N-Gln labeling were identified as the C=0
stretch of the Gln side chain and the combination of the C4=
O stretch of flavin and the C=0 stretch of the Gln side chain,
respectively. In model 6, "*N-Gln labeling affected the C4=0
stretch of flavin and the C=O stretch of the Gln side chain.

In model 9, unlabeled protein exhibited vibrational signals at
1722.6, 1713.5, 1688.1, and 1647.0 cm™", which were assigned
to the C2=0 stretch of flavin, the combination of the C2=0
and C4=0 stretches of flavin, the C4=0 stretch of flavin,
and the C=N stretch of the enol form of the GIn side,
respectively (red spectra in the upper panel of Figure S14,
bottom). A prominent spectral shift was observed only in the
1747.0 cm™" band, which downshifted to 1635.3 cm™" (blue
spectra). Insofar as we applied our models to BlrB, the infrared
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spectral shift was not particularly extended to the flavin moiety
but rather restricted to the Gln moiety, which is in contrast to
the results of Domratcheva et al.”’

There are no explanations for the differences between the
results of our computational simulation methods and those of
Domratcheva et al. After comparing the stabilities of their
calculated structures, Domracheva and colleagues claimed that
the structure shown in Figure Ic is unstable when the Trp side
chain is buried inside the protein.*”** Our strategy was to find
the most stable structures with the expected hydrogen bonding
network. Another one is that our model does not well
reproduce the BlrB structure because the C=O stretches
appeared at too higher frequency region. A difference other
than the rotation state of the Trp side chain may exist that was
not taken into account in the structure of AppA-BLUF.

Discrepancies were observed in the rotation state of the Trp
side chain, not only in the theoretical studies but also in the
experimental ones.”' ~****?*3% Although the Trp residue
appears conserved at that position, its role may differ between
proteins. In this context, the differences in AppA-BLUF Trp;,
and Trp,,, forms found by X-ray crystallography are difficult to
explain. The crystallization conditions may have affected a
specific amino acid residue. The present results as well as
previous Raman spectroscopy measurements support the Trp;,
form in AppA-BLUF.

Isomerization Mechanism from Keto to Enol Forms.
In general, the enol form is more unstable than the keto one.
Nevertheless, the stable enol form develops in the BLUF
domain at least a few seconds of lifetime. This is because a
strong hydrogen bond forms between the nitrogen atom and
the O—H group of Tyr2l. The lifetime of the intermediate
state is dependent on the types of BLUF domain and is in the
order of 10'=10° 5.”°%°* Thus, hydrogen bond formation may
vary among BLUF domains. Recently, Gil et al. reported that
the pK, value of Tyr21 strongly affects the lifetime of the
intermediate state, indicating the involvement of the proton
transfer process of Tyr21 in the recovery to the unphotolyzed
state.”> Proton transfer from Tyr to the nitrogen atom of the
enol of Gln may be one of the triggers for the recovery process.

Although there are many reports on the early stage of the
photoreaction, no consensus model exists. This may be
because of the influence of a tryptophan residue, an amino
acid that acts as a hydrogen bonding donor for a nitrogen
residue of the glutamine side chain. However, as we have
shown, when electron transfer occurs from Tyr to FAD, the
phenolic cation that forms can act as an acidic catalyst. Future
theoretical and experimental studies will be necessary to
further develop these models.

B ASSOCIATED CONTENT

© Supporting Information

The following files are available free of charge. The The
Supporting Information is available free of charge on the ACS
Publications website at DOI: 10.1021/jacs.8b05123.

Simulated frequencies of the C=0 and C=N stretches,
the simulated frequencies of the O—H and C-O
stretches, C—O—H bend modes of Tyr21 in the created
models, mass spectra of tryptic digests of the AppA-
BLUF domain, light-induced FTIR difference spectra,
structural models for QM/MM calculation, 22 combi-
nations of the structural changes from unphotolyzed and
intermediate states and their infrared spectra, Tyr-D,-

labeled spectra and light-induced FTIR difference
spectra from samples hydrated with D,O (PDF)

B AUTHOR INFORMATION

Corresponding Author

*Phone and fax: 81-47-472-1780. E-mail: tatsuya.iwata@phar.
toho-u.ac.jp.

ORCID

Tatsuya Iwata: 0000-0002-4519-6962

Masashi Unno: 0000-0002-5016-6274

Hideki Kandori: 0000-0002-4922-1344

Funding

This work was supported by grants from the Japanese Ministry
of Education, Culture, Sports, Science and Technology to H.K.
(25104009, 15H02391), M.U. (17K05756), and T.L
(16K07318). A portion of the computations was performed
at the Research Center for Computational Science, Okazaki,
Japan.

Notes

The authors declare no competing financial interest.
*M.W. died on March 13, 2014.

B ACKNOWLEDGMENTS

We are grateful to Profs. Leonid S. Brown and Robert B.
Gennis for the information on the Gln-deficient mutant of E.
coli. We thank Enago (www.enago.jp) for the English language

review.

B REFERENCES

(1) Massey, V. Biochem. Soc. Trans. 2000, 28 (4), 283—96.

(2) Macheroux, P.; Kappes, B.; Ealick, S. E. FEBS J. 2011, 278 (15),
2625—34.

(3) Ahmad, M.; Cashmore, A. R. Nature 1993, 366 (6451), 162—6.

(4) Lin, C.; Robertson, D. E.; Ahmad, M.; Raibekas, A. A.; Jorns, M.
S.; Dutton, P. L.; Cashmore, A. R. Science 1995, 269 (5226), 968—70.

(5) Huala, E.; Oeller, P. W.; Liscum, E.; Han, L. S.; Larsen, E.; Briggs,
W. R. Science 1997, 278 (5346), 2120—2123.

