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Terahertz time-domain spectroscopy (THz-TDS) is a new technique in studying the conformational state
of a molecule in recent years. In this work, we reported the first use of THz-TDS to examine the dena-
turation of two photosynthesis membrane proteins: CP43 and CP47. THz-TDS was proven to be useful
in discriminating the different conformational states of given proteins with similar structure and in
monitoring the denaturation process of proteins. Upon treatment with guanidine hydrochloride (GuHCI),
a 1.8 THz peak appeared for CP47 and free chlorophyll a (Chl a). This peak was deemed to originate
from the interaction between Chl a and GuHCI molecules. The Chl a molecules in CP47 interacted with

GuHCI more easily than those in CP43.
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CP43 and CP47, the core antenna subunits of photosys-
tem II (PSII), are encoded by the psbC and psbB genes,
respectively, in the chloroplast genome of higher plants
and green algae, and in the genomic DNA of cyanobac-
terial' . Both CP43 and CP47 have six transmembrane
a-helices, which are separated by five extrinsic loop
domains®?!. CP43 and CP47 have 473 and 510 amino
residues, respectively. CP43 and CP47 bind chlorophyll
a (Chl a) and B-Carotene (B-Car), but not chlorophyll b
(Chl b)[1_3]. CP43 and CP47 can accept excitation en-
ergy that is harvested by the light-harvesting complex 11
(LHC II) and then transfer it directly to the PSII reaction
center (RC)“].

There are many low-frequency collective vibrational
modes in biomolecules, such as proteins, DNA, saccha-
rides and other biomolecules. Collective vibrational
modes involve the motion of a number of atoms moving
in a concerted fashion, and are therefore very sensitive
to the conformation and structure of the molecule and its
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environment. Since the interaction forces are weak and
the moving masses are considerably large, the related
spectral responses are distributed in the terahertz (THz)
region'* ',

THz radiation lies between the far-infrared (FIR) and
microwave regions in the electromagnetic spectrum,
with frequencies from 0.1 to 10 THz. The optical char-
acteristics of large biomolecules in the THz range can be
obtained by terahertz time-domain spectroscopy
(THz-TDS)!'?!. THz-TDS was initially developed in the
early 1980s'"). It enabled the direct quantitative detec-
tion and conformational analysis of biomolecules!'*). So
the use of THz-TDS for studies of conformational flexi-
bility and conformational change in biomolecules has
attracted much interest in recent years. Walther et al.
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measured the far-infrared spectrum of retinal chromo-
phores and found that it could distinguish between differ-
ent isomeric configurations””. Markelz et al. discussed
low frequency collective vibrational modes of DNA,
bovine serum albumin, and collagen'™. Furthermore, far-
infrared spectra of benzoic acid and its derivatives!'",
and of nucleobases of DNA!"*! have been reported.

In the previous studies of CP43 and CP47, attention
was mainly focused on the electronic spectroscopy of
pigments and the secondary structure of the apopro-

tein[lﬁ*Zl

I Although some articles®*! have reported
investigation of the vibrational spectroscopy of CP43
and CP47 by resonance Raman spectroscopy, they only
presented some vibrational properties of the pigments in
the IR band. As for the low-frequency collective vibra-
tional modes of CP43 and CP47 in the THz region, no
studies have been conducted as yet. The vibrational
spectroscopy of CP43 and CP47 has the potential to
answer important questions concerning its structure and
function.

In the present study, for the first time, we shed light
on the low-frequency collective vibrational spectra of
CP43 and CP47 in the THz region by THz-TDS. Their
changes induced by guanidine hydrochloride (GuHCI),
which has been proved to be the most powerful among
commonly used protein denaturants'®*, were also stud-
ied. It must be pointed out that THz-TDS is an optical
technique that can pinpoint the molecular structure
without using visible light, thereby avoiding effects like
photobleaching in CP43 and CP47, which are light-
sensitive materials.

1 Materials and methods

1.1 Purification of CP43 and CP47

CP43 and CP47 were purified from spinach according to
the method of Alfonso et al!". The superabundant
B-dodecyl maltoside (DM, a mild nonionic detergent) in
CP43 preparation was removed by the method of
Jankowiak et al.””. The CP43 and CP47 samples pre-
pared by these methods already had no membrane, but
had DM molecules on the surface of the protein that
solubilized the CP43 and CP47 into water. The CP43
and CP47 samples here were the same as those “in vivo”,
which were tested by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE), absorption,
fluorescence and circular dichroism (CD) spectroscopy.

