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Attenuated total reflectance (ATR)-FTIR spectroscopy
has been widely used to probe protein structural changes
under various stimuli, such as light absorption, voltage
change, and ligand binding, in aqueous conditions. Time-
resolved measurements require a trigger, which can be
controlled electronically; therefore, light and voltage
changes are suitable. Here we developed a novel, rapid
buffer-exchange system for time-resolved ATR-FTIR
spectroscopy to monitor the ligand- or ion-binding re-
action of a protein. By using the step-scan mode (time
resolution; 2.5 ms), we confirmed the completion of the
buffer-exchange reaction within ~25 ms; the process was
monitored by the infrared absorption change of a nitrate
band at 1,350 cm–1. We also demonstrated the anion-
binding reaction of a membrane protein, Natronomonas
pharaonis halorhodopsin (pHR), which binds a chloride
ion in the initial anion-binding site near the retinal chro-
mophore. The formation of chloride- or nitrate-bound
pHR was confirmed by an increase of the retinal absorp-
tion band at 1,528 cm–1. It also should be noted that low
sample consumption (~1µg of protein) makes this new
method a powerful technique to understand ligand–
protein and ion–protein interactions, particularly for
membrane proteins.
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Elucidation of the structural changes of proteins in a

time-resolved manner with sufficient time resolution is re-

quired for the better understanding of the molecular mecha-

nisms of various proteins. Currently, optical microscopy of

single molecules and high-speed atomic force microscopy

are powerful methods for the real-time observation of the

motion of proteins upon action1,2 Both of these methods

visualize the movement, rotation, bending, and fluctuation

of single protein molecules. However, the former method

actually observes the motion of a probe, such as a fluo-

rescent dye or a colloidal gold particle, and the latter

method has limitations in monitoring the structural changes

inside the protein. To understand the realization of protein

motions, the knowledge of the protein structures in atomic

detail and their dynamics in an appropriate time range with

relation to their functions should be acquired. Spectroscopy

has been widely used to achieve this goal.

Light-receptor proteins have a hallmark suitable for time-

resolved spectroscopic measurements, because their func-

tions are trigged by light, which enables us to monitor struc-

tural changes up to the femtosecond time scale by using an

ultra-short laser pulse3. Redox proteins have been investi-

gated by utilizing voltage change as a trigger4. While the

time resolution of the voltage-triggering method is lower
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than that of the light-triggering method because of the gen-

eration of capacitative current in the system, it can achieve

a time resolution of milliseconds5. On the other hand,

although ligand- and ion-binding reactions are ubiquitous,

triggering the reaction by ligand or ion binding has been

limited. The limited use of this approach is due to its much

lower time resolution than the other two methods and the

practical difficulties in the physical replacement of the

buffer solution in the system, such as vibrations and high

inner pressure. These problems can be overcome by special

techniques, such as the use of caged compounds, which is

basically a light-triggering method; a continuous-flow tech-

nique6,7; and a stopped-flow (STF) technique8,9 used in this

study.

Attenuated total reflectance (ATR)-FTIR spectroscopy is

a powerful technique for studying the structure of a mem-

brane protein in a lipid bilayer immersed in an aqueous

solution10. In particular, a difference spectrum calculated

from the spectra recorded before and after providing vari-

ous types of stimuli (e.g., light11, voltage change12, ligands13,

and ions14) provides information about structural changes

relating to the reactions of proteins. Another important ad-

vantage of ATR-FTIR is low sample consumption; only

~1μg of the membrane protein reconstituted into a lipid bi-

layer is required. Light-induced- and voltage-change-induced

difference ATR-FTIR spectroscopy has been applied to

many membrane proteins, such as a microbial rhodopsin11,

a photosynthetic reaction center15, and cytochrome c oxi-

dase16. The reactions of these proteins were also analyzed

by time-resolved methods with time resolution from the

nano- to millisecond range. Perfusion-induced difference

ATR-FTIR spectroscopy has also been developed to analyze

ligand–protein and ion–protein interactions13,16. The time

resolution of the perfusion-induced method depends on the

time for exchanging a buffer solution in a sample chamber,

which usually takes several minutes because of the slow

flow rate of a perfusion peristaltic pump.