(6) Iseki, M.; Matsunaga, S.; Murakami, A,; Ohno, K; Shiga, K;
Yoshida, K.; Sugai, M.; Takahashi, T.; Hori, T.; Watanabe, M. Nature
2002, 415 (6875), 1047-51.

(7) Masuda, S.; Bauer, C. E. Cell 2002, 110 (5), 613—23.

(8) Gomelsky, M.; Klug, G. Trends Biochem. Sci. 2002, 27 (10),
497-500.

(9) Todo, T.; Ryo, H.; Yamamoto, K.; Toh, H.; Inui, T.; Ayaki, H.;
Nomura, T.; Ikenaga, M. Science 1996, 272 (5258), 109—12.

(10) Cashmore, A. R;; Jarillo, J. A; Wu, Y. J.; Liu, D. Science 1999,
284 (5415), 760—76S.

(11) Salomon, M.; Christie, J. M.; Knieb, E.; Lempert, U.; Briggs, W.
R. Biochemistry 2000, 39 (31), 9401—10.

(12) Crosson, S.; Moffat, K. Plant Cell 2002, 14 (5), 1067—1075.

(13) Gauden, M.; van Stokkum, I. H; Key, J. M; Luhrs, D.; van
Grondelle, R;; Hegemann, P.; Kennis, J. T. Proc. Natl. Acad. Sci. U. S.
A. 2006, 103 (29), 10895—900.

(14) Fujisawa, T.; Takeuchi, S.; Masuda, S.; Tahara, T. J. Phys. Chem.
B 2014, 118 (51), 14761-73.

(15) Lukacs, A.; Brust, R.; Haigney, A.; Laptenok, S. P.; Addison, K.;
Gil, A;; Towrie, M.; Greetham, G. M.; Tonge, P. J.; Meech, S. R. |.
Am. Chem. Soc. 2014, 136 (12), 4605—15.

(16) Masuda, S.; Hasegawa, K; Ishii, A,; Ono, T. A. Biochemistry
2004, 43 (18), 5304—13.

(17) Hasegawa, K,; Masuda, S.; Ono, T. A. Biochemistry 2004, 43
(47), 14979-86.

(18) Hasegawa, K.; Masuda, S.; Ono, T. A. Plant Cell Physiol. 2008,
46 (1), 136—46.

DOI: 10.1021/jacs.8b05123
J. Am. Chem. Soc. 2018, 140, 11982—-11991

— 102 —



Journal of the American Chemical Society

(19) Masuda, S.; Hasegawa, K; Ono, T. A. Biochemistry 2005, 44
(4), 1215-24.

(20) Okajima, K.; Fukushima, Y.; Suzuki, H.; Kita, A.; Ochiai, Y.;
Katayama, M.; Shibata, Y.; Miki, K.; Noguchi, T; Itoh, S.; Ikeuchi, M.
J. Mol. Biol. 2006, 363 (1), 10-8.

(21) Anderson, S.; Dragnea, V.; Masuda, S.; Ybe, J.; Moffat, K;
Bauer, C. Biochemistry 2008, 44 (22), 7998—8005.

(22) Kita, A,; Okajima, K.;; Morimoto, Y.; Ikeuchi, M.; Miki, K. J.
Mol. Biol. 2005, 349 (1), 1-9.

(23) Jung, A.; Domratcheva, T.; Tarutina, M.; Wu, Q;; Ko, W. H,;
Shoeman, R. L.; Gomelsky, M.; Gardner, K. H.; Schlichting, I. Proc.
Natl. Acad. Sci. U. S. A. 2008, 102 (35), 12350—5.

(24) Jung, A.; Reinstein, J; Domratcheva, T.; Shoeman, R. L.
Schlichting, 1. J. Mol. Biol. 2006, 362 (4), 717—32.

(25) Masuda, S.; Hasegawa, K.; Ono, T. A. Plant Cell Physiol. 2005,
46 (12), 1894—901.

(26) Ohki, M.; Sugiyama, K; Kawai, F.; Tanaka, H.; Nihei, Y;
Unzai, S.; Takebe, M.; Matsunaga, S.; Adachi, S.; Shibayama, N;
Zhou, Z.; Koyama, R.; Ikegaya, Y.; Takahashi, T.; Tame, J. R.; Iseki,
M.; Park, S. Y. Proc. Natl. Acad. Sci. U. S. A. 2016, 113 (24), 6659—64.

(27) Udvarhelyi, A.; Domratcheva, T. J. Phys. Chem. B 2013, 117
(10), 2888—97.

(28) Collette, F.; Renger, T.; Schmidt am Busch, M. J. Phys. Chem. B
2014, 118 (38), 11109—19.

(29) Goyal, P.; Hammes-Schiffer, S. Proc. Natl. Acad. Sci. U. S. A.
2017, 114 (7), 1480—1485.

(30) Unno, M,; Kikuchi, S.; Masuda, S. Biophys. J. 2010, 98 (9),
1949-56.

(31) Stelling, A. L.; Ronayne, K. L.; Nappa, J.; Tonge, P. J.; Meech,
S. R. J. Am. Chem. Soc. 2007, 129 (50), 15556—64.

(32) Domratcheva, T.; Grigorenko, B. L.; Schlichting, I.; Nemukhin,
A. V. Biophys. ]. 2008, 94 (10), 3872—9.

(33) Domratcheva, T.; Hartmann, E.; Schlichting, L; Kottke, T. Sci.
Rep. 2016, 6, 22669.

(34) Gerwert, K; Freier, E.; Wolf, S. Biochim. Biophys. Acta, Bioenerg.
2014, 1837 (5), 606—13.

(35) Iwata, T.; Watanabe, A.; Iseki, M.; Watanabe, M.; Kandori, H. J.
Phys. Chem. Lett. 2011, 2 (9), 1015-9.

(36) Ito, S; Murakami, A; Sato, K; Nishina, Y,; Shiga, K;
Takahashi, T.; Higashi, S.; Iseki, M.; Watanabe, M. Photochem.
Photobiol. Sci. 2005, 4 (9), 762—9.