1.2 GuHCI treatment

The purified CP43 or CP47 was suspended in 20
mmol/L Bis-Tris and 0.05% DM (pH 6.0). The final
concentrations of CP43 and CP47 were 3 pug Chl a /mL.
CP43 and CP47 were incubated in 6 mol/L GuHCI solu-
tions with 20 mmol/L Bis-Tris and 0.05% DM (pH 6.0),
and free Chl a (obtained from Sigma) was incubated in 6
mol/L GuHCI solutions with 1.25% DM in the dark at
room temperature for 6 h.

1.3 Fluorescence spectra

Fluorescence spectra were measured at 77 K by an
F-4500 fluorescence spectrophotometer (Hitachi, Tokyo,
Japan). Both the excitation and emission band passes
were 5.0 nm, and the scan rate was 120 nm/min with a
time constant of 2 s.

1.4 THz-TDS

The native or denatured CP43 and CP47 were concen-
trated to 0.2 mg Chl @ /mL. Before the THz-TDS meas-
urement, the protein solutions were first mixed with
polyethylene (PET) powder. As a nonionic detergent,
DM in the protein solutions could facilitate the mixture
of protein solutions with PET powder. Since PET is
nearly transparent in the THz waveband, it is a suitable
filling material for spectroscopic applications in this
spectral region. For each sample, 50 UL protein solution
was put into 88 mg PET powder that was held in a
disk-like cell with high-density polyethylene windows.
A thin metallic rod was used to stir the mixture until it
was uniformly mixed. Then an electric blower was used
to vaporize the moisture in the mixture. Finally, the
mixture was compressed into a disk of about 10 mm in
diameter and 1.5 mm in thickness. All the THz-TDS
measurements were conducted in a vacuum chamber to
avoid the interference of water vapor and to insure the
sample remaining in dry conditions. For each measure-
ment, a reference waveform was taken by replacing the
sample with PET powder mixed with buffer solution
(with or without 6 mol/L GuHCI).

A standard THz-TDS configuration was used in our
study. The THz radiation was generated by a piece of
(100)-oriented InAs wafer, which was excited by optical
pulses from a mode-locked Ti-sapphire laser (A=800 nm,
Trwum =100 fs). The THz wave was collected and
aligned by a pair of paraboloid mirrors before being fo-
cused onto the sample. After passing the sample, the
THz wave was re-aligned and then detected via the
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electro-optic effect in a (110)-oriented ZnTe crystal. All
the acquired sample and reference waveforms were
converted to their Fourier transforms Ey(@) and E\(w),
respectively, and the transmission spectra were obtained
as a ratio of their Fourier spectra, which was Ey(@)/E{(@).
The complex system response was simply eliminated in
this way. In our experiment, the multi-reflection pulses
could be well resolved temporally and therefore, the
spectral interference resulting from the etalon effect was
ruled out by truncation of the reflected pulses.

2 Results

2.1 Changes of the THz spectra of CP43 and CP47
induced by GuHCI

Figure 1 showed the THz transmission spectra through
the GuHCl-denatured CP43 and CP47 as well as the
intact ones. The THz transmission spectra through the
CP43 and CP47 were almost the same except for a slight
decrease of the full width at half-maximum (FWHM) for
CP43. After being treated with 6 mol/L GuHCI, for
CP43, the spectra shifted significantly to low frequency;
for CP47, the spectra had no shift, but a well-resolved
peak appeared at around 1.8 THz. For both CP43 and
CP47, the FWHM became less.
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Figure 1 The THz transmission spectra through the CP43 and CP47 with
and without the treatment by 6 mol/L GuHCL. The data were normalized to
the peak value of the reference spectra.

The absorptance of the samples can be expressed as
E (w)/E,(w) = T(n)exp(-ad +inwdy/c),
where T(n) is a factor related to the reflection at the
sample/PET window interfaces, d is the sample thick-

ness, and ¢ the light velocity in vacuum. Figure 2
showed the THz absorption spectra of the samples. For a
better depiction, we divided the THz region we used into
three bands: I (0.3—1.5 THz), II (1.5—2.8 THz) and 111
(2.8—3.5 THz) bands, respectively. In band I, the ab-
sorption spectra of CP43 and CP47 were almost similar.
In band II, there was a well-resolved peak at 2.4 THz in
CP47, which was not apparent in CP43. In band III,
there was only a peak at 3.28 THz for CP43, but for
CP47 there were three peaks. Both CP43 and CP47 had
broadband THz absorption, suggesting that a large den-
sity of low-frequency collective vibrational modes is
indeed THz active. After treatment with 6 mol/L GuHCI,
in band I, the absorbance increased rapidly with in-
creasing frequency for both CP43 and CP47, and the
slope of CP43 exceeded that of CP47. In band II, instead
of three well-resolved peaks in CP47, a wide absorbance
platform appeared in CP43. In band III, though there
were two peaks for both CP43 and CP47, the relative
intensity of the two peaks in CP43 differed from those of
CP47.
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Figure 2 The THz absorption spectra of the CP43 and CP47 with and
without the treatment by 6 mol/L GuHCI (drawn with an offset for better
representation).

