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Terahertz time-domain spectroscopy was used to investigate the salt effect of ammonium sulfate on the

dynamics of hydration water of lysozyme in aqueous solution. The absorption coefficient of lysozyme

aqueous solutions containing salt was subtracted by that of the water and ammonium sulfate contained

in the lysozyme solution. The results revealed that ammonium sulfate increases the absorption

coefficient of the hydration water, which indicates that the dynamics of the hydration water becomes

faster and/or the number of hydration water molecules decreases with increasing ammonium sulfate

concentration. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4826699]

Salts influence the properties of protein aqueous solu-

tions, such as protein solubility and stability.1,2 For example,

lowering the solubility by the addition of salt causes precipi-

tation of the protein—an effect which can be used to purify

the proteins. The ability to induce precipitation is particular

to specific salts, the order of which is known as the

Hofmeister series.3,4 According to the Hofmeister series,

kosmotropic anions such as sulfate ions have greater ability

to precipitate proteins. Ammonium sulfate (AS) is one par-

ticular salt that can precipitate proteins without unfolding,

which has led to its industrial application as a protein precip-

itant. Although many studies2,5 have discussed the process of

protein precipitation and stabilization, understanding the pro-

cess is still challenging.

Salt effects are caused by a change in the state of the

hydration water at the protein surface.6 Arakawa and

Timasheff studied salt effects on hydration water of protein

based on theory and experiments of preferential interaction.7

Tompa et al. reported a specific heat study of the hydration

water at a protein surface using nuclear magnetic resonance

(NMR) and differential scanning calorimetry (DSC).8 The

dynamics of the hydration water on the picosecond timescale

plays a key role in protein stability;9 however, these methods

do not reveal the picosecond dynamics of hydration water

but rather dynamics on the nanosecond scale and the amount

of water bound to a protein.

Terahertz time-domain spectroscopy (THz-TDS) can be

used to directly observe the picosecond dynamics of water

molecules. This method has been applied to aqueous solu-

tions of sugars,10 lipids,11,12 polymers,13 salts,14–16 and

proteins.17–21 Havenith group has shown that the dynamics

of hydration water is slower than that of bulk water using

THz-TDS.22,23 This technique can observe the hydration

water that has relaxations on time scale not longer than nano-

second and that is not detected with techniques such as

X-ray scattering, neutron scattering, NMR, and calorime-

try.10,11,22 In THz-TDS experiments on aqueous solutions, a

high accuracy of measurement is required because of the

strong terahertz absorption of water. High accuracy has been

achieved by applying p-Ge laser20,21 or attenuated total

reflection (ATR) methods.10,11 Here, we demonstrate meas-

urements using a common THz-TDS setup in a transmission

geometry with improved accuracy, and apply THz-TDS to

investigation of the salt effect on protein hydration water.

Samples used for measurements were aqueous solutions of

hen egg white lysozyme (HEWL; L6876, Sigma-Aldrich), AS

(019-03435, Wako), and a lysozyme-AS mixed (LAS) solution.

The HEWL and AS were used without further purification.

Stock solutions of these solutes were prepared by dissolving

them in pure water (Milli-Q). The concentration of the HEWL

stock solution, which is determined by the absorbance change

at 280 nm using a UV-vis spectrophotometer (ND-1000,

NanoDrop Technologies, Inc., Wilmington, Del, USA), was

267 mg/ml, and the concentrations of the AS stock solutions

were 0, 0.5, 1.0, and 1.5 mol/l. Sample solutions were prepared

by mixing the HEWL and AS stock solutions at a volume ratio

of 3:1 to obtain solutions with HEWL concentrations of

200 mg/ml. No adjustment of the solution pH with a buffer was

conducted, because the buffer ions can affect the hydration

properties. The densities of the solutions were measured with a

density meter (DMA 35, Anton Paar), and the amount of salt

solution contained in the sample solution was calculated.

Fourier transform infrared spectroscopy in an attenuated

total reflection geometry (FTIR-ATR; FT/IR-4200, Jasco,

Japan) was used to confirm that no structural change of

HEWL occurred in the presence of AS. The FTIR spectral

profile and intensity of amide I and II peaks were found to be

independent of the AS concentration (data not shown here),

which indicates that the HEWL maintains the native confor-

mation in the solutions investigated in this work. Although

we attempted to confirm the secondary structure of HEWL

by circular dichroism (CD), the CD measurements of the

200 mg/ml HEWL solutions were difficult due to the strong

optical absorption in the far-UV region. Thus, we measured

the CD spectra of dilute (1 mg/ml) HEWL solutions, which

showed that the secondary structure was not changed even in

the presence of 0.375 mol/l AS (data not shown).
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Figure 1(a) shows the experimental setup of the THz-

TDS system. Optical pulses generated by a Ti:sapphire laser

(10.6 fs, 470 mW, 780 nm, Femtosource Scientific Pro,

FEMTOLASERS, Austria) irradiated the (111) surface of a

p-InAs wafer to generate terahertz pulses.24 The terahertz

pulses were detected by an electro-optic method using ZnTe

as an electro-optic crystal. The path of the terahertz waves

was purged with nitrogen gas to reduce relative humidity.