(37) Lin, M. T.; Sperling, L. J.; Frericks Schmidt, H. L.; Tang, M.;
Samoilova, R. ; Kumasaka, T.; Iwasaki, T.; Dikanov, S. A.; Rienstra,
C. M.; Gennis, R. B. Methods 2011, 55 (4), 370-8.

(38) Masuda, S.; Hasegawa, K.; Ono, T. A. FEBS Lett. 2008, 579
(20), 4329-32.

(39) Koyama, T.; Iwata, T.; Yamamoto, A.; Sato, Y.; Matsuoka, D.;
Tokutomi, S.; Kandori, H. Biochemistry 2009, 48 (32), 7621—8.

(40) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E;
Robb, M. A,; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Mennucci,
B.; Petersson, G. A.; Nakatsuji, H.; Caricato, M.; Li, X.; Hratchian, H.
P.; Izmaylov, A. F.; Bloino, J.; Zheng, G.; Sonnenberg, J. L.; Hada, M,;
Ehara, M,; Toyota, K; Fukuda, R; Hasegawa, J.; Ishida, M,;
Nakajima, T.; Honda, Y,; Kitao, O.; Nakai, H,; Vreven, T,;
Montgomery, J. A, Jr; Peralta, J. E; Ogliaro, F.; Bearpark, M,;
Heyd, J. J.; Brothers, E.; Kudin, K. N.; Staroverov, V. N.; Kobayashi,
R.; Normand, J.; Raghavachari, K.; Rendell, A.; Burant, J. C.; Iyengar,
S. S.; Tomasi, J.; Cossi, M.; Rega, N.; Millam, J. M.; Klene, M.; Knox,
J. E;; Cross, J. B.; Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R;;
Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C,;
Ochterski, J. W.; Martin, R. L.; Morokuma, K.; Zakrzewski, V. G;
Voth, G. A; Salvador, P.; Dannenberg, J. J.; Dapprich, S.; Daniels, A.
D.; Farkas, O.; Foresman, J. B.; Ortiz, J. V.; Cioslowski, J.; Fox, D. J.
Gaussian 09, revision D.01; Gaussian, Inc.: Wallingford, CT, 2009.

(41) Merrick, J. P.; Moran, D.; Radom, L. J. Phys. Chem. A 2007, 111
(45), 11683—700.

(42) Dapprich, S.; Komaromi, L; Byun, K. S.; Morokuma, K.; Frisch,
M. J. J. Mol. Struct.. THEOCHEM 1999, 461—462, 1-21.

11991

(43) Dennington, R.; Keith, T.; Millam, J. M. GaussView, version
S; Semichem Inc.: Shawnee Mission, 2009.

(44) Vreven, T.; Byun, K. S.; Komaromi, L; Dapprich, S.;
Montgomery, J. A,; Morokuma, K; Frisch, M. J. J. Chem. Theory
Comput. 2006, 2 (3), 815—26.

(4S5) Cornell, W. D.; Cieplak, P.; Bayly, C. L; Gould, L. R;; Merz, K.
M, Jr.; Ferguson, D. M.; Spellmeyer, D. C.; Fox, T.; Caldwell, J. W,;
Kollman, P. A. J. Am. Chem. Soc. 1995, 117, 5179—5197.

(46) Schneider, C.; Suhnel, J. Biopolymers 1999, SO (3), 287—302.

(47) Iwata, T.; Nozaki, D.; Tokutomi, S.; Kagawa, T.; Wada, M,;
Kandori, H. Biochemistry 2003, 42 (27), 8183—91.

(48) Iwata, T.; Nozaki, D.; Yamamoto, A.; Koyama, T.; Nishina, Y.;
Shiga, K.; Tokutomi, S.; Unno, M.; Kandori, H. Biochemistry 2017, 56
(24), 3099-3108.

(49) Takahashi, R.; Okajima, K.; Suzuki, H.; Nakamura, H.; Ikeuchi,
M.; Noguchi, T. Biochemistry 2007, 46 (22), 6459—67.

(50) Kandori, H.; Kinoshita, N.; Shichida, Y.; Maeda, A. J. Phys.
Chem. B 1998, 102, 7899—7905.

(51) Ohki, M.; Sato-Tomita, A.; Matsunaga, S.; Iseki, M.; Tame, J.
R. H,; Shibayama, N.; Park, S. Y. Proc. Natl. Acad. Sci. U. S. A. 2017,
114 (32), 8562—8567.

(52) Fukushima, Y.; Okajima, K.; Shibata, Y.; Ikeuchi, M.; Itoh, S.
Biochemistry 2005, 44 (13), 5149—58.

(53) Gil, A; Haigney, A; Laptenok, S. P.; Brust, R,; Lukacs, A;
Tuliano, J.; Jeng, J.; Melief, E.; Zhao, R. K;; Yoon, E.; Clark, L; Towrie,
M.,; Greetham, G. M.; Ng, A,; Truglio, J.; French, J; Meech, S. R;;
Tonge, P. J. J. Am. Chem. Soc. 2016, 138 (3), 926—935.

DOI: 10.1021/jacs.8b05123
J. Am. Chem. Soc. 2018, 140, 11982—-11991

— 103 —



processes m\l@

Article
Size Separation of Silica Particles using a Magnetite-
Containing Gel-Packed Column

Manoka Miyoshi !, Kosuke Takayanagi !, Shintaro Morisada !, Keisuke Ohto ?,
Hidetaka Kawakita 1* and Shoichiro Morita 2

1 Department of Chemistry and Applied Chemistry, Saga University, Saga 840-8502, Japan;
17578033@edu.cc.saga-u.ac.jp (M.M.); kesuko.1203@outlook.com (K.T.); morisada@cc.saga-u.ac.jp (S.M.);
ohtok@cc.saga-u.ac.jp (K.O.)

