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A dialysis accessory for attenuated total
reflection infrared spectroscopy
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Abstract. A dialysis accessory for attenuated total reflection (ATR) infrared spectroscopy is described together with an eval-
uation based on known systems with well-studied infrared spectra, such as chemical oxidation and reduction of cytochrome c

and substrate binding to the Ca2+-ATPase. Changes in the infrared spectra of the two proteins are successfully monitored with
the dialysis accessory. The accessory was developed in our laboratory for the diamond 9-reflections SensIR ATR unit. It can be
used to study absorbance changes of macromolecules which are induced by low molecular weight compounds, for example the
binding of substrates, inhibitors or ions to macromolecules as well as effects of pH, ionic strength or denaturants on the structure
of macromolecules. The dialysis accessory confines the macromolecule of interest to a sample compartment created between
the ATR crystal and the dialysis membrane. On the other side of the dialysis membrane, a reservoir for the sample medium is
created. In this way the low molecular weight compound of interest can exchange freely between the reservoir and the sample
compartment via the dialysis membrane. This provides a flexible way to change sample conditions for the macromolecule of
interest, allowing for example initiation of ligand binding.
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Abbreviations: FTIR-ATR = Fourier-transformed infrared attenuated total reflection; ATP = adenosine-
5′-triphosphate.

1. Introduction

The use of reaction induced infrared (IR) difference spectroscopy yields valuable structural informa-
tion at great detail [1–7]. A disadvantage of experiments using conventional transmission spectroscopy is
the limited possibility to manipulate the sample once the IR cuvette has been closed. This has been over-
come partly by applying attenuated total reflection (ATR) IR spectroscopy [8–10]. ATR spectroscopy
for protein studies is mostly applied to protein films deposited on the internal reflection element. The
ligands or in general any interacting compounds are exchanged on top [11–14]. Multiple experiments
can be performed with different ligands on the same protein sample which saves material and time. In
such experiments care must be taken so that the film is not disrupted during washing or repeated addi-
tions and withdrawals of the medium. Closing off a sample compartment by a dialysis membrane allows
for precise variations of the sample conditions in a controlled way [15]. It also makes it possible to use
ATR for proteins in solution. The protein is confined to a sample compartment between ATR crystal and
dialysis membrane. Small molecules on the other hand can exchange freely between the reservoir and
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the sample compartment via the dialysis membrane. In this way one can initiate ligand binding or oth-
erwise change sample conditions in the sample compartment. The first reported use of a dialysis setup
in protein studies introduces guanosine-5′-triposphate (GTP) via diffusion through the dialysis mem-
brane and follows the effect of GTP on a complex of the membrane protein rhodopsin with transducin
[15]. Another application of dialysis ATR is the preparation of an oriented monomolecular film of porin
Omp32 on a Ge internal reflecting element. Dialysis is utilized here to wash away a detergent present
initially in the protein sample in order to start film formation [16]. Application of a dialysis setup for
the study of metal ion binding to a soluble protein, cytochrome c, was described recently [17]. There is
a similar dialysis set up reported by Agic et al. [18]. Both dialysis devices are built for the same ATR
accessory from SensIR Technology as ours. That described in [17] uses a flow-through cell commer-
cially available from the same company and needs 2 µl of sample. That described in [18] is based on
home-built cell for 4 µl of sample. There is a dialysis setup commercially available from Bruker Optics
which needs 50 µl in the sample compartment (Anders Nilsson, Bruker Optics Scandinavia AB, private
communication). Here we report our setup for the diamond 9 reflections SensIR FTIR-ATR accessory
with a sample compartment of 3 µl.

2. Materials and methods

Circles of 8 mm in diameter, cut out of cellulose sheets CelluSep F3 of MWCO 12000–14000 dialysis
membranes (Orange Scientific, Belgium), were used for the dialysis accessory.

Horse heart cytochrome c (cyt c) was purchased from Sigma and used without further purification.
The cyt c samples were prepared in 100 mM phosphate buffer pH 6.8, containing 100 mM KCl. The
final concentration of cyt c was 8 mM. Solutions of potassium ferricynide and sodium dithionate for cyt
c oxidation and reduction were both 200 mM.