We developed a novel, rapid buffer-exchange system for

time-resolved ATR-FTIR spectroscopy. The system was

based on a commercially available STF system, which can

supply a buffer solution to a sample chamber or an optical

cell. In this method, a membrane protein sample was ad-

sorbed on an ATR crystal, and the buffer solution above

the sample was rapidly exchanged. The feasibility of its ap-

plication to the ligand-binding reaction of a membrane pro-

tein was confirmed by the chloride- and nitrate-binding re-

actions of Natronomonas pharaonis halorhodopsin (pHR),

which is a light-driven chloride-ion-pump protein17. The

initial anion-binding site of pHR is near the retinal Schiff

base and can bind not only a chloride ion but also a nitrate.

A previous ATR-FTIR spectroscopy study of pHR reported

the chloride- and nitrate-binding-induced difference IR

spectra; a retinal ethylenic band was observed at 1,525 cm–1

in the chloride-bound form and 1,529 cm–1 in the nitrate-

bound form18. The increase in nitrate was also monitored by

a nitrate absorption band at 1,350 cm–1. The FTIR method

enabled us to simultaneously monitor infrared absorption

at the frequencies of interest. Such a multiplex advantage

improves the signal-to-noise (S/N) ratio more efficiently

than dispersive spectrometry (the Fellgett advantage). The

step-scan mode was applied for time-resolved ATR-FTIR

measurements. The step-scan method has a higher time

resolution (up to 10 ns in the specifications) than the con-

ventional rapid-scan mode; however, the dead time of the

exchange buffer is estimated to be tenths of a millisecond,

and thus limits the effective time resolution. (We chose

2.5 ms to achieve the sufficient time resolution for our mea-

surement system.)

Materials and Methods

Sample preparation

pHR was expressed and purified as previously described

with minor modification19. His-tag-purified pHR was fur-

ther purified using a Mono Q anion-exchange column with an

AKTA purifier (GE Healthcare). The ratio of the absorbance

of pHR at 280 and 575 nm was below 1.8 after Mono Q col-

umn purification. The sample was reconstituted into egg PC

liposomes (Sigma-Aldrich) with a lipid-to-protein molar

ratio of 20:1 by adsorbing n-dodecyl-β-D-maltopyranoside

(DDM) micelles on Bio-Beads (Bio-Rad) for about 12 h.

The final protein concentration was confirmed to be ~8μM,

which was estimated from the absorbance at 578 nm (0.44

O.D.) with an extinction coefficient (ε578) of 54,000 M–1 cm–1.

Design of the rapid buffer-exchange system

In the supplementary material, the movie demonstrating

the motion of the rapid buffer-exchange system is available

on the website of BIOPHYSICS. The flow was induced by a

pneumatic drive, which is a conventional system for STF

applications. The length of the flow pulses was defined by a

plunger-latch mechanism that allowed the syringe contents

to be discharged as a fixed number of shots dependent on

the pitch of the latching stops with the barrel. The pitch

could be controlled by the motor drive from 0.1 mm to

7 mm. We used a barrel with 2.5-mL gas-tight syringes that

had Teflon plungers. With this syringe, a 2.4-mm pitch cor-

responded to a 0.1-mL discharge of the solution. As the

pneumatic drive ram operated, the motor drove the latching

stop forward and retracted, ready for the next drive stroke.

This “push” procedure could be alternately repeated for

syringe 1 and 2, or syringe 2 could be slowly pushed by the

motor. We used the latter option for the step-scan method in

this study. It takes about 1 s to wash out the buffer existing

in the chamber by slowly pushing the syringe. The exchang-

ing volume is 100μL which is same amount used for the

rapid-buffer exchange process. The buffer is almost com-

pletely replaced by both of the processes. The refilling oper-

ation involved simply drawing back the plungers with the

latching plates, which resulted in the refilling of the
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syringes. Then, the motor drive pushed up the latching plate

to the initial shot position. The valve system was electrically

interlocked to prevent attempts to refill when the flow sys-

tem was directed through the ATR chamber. The 20-mm

drive ram was operated at 0.12 MPa, which theoretically

produced a hydraulic pressure of 6 MPa in the drive system.

The actual pressure during the drive was likely less than the

theoretical value, 6 MPa.