2 Nitchitsu Co., Ltd., Nagasaki 859-6203, Japan; s-morita@nitchitsu.co.jp

* Correspondence: kawakita@cc.saga-u.ac.jp; Tel.: +81-952-28-8670

Received: 23 February 2019; Accepted: 4 April 2019; Published: 8 April 2019

Abstract: A magnetite-containing gel was prepared by water-in-oil radical polymerization of N,N-
dimethylacrylamide and N,N’-methylenebisacrylamide in the presence of magnetite. The size of the
prepared gel particles was 86 um. The obtained magnetite-containing gel was packed in a column
and first permeated with water, which revealed that the gel displayed a nonlinear response to
pressure drop with increasing flow rate. Thus, the gel particles at the bottom of the column felt more
pressure from the fluid than those at the top, causing greater deformation of the gel particles at the
bottom of the column than at the top. The gaps between the packed gel particles functioned as pores
to filter particles of appropriate size and morphology. An industrial silica particle suspension with
particle sizes of 300 nm, 800 nm, and 10 pm was permeated through the gel layer. The smallest (300
nm) silica particles passed through the column. The filtered silica particles were recovered from the
gel layer by using a magnet to separate the magnetite-containing gel from the filtered silica particles.
This magnetite-containing gel has wide application prospects for the separation of not only ceramics
but also other colloids.

Keywords: magnetite-containing gel; separation; deformation; recoverys; silica particle

1. Introduction

Separation of colloidal particles such as microorganisms, cells, and ceramic particles has been
studied. The sophisticated separation of colloids depends on their different characteristics. For
example, a porous membrane combined with chromatography has been used to separate a
microorganism suspension via pH-gradient flow through a particle-packed column [1], and
microfiltration with a cross flow has been performed to sweep the filtered residue from the membrane
pores [2,3]. Glass beads packed in a column and microchannels have been used for separation based
on the different mobilities of the colloidal particles [4,5]. At present, the pores in a membrane, the
gaps between glass beads, and the microchannel diameter used for separation need to be uniform. If
the pores used for filtration were able to be dynamically change, separation performance could be
greatly enhanced in a wide range of applications.

In chromatography, spherical gel particles are packed in a column, and then water is permeated
through the column to increase the pressure drop by narrowing the gaps between the gel particles
through the deformation of the packed gel. The gel particles at the bottom of the column feel more
pressure and thus deform to a greater extent than the gel particles at the top of the column. Through
such deformation, the gaps between the gel particles become smaller at the bottom of the column
compared with those at the top. Because the flow of water through deformable gel particles changes
the pores in the flow direction, injected colloids are dynamically separated depending on their size
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and morphology [6]. Silica particle suspensions have been separated using gel particle deformation
in columns. The spherical gel particles prepared by radial polymerization were packed in a column
to separate an injected silica particle suspension with particle sizes ranging from 100 nm to 10 um It
was found that silica particles with a diameter of 100 nm passed through the column, whereas those
with a diameter of 10 pm were captured at the top of the gel layer. The dynamic filtering efficiency
of silica particles with a diameter of 1 um depended on the gel size, gel elasticity, and flow rate of
water. It may be possible to recover a filtered colloid at the top of the gel layer by floating the filtered
colloid particles using the elasticity of the gel layer and then applying a cross flow across the column
[7]. However, an appropriate technique to recover the filtered colloid particles in a gel layer has not

been proposed yet.
(©)
®
|®
®

magnet

¥

Figure 1. Separation of silica particles using a magnetite-containing gel and recovery of filtered silica

pressure
by flowing
fluid

particles from the gel by applying a magnet. (a) Magnetite-containing gel particles were packed in a
column, and then a silica particle suspension was injected on the top of the gel layer. (b) The pressure
of water flowing through the gel layer induced the deformation of the gel, which changed the
filtration pores in the flow direction. As a result, small silica particles were eluted. Larger silica
particles remained near the top of the column, and medium silica particles moved closer to the bottom
of the column. (c) The magnetite-containing gel and filtered silica particles were taken from each
region of the column, and then a magnet was applied. The magnetite-containing gel moved towards
the magnet, allowing the filtered silica particles and magnetite-containing gel to be separated.

In this study, particle separation using a magnetite-containing gel layer in a column is proposed
(Figure 1). The magnetite-containing gel should be easily moved by the application of a magnetic
field to allow the separation of the filtered particles in the gel layer from the gel particles. Materials
including magnetite have been studied from a chemistry perspective for their preparation [8,9] and
applications [10]. A macroscopic magnetite assembly has been used as a filter medium for the
separation of several particles and subsequent recovery by the application of a magnetic field [11,12].
Here, a column packed with a magnetite-containing gel was used to separate industrial silica particles
prepared by a dry process. Large volumes of silica particles are industrially produced by dry
processes; that is, silica ore is cracked to obtain electronics materials such as fillers to control heat
transfer. The regulation of the size and morphology of the cracked silica particles is crucial for
potential high-performance applications. This study had three main objectives: 1) the preparation of
a magnetite-containing gel, 2) the individual filtration of silica particles with diameters of 1 and 10
um, and 3) the filtration of industrial silica particle suspensions using the magnetite-containing gel
and the recovery of the filtered silica particles from the gel layer by using a magnet. The sizes of the
silica particles obtained after separation were analyzed by dynamic light scattering (DLS).