The FTIR spectra of cyt c were recorded at 4 cm−1 resolution on a Bruker Vertex 70 FTIR spec-
trometer equipped with an MCT detector. The experiments were performed at room temperature. Cyt
c was equilibrated by continuous diffusion of medium (phosphate buffer with KCl) across the dialysis
membrane. After the absorption spectrum of the sample became stable, a 500 scan single beam spectrum
(background spectrum) was recorded. Then 4 µl of potassium ferricynide (200 mM) were added to the
reservoir after which an acquisition of repeated spectra in the absorption mode, 150 scans each, was
initiated. Under these conditions, oxidation of cyt c was first detected after 20 seconds and monitored
until it was complete after 5 minutes. The system was brought back to the initial state by exchanging
three to four times the sample medium in the reservoir with fresh one in 5–10 minute intervals. Cyt c was
reduced by adding 2 µl sodium dithionate (200 mM) to the reservoir. The reaction was also first detected
20 seconds later and a completion was reached 5 minutes later. Typically, one oxidation-reduction cycle
was carried out for 30–40 min.

Ca2+-ATPase was measured in a medium of 100 mM TRIS pH 7 with 10 µM MgCl2, 100 µM CaCl2
and 100 mM KCl. A stock solution of Ca2+-ATPase sarcoplasmic reticulum vesicle suspension, prepared
as given in [19] (80 µl), was dialyzed for 1 hour in 10 times diluted medium, then concentrated to a final
concentration of around 150 mg/ml by adding aliquots of 20 µl on the ATR crystal and drying with a
flow of N2. The last 8 µl were used for closing the dialysis setup. The FTIR spectra of Ca2+-ATPase were
recorded at 4 cm−1 resolution on a Bruker IFS 66/S spectrometer equipped with an MCT detector. The
temperature for these measurements was 5◦C. Single beam background spectra were taken with 1000
scans. Then the Ca2+-ATPase substrate adenosine-5′-triphosphate (ATP), disodium salt, was added as
2 µl of 60 mM solution to the reservoir and several spectra recorded with 300 scans each.
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3. The dialysis accessory

3.1. Description

The sample is placed between the total reflection surface of the ATR reflection element and the dialysis
membrane (Fig. 1). The membrane is fixed by an O-ring, which snaps into a groove on the bottom conical
part of the ligand reservoir. The reservoir is made of delrin – a polyacetal resin polyoxymethylene. The
reservoir is let slide down in a cylindrical opening of a thermostating block, which can be assembled and
secured tightly to the ATR bench. It sits on the horizontal plane of the metal block that covers the ATR
unit. The height of the dialysis membrane above the internal reflection element is determined by the
height of the bottom conical part of the reservoir. The ligand reservoir is pressed down by a screw cap
which screws onto a thread on the thermostating block. The O-ring makes a tight contact with the walls
of the conical dip in the metal block of the ATR unit. Thus a tight closure of the sample compartment
is achieved while no pressure is exerted on the total reflection surface of the ATR reflection element.
The latter point is crucial since the diamond ATR crystal, although inert and therefore not demanding in
terms of the nature of the liquid samples measured, is on the other hand very sensitive to pressure since
it is a thin diamond plate supported only on the periphery and not across the entire surface. The setup
reported by Gourion-Arsiquaud et al. [17] uses pressure on the periphery which might impose the risk
of breaking the crystal.

3.2. Operation of the dialysis accessory

The dialysis membrane is first soaked for 1–2 min in double distilled water and transferred without
drying to the end of the conical opening of the reservoir. The membrane is attached to the reservoir
by snapping a wet O-ring into the groove on the reservoir. The reservoir is then filled with the sample
medium. A drop of 4 µl from our protein sample solution is placed on the total reflection surface of the
ATR crystal. Another 4 µl of the sample are deposited as a hanging drop on the dialysis membrane at
the bottom of the reservoir. The reservoir slides down the opening in the thermostating block and the
setup is closed with the screw cap on top. The solution in the reservoir is stirred constantly with a small
mechanical stirrer attached at the top. Initially we were closing with a total of 8 µl sample volume and
the controls we did and show in the paper are with 8 µl but later we found out that the setup can work
with as little as 3 µl.

Fig. 1. Dialysis accessory for the diamond 9 reflections SensIR ATR unit. R: reservoir, O: O-ring, M: dialysis membrane,
IR: infrared beam, D: diamond plate, P: protein (as an example for a macromolecule), L: ligand (as an example for the low
molecular weight compound).
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3.3. Equilibrating the system before the beginning of the experiments

Two to three hours after assembling the unit experiments can be started. The reason for the waiting
time is that the absorption of the sample changes due to processes within the protein sample. The smaller
the concentration of the sample is, the shorter it takes to obtain a stable absorption. Even if dialyzed
protein is transferred to the ATR crystal, and the reservoir contains the dialysis buffer, it takes time
before the absorption is stable. In our experiments, the ligands were added as solutions with the same
concentrations of buffer and salts as the sample medium in the reservoir. A second possibility is to
exchange the medium in the reservoir with a fresh one that has the same composition as before and in
addition contains the ligand of interest (results not shown).