The system components that caused the most problems

during development were the valves that permitted the refill-

ing of the drive syringes with buffers. A valve constructed

from blocks of Teflon and ceramics proved successful by

clamping very tightly between the outer segments, while the

rotation of the Teflon parts could still be attained by operat-

ing the pneumatic drive ram at 0.25 MPa.

The buffers were loaded into the sample chamber by

PEEK tubes (1 mm internal diameter), and the buffers were

ejected through the Teflon tube (1 mm internal diameter).

The system was developed by K. O. in UNISOKU based

on the concept and ideas from Y. F. and T. K.

Buffer-exchange system for ATR crystal plate

Figure 1A shows the buffer-exchange assembly, while the

inset of Figure 1B shows top and side views of the ATR

chamber. Two concerns in the design were to maintain the

dead volume as low as possible and to prevent another

buffer from flowing into the chamber. In the DuraSamplIR

ATR crystal, although its shape was circular, the IR light

mainly passed through the center line of the crystal accord-

ing to the beam path of the spectrometer. Therefore, the flow

Figure 1 Schematic figures and pictures of the developed rapid buffer-exchange system. (A) The STF drive system was mounted on ground,
while the spectrometer was placed on a bench which vibrationally isolated from ground. The only connection was the PEEK tubes that loaded the
buffers into the ATR chamber. (B) The ATR chamber was mounted on the stainless plate with a diamond crystal in the DuraSamplIR II ATR acces-
sory. The inset shows the top and side close-up views of the ATR chamber around the diamond crystal.
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channel did not have to cover the entire area of the ATR

crystal. The Teflon unit (4 mm in thickness) with a flow

channel (1 mm in depth and 2 mm in width) was mounted

onto the ATR crystal (4 mm in diameter) and tightened by

the stainless parts holding the flow channels to supply and

eject the buffers. The Teflon-flow channel covered 61% of

the area of the ATR crystal. The dead volume between the

drive syringe and the chamber was 0.47 mL for each line,

while that between the chamber and the sample space was

4μL, and the sample space required ~35μL of buffer. It is

possible to reduce the chamber volume to be exchanged and

the dead space prior to the chamber by using a narrower

flow channel and a PEEK tube with a smaller internal diame-

ter, but the pressure in the drive system could increase and

cause problems with valve leakage, flow rate, and syringe

breakage. Another important point that was considered was

the vibration by the drive-pulse shock. Since the vibration

critically affects the resulting spectrum in FTIR spectros-

copy, it was important that the drive system was vibra-

tionally isolated from the spectrometer. The connection was

limited to the PEEK tubing, and the drive system was com-

pletely isolated from the shock-absorbing bench on which

the spectrometer was placed. The chamber was tightened

much more robustly than the standard buffer-perfusion sys-

tem for the ATR-FTIR setup; a stainless plate with 12 bolts

was used to clamp the Teflon assembly. The clamping bolts

had to be tightened carefully and systematically by using a

torque driver to prevent leakage.

IR spectrometer and the achievable time resolution

The STF system was interfaced with a Bruker Vertex 80

spectrometer. The step-scan mode was applied to measure

with a time resolution of 2.5 ms. The transient signals were

measured at 333 sampling points with 2,000 time slices (5 s

in total) in the time-resolved step-scan mode, with a spectral

resolution of 8 cm–1 and a spectral region from 1,900 to

988 cm–1, indicating that there were 333 total shots of the

reaction buffer. Ten time slices were recorded before the

buffer shot and used for a reference spectrum. Each inter-

ferogram was converted to a single-beam spectrum by Fou-

rier transformation from 1,900 to 988 cm–1.

Triggering and data acquisition

The step-scan mode was operated as follows. The timing

of the STF drive and data acquisition was controlled by the

STF controller. The OPUS software running the step-scan

measurement awaited the trigger from the controller in each

mirror position. The triggering pulse to start the measure-

ment was emitted from the STF controller and the measure-

ment started. The delay of the STF drive was electronically

controlled from 2 ms to 100 ms, during which time the sig-

nals for the reference could be measured. After the set delay

time, the STF syringe drive was turned out, and the signals

from buffer exchange were measured. After the termination

of the measurement, the interferometer mirror moved to

the next sampling position, and the OPUS software again

awaited the trigger from the STF controller. During the

waiting time, the second buffer was drawn into the chamber

to return the sample to its initial condition. The STF system

was set to stay in the pushed position for at least 2 s, because

the immediate movement of the alternate syringe after the

syringe drive induced the backflash of buffers or disturbed

the stable measurements. The syringes were repeatedly filled

every 17 shots when using a 100-μL shot volume with a 2.5-

mL syringe, as was programmed into the STF controller.