The temperature in the purged box was kept at 19.5 6 1.0 �C,

and the relative humidity was under 5.0%. Power fluctua-

tions of the Ti:sapphire laser light were monitored with a

photodiode and were used to correct the amplitude fluctua-

tions of the terahertz field. Correction was performed by

dividing the detected signal amplitude of the field by the

square of the laser power, based on experimental results that

showed the amplitude of the field signal is quadratically pro-

portional to the laser intensity; both the generation and

detection efficiency of the terahertz field should be propor-

tional to the laser power. After this correction, the obtained

peak amplitude of the terahertz pulses was almost independ-

ent of time. The structures of the sample cell for the refer-

ences and sample solutions are shown in Figs. 1(b) and

1(c). The sample cell was composed of two quartz plates

(1.0 mm thick) and a polytetrafluoroethylene (PTFE) spacer

(0.100 mm thick), and was sealed with ParafilmVR to prevent

evaporation of the sample solution. The cells for references

and sample solutions were switched automatically; wave-

forms of the fields transmitted through these cells were

measured alternatively ten times. After Fourier transforma-

tion of the waveforms, the ten amplitude ratios t(x) and ten

phase differences D/ðxÞ of the fields Esam and Eref were

averaged. After taking the average, the error in the absorp-

tion coefficients was below 0.6 cm�1 in the observation

range of 0.3 to 1.2 THz.

Then, refractive index n and absorption coefficient a of

the solution were calculated using the following equations:25

n ¼ c

xd
D/ðxÞ � arg

4~n1ðxÞ ~nðxÞ
ð~n1ðxÞ þ ~nðxÞÞ2

M

( )" #
þ 1; (1)

a ¼ � 2

d
log

tðxÞ
4~n1ðxÞ ~nðxÞ
ð~n1ðxÞ þ ~nðxÞÞ2

M

�����
�����
; (2)

where c is the speed of light in vacuum, d is the thickness of

the sample solution, ~n1 is the complex refractive index of the

quartz plates, ~n is the complex refractive index of the sample

solution, and M is a correction factor for reflection effects

between two interfaces of quartz plate and the sample solu-

tion represented as

M ¼ 1

1� ~n � ~n1

~n þ ~n1

� �2

e2ix~nd=c

: (3)

The complex refractive index ~n is described using the

real refractive index n and the extinction coefficient:

j ¼ ca=2x : ~n ¼ nþ ij. First, the term of the argument in

Eq. (1) was set to 0 to obtain an approximate value of n.

Using n and setting M¼ 1 and Imf~nðxÞg ¼ 0 gave an ap-

proximate value of a. More precise values of n and a were

calculated by iteration of Eqs. (1)–(3) a thousand times until

sufficient convergence was achieved. To reduce uncertainty

of n and a due to the errors of HEWL concentration, the

experiment shown above (from making samples to obtaining

values of n and a) was repeated three times; the obtained val-

ues of n and a were averaged.

Figure 2 shows the refractive indices and absorption coef-

ficients for pure water and the HEWL 200 mg/ml aqueous solu-

tion. The refractive indices monotonically decrease with

increasing frequency, while the absorption coefficients monot-

onically increase with the frequency. The absorption coefficient

of pure water is in agreement with that previously reported.26

The refractive index and absorption coefficient of the HEWL

solution were smaller than those of pure water. The observed

decrease consists of contributions from (i) the decrease in the

amount of water in the HEWL solution, and (ii) the decrease in

the terahertz absorption of the hydration water around HEWL

molecules due to their slower motion.27–30

FIG. 1. Experimental setup. (a) THz-

TDS system, (b) glass plates for refer-

ence, (c) structure of the sample cell.

BS: Beam splitter, GTP: Glan-Taylor

prism.
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Figure 3 shows the dependence of the absorption coeffi-

cients for the aqueous solutions on the AS concentration.

The absorption coefficients of the AS and LAS aqueous solu-

tions increase linearly with the AS concentration. Therefore,

these absorption coefficients were fitted with a straight line

at each frequency. The slope of these lines for the LAS aque-

ous solutions was twice as large as that for the AS aqueous

solution at each frequency.