2. Materials and Methods

2.1. Materials
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Magnetite was prepared from iron (III) chloride hexahydrate (095-00875), iron (II) chloride
tetrahydrate (099-00915), and sodium hydroxide (192-15985) purchased from Wako Pure Chemical
Industries, Japan. D-Glucose (07-0690-6-5) was obtained from Sigma-Aldrich, MI, USA. The
monomer, crosslinker, and initiator used to prepare the gel particles were N,N-dimethylacrylamide
(049-19185), N,N’-methylenebisacrylamide (M0506), and ammonium persulfate (018-03282)
purchased from Wako Pure Chemical Industries, Japan. Span 80 (S0060) and Tween 80 (T2533) were
obtained from Tokyo Chemical Industry Co., Japan. Ethylenediaminetetraacetic acid (EDTA; 09-1320)
was purchased from Katayama Chemical Ltd., Japan. Glass beads (105-125 um, BZ-01) were
purchased from AS-ONE, Japan. Black silica particles (size: 10 um) and white silica particles (size: 1.0
pm) were purchased from Micromod Partikeltechnologie Gmbh, Germany. Industrial silica particles
were donated by Nitchitsu Co., Ltd., Japan. Other chemicals were of analytical grade or higher.

2.2. Preparation of Magnetite

Solution 1 was first prepared by dissolving sodium hydroxide in distilled water to give a
concentration of 10 mol/L. Iron(Ill) chloride hexahydrate (11 g, 0.041 mol) and iron(Il) chloride
tetrahydrate (4.07 g, 0.020 mol) were dissolved in water at 303 K in a water bath (Eyela, SB-350) while
stirring at 500 rpm by a stirrer (Eyela, Mazel, ZZ-1200) to give solution 2. Glucose (8.75 g, 0.049 mol)
was dissolved in solution 1, and then solution 1 was added dropwise to solution 2 at a rate of one
drop every two seconds. The obtained solution was stirred at 303 K and 500 rpm for 1 h. The
precipitate present after this time responded to a neodymium magnet (0.10 T, 50 x 20 x 2 mm, Sangyo
Supply Co., Ltd., Sendai, Japan). The magnetite particles were observed by optical microscopy (VH-
S5, Keyence Corporation, Osaka, Japan), and their size distribution was determined by measuring
the diameters of more than 200 particles. The mean size of the magnetite particles was 670 nm.

2.3. Polymerization of Spherical Gel Particles Including Magnetite

To prepare the oil phase, Span 80 (9.0 g) and Tween 80 (3.0 g) were dissolved in hexane (200 g).
N,N-Dimethylacrylamide (9.33 g), N,N’-methylenebisacrylamide (0.16 g), EDTA (0.15 g), and water
(25 g) were mixed, and then ammonium persulfate (0.33 g) was added. The prepared magnetite
suspension (10 (w/w)%, 10 mL) was dispersed in the oil phase. The water phase was dropped into
the oil phase over 30 s and then stirred at 500 rpm and 333 K for 4 h. Under these conditions, the
added magnetite particles moved into the water phase. After the polymerization, the reactor was
cooled to room temperature. The obtained magnetite-containing gel suspension was filtered under
vacuum and then washed with hexane (250 mL) and ethanol (1 L) twice for 2 h. The obtained
suspension was finally washed with distilled water, filtered through a nylon mesh (161 pum, NBC
Meshtec Inc., N-N0110S 115, P1604A09925-03, Tokyo, Japan), and then filtered again through a finer
nylon mesh (42 um, NBC Meshtec Inc., N-N0330T 115, E1802A00255-01, Tokyo, Japan) to remove the
residual polymer, magnetite, and larger-size gel particles. The obtained magnetite-containing gel is
referred to as “Mag gel”. The concentration of Mag gel in water was set to 10 wt %. The obtained Mag
gel was observed by optical microscopy (VH-S5, Keyence Corporation, Osaka, Japan), and its particle
size distribution was determined by measuring the diameters of more than 200 particles. For
comparison, polymerized gel spheres without magnetite were also fabricated.

The magnetite concentration in the Mag gel was quantitatively determined. Mag gel (1 mL) was
dried in a drying oven (DX-31, Yamato Scientific Co., Ltd., Tokyo, Japan). Nitric acid solution (3.0 M,
25 mL) was added to the dried gel at 333 K, and then the mixture was agitated using a shaking bath
(SB-20, As One, Japan). The time dependence of iron concentration was determined by atomic
absorption spectroscopy (AA-6800, Shimadzu, Corporation, Kyoto, Japan) to determine the
concentration of leaked iron ions at steady state in solution.

2.4. Water Permeation through the Mag Gel

Glass beads (105-125 pm) were first packed in a column (ID: 0.5 cm, OD: 0.9 cm, height: 20 cm,
7370522, Bio-Rad Laboratories, Inc., CA, USA) to a height of 1.0 cm. Mag gel suspension (10 (w/w)%,

— 106 —



Processes 2019, 7, 201 4 of 10

1.4 mL) was added to the column and then allowed to settle via gravity for 15 h, so that the height of
the gel layer was 1.0 cm. After filling the gel layer in the column with water, water was permeated
through the column at 25 mL/h to measure the pressure drop of the Mag gel layer. The eluent was
collected to check the concentrations of iron and gel that leaked from the column by ultraviolet—
visible (UV-Vis) spectroscopy at 600 nm (V-630 BIO, JASCO, Tokyo, Japan).

2.5. Permeation of Silica Particle Suspensions through the Mag Gel Layer

Silica particle suspensions with particle sizes of 1.0 and 10 um (1.0 g/L, 0.40 mL) were
individually permeated through the Mag gel-packed column at a flow rate of 25 mL/h. The eluent
from the column was collected to determine the concentration of silica particles by UV-Vis
spectroscopy at 600 nm.

To separate the industrial silica particle suspension, the suspension (1.0 g/L, 0.4 mL) injected on
the top of the Mag gel layer was permeated through the column at a flow rate of 10, 25, or 50 mL/h.
The eluent was collected continuously, its absorbance was determined by UV-Vis spectroscopy at
600 nm, and the particle size was measured by DLS (ELZ-ZA PUS, Otsuka Electronics Co., Ltd.,
Osaka, Japan).