Twenty refills were required to finish a step-scan measure-

ment. A total of 340 shots were sufficient for obtaining data

at 333 sampling points. It takes about an hour to complete

one step-scan experiment.

Buffer-exchange experiment

The step-scan mode was tested by exchanging the buffer

from pure water to a 50 mM NaNO3 solution. A step-scan

measurement was measured with a time resolution of 2.5 ms.

Buffer-exchange experiment with a pHR film

A 10-μL aliquot of the suspension containing pHR re-

constituted into PC liposomes with 0.44 O.D. at 578 nm

(~8μM) was dried on the ATR crystal. The flow channel

was established, and the dried pHR film was rehydrated by

introducing a buffer solution. The anion-binding reaction

was triggered by buffer exchange to 200 mM MOPS (pH

7.0)-containing 20 mM NaCl or NaNO3. The MOPS buffer

(200 mM, pH 7.0) without any salt was used for reference

measurements. Three step-scan measurements (with a time

resolution of 2.5 ms) were averaged for each condition.

Results and Discussion

Anion-binding process of pHR

pHR can bind a NO3
– molecule near the protonated Schiff

base linkage with the all-trans retinal chromophore, similar

to the mechanism of chloride binding. The dissociation con-

stant of NO3
– was estimated to be 11 mM, slightly higher

than that of the chloride ion (2 mM), in a lipid mem-

brane17,20. Ion-binding events alter the visible absorption

spectrum from the anion-free form (λmax = 599 nm) to the

chloride-binding form (λmax = 577 nm) or the nitrate-binding

form (λmax = 571 nm)17,19. The retinal vibrational modes are

also affected by anion binding, and the C=C stretching

mode of the anion-free form at 1,511 cm–1 is shifted to that

of the chloride-binding form at 1,525 cm–1 or the nitrate-

binding form at 1,529 cm–1 18. Therefore, the 1,529-cm–1 band

is a useful probe for monitoring the formation of nitrate-

bound pHR in the rapid buffer-exchange experiment.

The suspension of pHR reconstituted into PC liposomes

was dried on the ATR crystal and then repeatedly rehy-

drated by a buffer solution with and without NO3
– (Fig. 2A).

The drying process made the sample adhere on the surface

of the ATR crystal. After washing the sample using the per-
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fusion buffer-exchange system, the residual sample was

tightly adsorbed and was not peeled off during the rapid

buffer-exchange experiment with ~5,000 shots (Sup. Fig.

1). The static NO3
– binding-induced difference spectrum

was corrected by exchanging the buffer solution with one

containing 20 mM NaNO3 (Fig. 2B). The spectrum was very

similar to that previously reported and showed a large

positive peak at 1,350 cm–1, which is attributed to NO3
– in

the chamber, and another positive peak was observed at

1,528 cm–1, which is attributed to the ethylenic stretching

mode of the retinal chromophore of NO3
–-bound pHR.

Rapid buffer-exchange experiments with the step-scan

mode were performed for the nitrate-binding reaction of

pHR. The time-resolved spectra are shown in the logarithmic

time scale (Fig. 3). The large peak from the NO stretching

vibration was observed at 1,350 cm–1, and the peak from

the C=C stretching mode of the nitrate-bound form of the

retinal chromophore was also observed at 1,528 cm–1. The

perturbation induced at several other frequencies by the

injection of the buffer solution was most clearly observed in

the time region from 25 ms to 100 ms, when the perturbation

at 1,350 and 1,528 cm–1 was less significant.

The time courses of the difference in absorbance at 1,350

and 1,528 cm–1 are shown in Figures 4 and 5, respectively.

The kinetics of the increase in NO3
– was very similar with

and without the pHR sample, suggesting that NO3
– perme-

ated well into the pHR sample on the ATR crystal (Figs. 4A

and 4B). The thickness of the sample affects the initial rise,

because thicker sample requires longer time for permeation

of solute into the stacks of the liposomes (Sup. Fig. 2). In

the case of the bare ATR crystal, Figure 4B (dotted line)

shows that the NO3
– absorbance increased within ~25 ms.