To evaluate the change in the dynamics of the HEWL

hydration water, the absorption coefficient of AS aqueous so-

lution contained in the LAS solution (second term on the

right side of Eq. (4)) was subtracted from the total absorption

coefficient of the LAS solution aLAS (first term on the right

side of Eq. (4)) at each frequency

Da ¼ aLAS �
qLAS � cHEWL

qAS

aAS; (4)

where qAS is the density of the AS solution, qLAS is the den-

sity of the LAS solution, and cHEWL is the HEWL concentra-

tion in the LAS solution. The linear-fitting parameters

obtained in Fig. 3 were used for this calculation. This analy-

sis, which uses the densities of the AS and LAS solutions,

can eliminate effects of difference of mass fractions of water

between these solutions. The Da spectra obtained are shown

in Fig. 4. For solutions without AS, Da is negative, which is

attributed to the slowing down of the hydration water dy-

namics at the HEWL surface.27 Addition of AS increases

Da, due to an increase in the terahertz absorption of the

HEWL hydration water because the HEWL maintains the

native conformation. This results indicates that the dynamics

of the HEWL hydration water becomes faster and/or that the

amount of HEWL hydration water decreases.

The number of hydration water molecules N, namely,

the number of water molecules in the dynamical hydration

shell of a HEWL molecule, was calculated according to the

method reported in Ref. 27, where it is assumed that the

hydration water has no terahertz absorption and that HEWL

has no absorption at the minimum frequency of Da.27 We

note that the calculation of N is based on a simple model

composed by bulk water, water in the hydration shells and

the HEWL molecules. In the actual solutions, there may not

be strict separation between bulk water and hydration water.

Obtained N is, therefore, an effective value describing the

decrease in the mobility of water molecules surrounding the

HEWL molecule. The relation between the AS concentration

cAS and N: N ¼ ð182 6 30Þ � ð2016130ÞcAS was obtained,

where the unit of cAS is mol/l.

Vinh et al.27 reported that the number of HEWL hydra-

tion waters was 153 6 15 using dielectric spectroscopy from

0.065 to 0.7 THz. However, sodium phosphate buffer was

added to the HEWL aqueous solution in their experiment. In

the present work, buffer was not intentionally added, but the

HEWL that was used contains buffer salts such as sodium

acetate and sodium chloride (less than 10%). The difference

and ambiguity in the amount of buffer salts can affect the

obtained N, although it should not significantly affect the AS

concentration dependence of Da. The present finding that Da
increases (N decreases) with AS concentration is consistent

with Collins’ model of protein hydration,31 which shows that

AS, known as a structure-making salt,1 makes hydration of

the protein weaker.

In summary, THz-TDS was applied to investigate and

observe salt effects on the dynamics of HEWL hydration

water. Accuracy in the measurement of the absorption coeffi-

cient and refractive index was improved by monitoring the

FIG. 3. Dependence of the absorption coefficients of (a) AS aqueous solu-

tions and (b) LAS aqueous solutions on the AS concentration at 0.50 THz

(black square), 0.75 THz (red circle), 1.0 THz (green triangle), and 1.2 THz

(blue inverted triangle). Error bars are smaller than the symbols.

FIG. 4. Absorption coefficients for LAS solutions by subtraction of that for

the AS aqueous solution using Eq. (4). The concentration of HEWL was

200 mg/ml. These curves were obtained using the linear-fitting parameters

obtained in Fig. 3.

FIG. 2. Absorption coefficients and refractive indices of pure water (black

solid line) and the 200 mg/ml HEWL aqueous solution (red dashed line).

Errors are smaller than the line thickness.
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laser power and by taking averages of t(x) and D/ðxÞ
obtained from ten delay-time scans. The dynamics of the

HEWL hydration water was confirmed to be slower than that

of bulk water, which is in good agreement with previous

studies.27 We have revealed that the addition of AS linearly

increases the absorption coefficient of the HEWL hydration

water. The decrease rate in the number of water molecules in

the dynamical hydration shell of a HEWL molecule was

determined to be 201/(mol/l) using our analytical method.

These results indicate that the dynamics of HEWL hydration

water becomes faster and/or the number of HEWL hydration

water molecules decreases by the addition of AS. THz-TDS

and the present analytical methods are useful for the study of

not only salt effects on the protein hydration water but also

the effects of other types of additives such as denaturants,

structural stabilizers, and aggregation suppressors. This is a

key technology to investigate phenomena in solutions, such

as the Hofmeister effect, with respect to the hydration water.
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(University of Tsukuba) for useful discussions and Ms. Chie

Tanaka (University of Tsukuba) for experimental support.
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