To recover the filtered particles in the magnetite-containing gel, the Mag gel and filtered particles
in the upper half and lower half of the column were taken out by a pipette. A neodymium magnet
was then applied to the bottom of each suspension to separate the filtered silica particles from the

Mag gel by washing the suspension with water and ethanol. The particle size of the supernatant (5
mL) was determined by DLS.

3. Results and discussion

3.1. Preparation of Mag Gel

The introduction of magnetite into the inner part of the gel spheres provided gel particles that
were able to move under the application of a magnetic field. As proposed in Figure 1, after the
separation of particles by Mag gel, the filtered particles could be obtained by using a magnet to
remove the Mag gel particles. EDTA-adsorbed magnetite particles with a size of 670 nm were
introduced during water/oil emulsion polymerization of N,N-dimethylacrylamide and N,N’-
methylenebisacrylamide to give the Mag gel. EDTA was adsorbed onto the magnetite particles to
make their surface more hydrophilic, allowing the magnetite particles to move into the water phase
during water/oil polymerization [13]. An optical microscopy image and the size distribution of the
Mag gel particles are shown in Figure 2. The introduction of magnetite to the gel was confirmed, and
the mean size of the Mag gel particles was 86 um.

50 100
s " 1" g
Z 30 60 2
S 20 40 %,
3 | 2
2 3
g 10 20 &
a 1 &

0 0

0 50 100 150 200 250

Diameter [um]
(a) (b)

Figure 2. Optical microscopy image (a) and particle size distribution (b) of the magnetite-containing gel.

The amount of magnetite included in the gel was determined by immersing the Mag gel in 3.0
M HNOs and then measuring the concentration of leaked iron ions at steady state by atomic
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absorption spectroscopy. From the concentration of leaked iron ions at steady state, the amount of
magnetite included in the Mag gel was calculated to be 0.26 mg Fe/mg dry Mag gel. For comparison,
spherical gel particles without magnetite were prepared by the same method except that the
magnetite particles were omitted. The magnetite-free gel particles had a mean diameter of 81 um.

3.2. Permeation of Water through Mag Gel

The time dependence of the pressure drop during permeation of water through the Mag gel-
packed column is shown in Figure 3a, along with the behavior of the reference gel-packed column
(Figure 3b). No pressure drop was measured at water flow rates of 10 and 25 mL/h. However, at a
flow rate of 50 mL/h, the pressure drop increased gradually over time. When water was permeated
through the gel-packed column at a flow rate of 10 mL/h, as shown in Figure 3b, the pressure drop
gradually increased and then levelled off. At the higher flow rate, the pressure drop dramatically
increased in a non-linear manner. Compared with that of the Mag gel-packed column, the pressure
drop of the gel-packed column was larger because of the smaller deformation of Mag gel relative to
that of the reference gel in the column. This is because magnetite in the gel particles disturbed the free
deformation at the contacting surfaces of the gel particles, resulting in a smaller pressure drop [6,14].

0.10

(L.08
0.06
0.04

0.02

Pressure drop [MPa]

0
0 ] 20 30
Time [min]

(a)
0.10

0.08

0.06

0.04

0.02

Pressure drop [MPa]

0 2 . L .
0 0 20 30

Time [min]

(b)

Figure 3. Time dependence of the pressure drop during permeation of water through (a) Mag gel-
packed column and (b) gel-packed column. Circles: 10 mL/h, triangles: 25 mL/h, squares: 50 mL/h.

The initial height of the Mag gel layer was set to 1.0 cm.

3.3. Permeation of Individual Silica Particle Suspensions through Mag Gel

Silica particle suspensions with particle sizes of 1 and 10 pm were individually injected on the
top of the Mag gel layer, and then water was permeated through the column. The concentration and
volume of each silica particle suspension were 1.0 g/ and 0.40 mL, respectively. The time
dependence of the concentration of particles eluted from the column at a flow rate of 25 mL/h is
shown in Figure 4. Silica particles with a diameter of 10 um eluted more slowly, and the eluted
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percentage was lower than for the 1 um particles. This is because the larger silica particles were
filtered between the Mag gel particles or eluted through the column via collision with Mag gel. The
elution percentages of silica particles after 30 min at different flow rates are summarized in Table 1.
In the case of 10 um silica particles, the elution percentage was low at all flow rates. Conversely, the
1 pm silica particles eluted more quickly with increasing flow rate. This is because the 1 um silica
particles were transported via a convection flow of water through the Mag gel layer before the
compaction of the gel layer. The balance between deformation of the Mag gel layer and transport of
particles by convection through the layer should be considered to obtain appropriate separation
performance. The data in Table 1 show that the Mag gel layer was able to separate particles in the
size range from 1.0 to 10 pm.

Table 1. percentage of silica particle.

Diameter of silica particle [um] Flow rate [mL/h]
10 25 50
10 8 6 7
1 55 50 63
0' In 1 1 L

_: 0.08 | 4

i |

£ 0.06 | J

£ 0.04 |

i

=

o 0.02 .

=
=0

Time [min]

Figure 4. Time dependence of the concentration of silica particles eluted from the Mag gel-packed
column. Circles: 1 pm, triangles: 10 um. The injected volume of silica suspension was 0.4 mL, and the
suspension concentration was 1.0 g/L.

3.4. Permeation of an Industrial Silica Particle Suspension through Mag Gel

Silica particles are produced by wet and dry methods. When using the wet methods, although
the productivity of silica is lower than that of dry methods, silica particles of uniform size may be
synthesized [15]. When using the dry methods, silica ore is cracked in large quantities. However, the
size and morphology of the obtained silica particles vary [16]. Obtaining uniform silica particles by a
dry method is an attractive cost-effective approach with high potential for a wide range of
applications. In this work, industrial silica particles produced by a dry method were provided by
Nitchitsu Co., Ltd., Nagasaki, Japan An SEM image and the size distribution of these particles are
shown in Figure 5. The SEM image of the silica particles indicated their various morphologies. DLS
measurements showed the particle sizes in solution were 300 nm, 800 nm, and 10 pum, with relative
contents of 0.15, 0.69, and 0.16, respectively.