4. Results and discussion

A first test of our dialysis accessory was whether low molecular weight compounds added to the reser-
voir would arrive in the sample compartment. Multiple additions of for example ATP to the reservoir
revealed that signals of added compounds can be observed within 10 s after the addition if the ligand
is at high concentrations (10−2 M range final concentration). At lower concentrations (10−4–10−5 M
range) the times lengthens 10-fold to 100 seconds. In these measurements the arrival of the low molecu-
lar weight compound in the sample compartment was detected directly via the infrared absorption of the
compound. This is generally no longer possible if the concentration is in the µM range. Recent measure-
ments on a soluble protein and its inhibitor showed that at these concentrations (10−6 M range), arrival
of the ligand in the sample compartment can be detected indirectly from difference signals arising from
changes in the protein bands upon protein-ligand interaction and they take longer times to be observed
(10–40 minutes, results not shown).

The difference spectra corresponding to reduction and reoxidation of cyt c are presented in Fig. 2. The
two spectra are almost exact mirror images of each other. Both spectra are found to be fully reproducible
in a large number of cycles of a single sample and display all the spectral features found in previous
infrared studies of redox induced changes in the infrared absorption of cyt c [17,20–22]. In the earlier
work, reduction and oxidation of cyt c was induced by electrochemical means. These reports also contain
detailed analyses of the spectra with the current state of the band assignments. The agreement with
previous results shows that our dialysis accessory can be used to obtain high quality spectra of a protein
reaction. We note that the observed absorbance changes are smaller than 0.1% of the typical absorbance
of an aqueous protein sample in transmission experiments.

Difference spectra of the Ca2+-ATPase revealing the changes in protein absorption after the addi-
tion of ATP are presented in Fig. 3. Spectrum A was recorded 80 s after the addition and represents
changes in the absorption that are not related to ATP binding to the ATPase. The two largest bands
in this spectrum at 1531 and 1067 cm−1 coincide with bands of the buffer tris. These changes persist
throughout the measurements and can be seen together with the changes in the protein observed at later
times (Fig. 3B, 120 seconds after the addition). Figure 3C presents the spectrum in Fig. 3B corrected
for the buffer absorbance change seen in Fig. 3A. The observed signals agree with spectra taken in the
transmission mode, considered indicative of nucleotide binding to the Ca2+-ATPase [23,24]. They were
obtained using caged compounds, which photolytically release the compound of interest from an bio-
logically inactive photosensitive precurser. While this approach is powerful, it requires the synthesis of
an appropriate caged compound which is time-consuming and might be difficult to achieve. The work
presented here shows that dialysis coupled ATR spectroscopy can be used as an alternative to monitor
ligand binding to proteins.
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Fig. 2. Infrared difference spectra of reduced minus oxidized cyt c (solid line) and of oxidized minus reduced cyt c (dotted
line). Reduced minus oxidized cyt c was obtained upon addition of reducing agent sodium dithionate (2 µl, 200 mM) to the
reservoir of the ATR accessory (final concentration 1× 10−4 M). Concentrations in the sample compartment were 8 mM cyt c,
100 mM phosphate buffer, pH 6.8, 100 mM KCl. Oxidized minus reduced cyt c was obtained upon addition of oxidizing agent
potassium ferricynide (4 µl, 200 mM, final concentration 2 × 10−4 M).

Fig. 3. Infrared difference spectra of Ca2+-ATPase representing changes upon addition of ATP (2 µl, 60 mM, final concentration
3× 10−5 M) via perfusion through the dialysis membrane of the dialysis accessory. A: observed spectral changes 80 s after the
addition; B: 120 s after the addition; C: Ca2+-ATPase changes 120 s after the addition (spectrum B) corrected for the baseline
changes seen in spectrum A.
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5. Conclusions

While reaction-induced infrared difference spectroscopy is a highly sensitive and highly informative
method, the difficulty of inducing reactions or perturbations has been a major bottleneck for its general
usability. The use of dialysis accessories to ATR units is becoming to overcome this bottleneck since it
provides a general method to study perturbations of macromolecules with infrared spectroscopy. This
work describes our dialysis accessory for the 9 reflections SensIR ATR unit and we showed that high
quality spectra can be obtained with it using two examples – chemical oxidation and reduction of cyt
c and substrate binding to the Ca2+-ATPase. As dialysis coupled ATR infrared spectroscopy makes
infrared spectroscopy a more universal method, in particular for studying the binding of small molecules
to macromolecules, we expect infrared spectroscopy to expand to new fields, for example to that of drug
development.
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