It should be noted that the buffer we used (with or
without 6 mol/L GuHCI) had no apparent THz signal
(data not shown). In addition, after GuHCI treatment, no
pigments were dissociated from CP43 and CP47, which
could be verified by ultracentrifugation. These results
suggested that the THz spectra of CP43 and CP47
presented here were the signal of CP43 and CP47
themselves but not the buffer or the dissociated Chl a
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molecules in buffer.

2.2 Changes of the THz transmission spectra through
the free Chl a induced by GuHCIl

To probe the origin of the 1.8 THz peak for CP47, we
measured the changes of the THz transmission spectra
through the free Chl a induced by GuHCI. After treat-
ment with 6 mol/L GuHCI, though the THz transmission
spectra of free Chl a had no shifts and the FWHM also
had no apparent changes, a well-resolved peak around
1.8 THz appeared (Figure 3), which was similar to that
of CP47 but not to that of CP43.
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Figure 3 The THz transmission spectra through the free Chl a with and

without the treatment by 6 mol/L GuHCI. The data were normalized to the
peak value of the free Chl a spectra.

2.3 Changes of the fluorescence emission spectra of
Chl a in CP43 and CP47 induced by GuHCl

In this study, 436 nm light, an absorption maximum of
Chl a in CP43 and CP47, was used to excite Chl a. As
shown in Figure 4, upon excitation at 436 nm, the fluo-
rescence emission peaks of CP43 and CP47 were at 681
and 693 nm, respectively. The fluorescence intensity of
both CP43 and CP47 decreased after treatment with 6
mol/L GuHCIL. However, the fluorescence intensity of
CP47 decreased more than that of CP43. In addition, the
fluorescence peak of CP47 shifted to the blue region,
whereas that of CP43 had no obvious shift.

3 Discussion

There is an increasing interest in the collective vibra-
tional modes occurring in proteins, as these modes may

provide information about a protein’s conformational
state'”. Although the secondary and tertiary structures
of native CP43 and CP47 are very similar!' !, the THz
spectra, particularly the THz absorption spectra, of the
native CP43 and CP47 were different (Figures 1 and 2).
This illustrated that THz-TDS was sensitive in discrimi-
nating the different conformational states of proteins
with similar structure. After treatment with GuHCI, the
THz transmission spectra and the THz absorption spec-
tra of CP43 and CP47 both changed, and the changes of
CP43 and CP47 were different (Figures 1 and 2). This
indicated that the low-frequency collective vibrational
modes of CP43 and CP47 changed by GuHCI, and the
changes were different. This further implied that the
denatured CP43 and CP47 were in different unfolding
states. Our previous study also showed that, after treat-
ment with GuHCI, the secondary and tertiary structure
of CP43 and CP47 both changed and the changes be-
tween CP43 and CP47 were different”®. All the above
results demonstrated that THz-TDS could be applied to
monitoring the denaturation process of photosynthesis
membrane proteins.
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Figure 4 The 77 K fluorescence emission spectra of the CP43 and CP47

excited at 436 nm after treatments with different concentrations of GuHCI.
The GuHCI concentration from top to bottom was 0—7 mol/L, respectively.
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The previous studym] provided direct evidence that
GuHCI interacted with proteins by multiple hydro-
gen-bonding interactions. The binding of GuHCI in-
volves both the protein side-chain and backbone atoms,
and no particular type of amino acid appears to be a
preferential target for denaturation binding. Some other
studies''+**
cally between 0.5 and 6 THz, originated from not only

I showed that low-frequency vibrations, typi-

the internal motions but also the intermolecular modes
(e.g., vibrations and torsions of intermolecular hydrogen
bonds). For free Chl a, a well-resolved peak around 1.8
THz appeared in the THz transmission spectra after
being treated with GuHCI (Figure 3). Considering the
interaction form between the protein and GuHCI
molecule, we inferred that this peak might result from
the hydrogen bonds that occurred between the C=0O
group of the Chl a molecule and the NH group of the
GuHCI molecule. For BSA, which contained no Chl a,
no 1.8 THz peak appeared when being treated with
GuHCI (data not shown). This also confirmed our con-
jecture from another point of view.

Upon a treatment with GuHCI, a 1.8 THz peak ap-
peared in CP47 but was not apparent in CP43 (Figure 1).
Based on the above view, it indicated that chlorophyll
molecules in CP47 interacted with GuHCI more easily
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