The initial increase was fit to a single exponential curve

with a time constant of ~10 ms. After the rapid increase in

the NO3
– absorbance, a rapid decrease in the signal and

recovery into the stable phase were observed. The reason

Figure 2 Absolute absorption spectra of pHR immersed in 200 mM
MOPS buffer (pH 7.0) with (red line) or without (black line) 20 mM
NaNO

3
 (A) and their difference spectrum (B).

Figure 3 Time-resolved difference infrared spectra in the 1,600–1,200 cm–1 region, which were recorded by ATR-FTIR spectroscopy with the
step-scan mode with a time resolution of 2.5 ms. The spectra are an average of three measurements (total of 999 shots). The injection of nitrate was
confirmed by a large absorbance change around 1,350 cm–1. Nitrate binding to pHR was monitored by an increase in the C=C stretching mode at
1,528 cm–1.
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for the spike in the initial phase is not clear. The peak did

not originate from the injection shock, which was observed

in the MOPS-only experiment (black trace). The chamber

shape, pressure for pushing the syringe, and amount of

buffer solution to be replaced did not affect the appearance

of the initial phase. The dependence of the initial phase on

the sample thickness was also investigated (Sup. Fig. 2). The

spike was not observed in a thicker film, but the kinetics of

buffer exchange slowed down.

The increase in absorbance at 1,528 cm–1 was plotted in

Figure 5. The red and blue traces show the kinetics of bind-

ing with NO3
– and Cl–, respectively. The black trace shows a

baseline fluctuation, which was recorded with the injection

of the same buffer as the washing buffer (200 mM MOPS).

The increase in the signal with chloride binding is greater

than that with nitrate binding, which corresponds well with

the difference in the dissociation constants (11 mM for NO3
–

and 2 mM for Cl–).

A previous STF visible absorption experiment on pHR

solubilized into DDM micelles revealed that the chloride-

binding reaction exhibits a biphasic nature, with a faster

(τfast = 16 ms) and a slower phase (τslow = 200 ms)19. The time

trace for chloride binding in our measurement was fitted by

two exponentials (τ1 = 35 ms, τ2 = 1.3 s) after subtracting the

baseline drift. The difference in kinetics may be explained

by different sample conditions (in DDM micelles vs. PC

liposomes). The faster phase may be difficult to measure by

our system because of the dead time for the buffer-exchange

reaction on the ATR crystal. An increase in the S/N ratio by

accumulating data and a longer observation time will give

us more accurate results to describe the anion-binding reac-

tion of pHR reconstituted into PC liposomes in the future.

Figure 4 Rapid buffer exchange from 200 mM MOPS (pH 7.0) to
200 mM MOPS (pH 7.0) + 20 mM NaNO

3
 was monitored by the change

in nitrate absorption at 1,350 cm–1 until 3.0 s (A) and 0.3 s (B). The
traces in red were recorded with the pHR film sample, while the dotted-
line traces were recorded with the bare ATR crystal (from pure water
to a 50 mM NaNO

3
 solution). The black line was obtained by the rapid

buffer exchange from 200 mM MOPS buffer to the same buffer to indi-
cate baseline fluctuation.

Figure 5 Absorbance change of the nitrate-binding reaction of pHR
triggered by the rapid buffer exchange from 200 mM MOPS (pH 7.0)
to 200 mM MOPS (pH 7.0) + 20 mM NaNO

3
 (red) or 200 mM MOPS

(pH 7.0) + 20 mM NaCl (blue). The time course of the retinal C=C
stretching vibrational mode of pHR at 1,528 cm–1 is shown until 3.0 s
(A) and 0.3 s (B). The time course at 1,528 cm–1 of the rapid buffer
exchange from 200 mM MOPS to the same buffer is shown in black.
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Conclusion

We developed a novel, rapid buffer-exchange apparatus

for ATR-FTIR spectroscopy and applied it to the anion-

binding reaction of pHR. We confirmed that buffer exchange

was completed within ~25 ms, and the anion-binding pro-

cesses were followed by monitoring the retinal vibration.

This method is applicable to many membrane proteins in

lipid environments and requires low consumption of protein

sample (~1μg).
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