The industrial silica particle suspension was then permeated through the Mag gel column. The
particle size distributions of the eluents obtained at various flow rates are presented in Figure 6. At
flow rates of 10 and 25 mL/h, the main particle size in the eluent was 300 nm. After 30 min, silica
particles with a wide size distribution were detected in the eluent. This was because during the
transport of silica particles through the gaps between the Mag gel particles at low flow rate, the
smaller silica particle strongly aggregated and then eluted. At higher flow rate, some of the larger
silica particles eluted. Larger silica particles tended to be filtered at the top of the Mag gel layer.
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However, the larger silica particles were more susceptible to the pressure and shear stress from the
fluid than the smaller particles, resulting in the elution of some larger particles from the column.

The industrial silica particles remaining in the Mag gel layer after separation were recovered by
first collecting the top and bottom halves of the gel layer with a pipette and then by using a magnet
to separate the Mag gel from the filtered industrial silica particles. Each suspension was washed with
ethanol, as mentioned in Section 2, to shrink the Mag gel particles and remove any adsorbed silica
particles on their surface. The obtained solution including separated silica particles was evaluated by

DLS, as shown in Figure 7. Silica particles recovered from the top half of the Mag gel layer were large,
because this domain contained less deformed Mag gel particles, so it filtered the larger silica particles.
However, for the particles obtained from the bottom half of the Mag gel layer, some larger particles
were observed because of the enforced transport of smaller silica particles by fluid convection, which
induced the aggregation of silica particles. The aggregated silica particles after recovery could
possibly be redispersed by solvent addition to weaken the interaction between the silica particles.
The above results revealed that the Mag gel layer had the ability to achieve size filtration through
deformation in a column, and filtered particles in the Mag gel layer could be recovered by using a

magnet to separate the Mag gel and filtered particles.
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Figure 5. SEM image (a) and size distribution (b) of the industrial silica particle suspension.
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Figure 6. Size distribution of silica particles eluted from the Mag gel-packed column. (a) Elution time:
15 min, flow rate: 15 mL/h, (b) elution time: 9 min, flow rate: 25 mL/h, and (c) elution time: 9 min,
flow rate: 50 mL/h.
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Figure 7. Size distribution of filtered silica particles obtained from the Mag gel layer, filtered by using
different flow rates of water. Silica and Mag gel particles were separated using a magnet. (a)—(c) Silica

particles from the top half of the Mag gel layer and (d)—(f) silica particles from the bottom half of the
Mag gel layer.

5. Conclusions

Magnetite was introduced into spherical gel particles to give a magnetite-containing gel that had
the ability to deform under pressure and respond to a magnetic field. Mag gel packed in a column
was used to separate industrial silica particles with sizes of 300 nm, 800 nm, and 10 um. A silica
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particle suspension was injected on the top of the Mag gel layer, and then water was permeated
through the layer. The Mag gel layer responded to the pressure and shear stress of the fluid by
deforming, causing the gaps between the Mag gel particles to change in the flow direction of the
column. The pressure was higher at the bottom of the Mag gel layer than at the top, resulting in
smaller gaps between the gel particles at the bottom of the column than at the top. Thus, larger silica
particles were captured at the top of the column, and smaller silica particles were filtered to the
bottom of the column or eluted. The sizes of the separated silica particles were determined by DLS.
The filtered silica particles present in the Mag gel were recovered by the external application of a
magnetic field. This separation technique has potential applications for the separation of different
silica particles, cells, microorganisms, proteins, and polysaccharides. In engineering, the foundations
of gel preparation and column design as well as the operating conditions should be considered in a
mathematical manner. The interactions between gel and colloidal particles should also be considered
because they affect elution and filtration.
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ERBT=, KOFHRE 25 mL/h BLR 50 mL/h & B{L &7 & X 0FEHH%RB X O HES
D GO DERE(LAZES ITRT. MHEPD GO % 600nm 23513 2 EA TR EIE}C
fTo7=. B TKEZSER L2 HFBHHIEPDO GO OBREIIMEI -, ThiTBHRATESR
THREFNVEBOFMIZBITHRRINOEHEKEL, GCORLVHREN1-DTHS.
KOFBFHEEELELESED ERRSNVOEESVHELL, BHTS GO DY 1 Xicl
FEZDAREMEE A L. 612, FARBICEBWTEREY LAWES, BHET35VE
DT, BLUHHIRICHFEET S GO 2 AFBWSIC L - THE LA (H6). #EREY, X
&Y A4 XD GO XSV EEBIZ, L VDY A XD GO X/ NVETHIC, ik
PR E LN ENVGOBEETHZ Ebhotk.

YVROEERBHICHDTHD Z ENBIEESIN, EEFALEATICITGO MHBEL
T3, BIFLTVS GO REH LR NVOMR TR Eh TWa=0iz, RRF LD
EREME L EicREE, BiRShEGO2EbICHMTE3LEX. £2C, ¥ARLE
WiZ GO R ZEA L2&IZ, #HDIZ 25 mLh OFiRT/KEZEIB L GO LR TV, 2
FILHEBEZ LD TENRELBEOOKRBIZELE., YV EOME b IZ kb ORBIZ

Flowrate: O 25 mbL/h, A 50 mL/h

o
S

[glL]
o
3

°
3

o
o
w

g

Pressure loss [ MPa ]
o
&
=]
o
o

Conc. of graphene oxide
S

5 10 15 20 10
Time [min] Time [min]

s EHRYNERY T LCLIMEY T 7 = AOREOTH YR L EH R, YLBNREE 1.0cm,
BEY 57 = S ROEAREL 1.0g/L, EAKHO0ImL

— 119 —



93

Be ZAldisEURiiEhosby S 7 = L ORI REERE S L kg X

0:1" 25 mum, A:2™ 10 mUh
%0.05 e =

gaml
b L
gam
(3]

=
g&m

o
s 0.01

g
3

¥ L TRE=)

5 10
Time [min]

20

B7 KEERCLAZYAVENEORLY S 7 = OIS, YA RMYMNEGE 1.0em,
k7 7 7 = - RGRGEARE 1.0 gL, (EAKR 04 mL

Bofe. LT, 10mLh OFE &R TKREZERT S &, BUGOBHHTAZ &b
(E6). 2%, W) HIEKKICET 52 LT, RRSVOERESOEZMT S
ZENTE, RENTWEGO 2H 7 MHMNTHHT A LR TE .

5. F &8

BIFZSEZERIAZARBREL L, TORMITEROMENIThh TE . K TRIT
LS VIRDER & TR T DI RIT A 7 — T o 73T & KRIRAELG AITEIZ /R D &
ERD. HRINDYA AR, 77 LOWNBERI/ VRS, MERGZELZIEL LS
BT & SRR G LT 5. RIS ALHTINVEEG O S WERO HEReiiis ofitiie £ TTHW
BN 2 & REBBUZ< H DA, NTIMEEZZD ETHRREWCRDLERS.
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Ceramic Research Center of Saga University
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“HIZEN”

The region in the northwest part of Kyushu Island, which extends from Saga prefecture to Nagasaki prefecture,
was called “Hizen” until the end of the Edo Period. The region has always been rich in natural resources and
blessed with ideal conditions for ceramic production including sources of pottery stone, fuel, and water. Arita,
in particular, is famous as the birthplace of Japanese porcelain.

In 2016, the Hizen region was certified as a Japanese Heritage Site as the leading ceramic region in the country,
including Imari-yaki, Arita-yaki, Karatsu-yaki, Takeo/Kokaratsu-yaki, Yoshida-yaki,Hasami-yaki, and Mikawachi-yaki.

Z.
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(Ceramic Research Center of Saga University) | #2944 AICHEL, ¥ 5 I v 7EEIBITS “ =Ml — R
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WAEERERERIN v 7 — EEBES NSRS, HOTRaRiaR B a3, A O MR BE R RS & oEEEIC L V|
“REDBDA I R—v 2" ORIMERY T,

{EBRE SAGA University
BB WiRE, FERE

Professor, Researcher, Student etc.

BRi€ZIv /MR 2—
Ceramic Research Center

SCIENCE

3 #1357 Community
B0 EBR LR 4 INRBSULE, BiRk,
KF, BIZTHES, L BRI, 3, NPO =&

University, Institute, Company etc. Saga Ceramics Research Laboratory,The Kyushu Ceramic Museu,
Local Government, Company etc.

In April 2016, Saga University opened the Faculty of Art and Regional Design, which included the Arita Ceramic Course. Its aim is to educate
students so they can develop excellent artistic skills and ideas and contribute to the development of culture and industry in Saga, which is world-
renowned for its traditional ceramic products. Later, in April 2017, Saga University opened the Ceramic Research Center to respond to market
needs with the development of new products characterized by high value-added design and new functions and to collaborate with other fields.
The center is designed to be an international academic research center in which art, science, and management are integrated in terms of the
ceramic industry. The Ceramic Research Center is also designed to contribute to the promotion of the ceramic industry as well as the Hizen
region. Through research and analysis of the ceramic industry, the Ceramic Research Center contributes to the development of human resources
and regional activation. It promotes the development of new materials that utilize the essence of traditional artistic skills/crafts from the Hizen
region and high technologies in advanced ceramics, expression through ceramics, and product design research and development. The Ceramic
Research Center promotes “Yakimono innovation,” an innovative research project on ceramics that promotes interdisciplinary collaboration of
professors at Saga University as well as other institutions, and collaboration with Saga Ceramics Research Laboratory, Kyushu Ceramic Museum,

ceramic companies in the Hizen region, and international ceramic institutions.
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Based on research done by the ceramic science department, we explore shapes that have been hlstorlcallwfﬁpeuu/}/o pﬁégﬁ:i//
ceramics possibilities in fields where it has little penetration. In so doing, we not only expand the area of artlsjzlé e)@q'egjﬂg )tﬁf/)/z(
ceramics but also add value using advanced ceramics as products in other fields. In parallel, we cooperate \y/(ﬁl/ e// /// /;/ /
department to propose collaborations to the city of Arita, based on artistic thinking and design force, on howfp/ﬁaﬁ}és;jbe péwe //

of ceramics to revitalize the area. /Z//f/ D ’// //
We also incorporate new concepts through contact with designers, plastic artists, and ceramics research |nst|tuﬁ§jsérfd/anry§rs}ﬁ§///
in Europe and Asia to build versatile manufacturing and design and further contribute to the region with prod)dzﬁ/prh pmﬁ}a@m/ﬁmf 7
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Scientific Research of “Ceramic Ware” and Creation of “New Ceramic ware” 4?7

We conduct research on Hizen ceramics, from raw materials to finished products, from a scientific perspectwe Based on the needs
of the Hizen ceramic industry, artists, designers, and product art/design departments, as well as the m@jag’gment department, we
evaluate and enhance the properties of Amakusa and lzumiyama clay, improve cast molding techng%ﬁnalyze and control the
firing process, create new pigments and glazes, adjust the properties of ceramic ware, carry out styaz/}wafgﬁalyms of ceramic ware
using the most advanced techniques, and develop recycling technologies for ceramic ware- relé(ejauﬁ rlpls

The results of these analyses are applied to the production of “new ceramic ware”. Besides neéds@/ﬁése ?}e}éarch we also contribute
to the continual development of the Hizen region with new ceramic ware and advance /,‘e/émﬂfs %)ma(ll as the proposal and
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