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Abstract
In biological systems, protein function is dependent on spatial and temporal changes known as protein
dynamics, which can be probed by amide hydrogen/deuterium \(H/D) exchange. Fourier-transform
infrared \(FT-IR) spectroscopy is a convenient and e�cient tool for determining the H/D exchange rate of
proteins on a global scale. The H/D exchange process is monitored by following the apparent changes in
FT-IR intensity at the amide II band maxima near 1550 cm−1. This protocol covers the principles
underlying the determination of protein dynamics by FT-IR, as well as the basic steps involved in protein
sample preparation and FT-IR spectra collection and detailed methods for analyzing spectra to determine
the H/D exchange rate of proteins. This is a semi-quantitative method and can only be used for
comparing protein dynamics under certain condition. Applications include the effects of protein mutation
or protein and metal ion or ligand interactions on the protein H/D exchange rate. Typically, the procedure
can be completed in 2-3 days.

Introduction
**Overview of FT-IR H/D exchange** Thus far, structural biology has focused on studies of detailed
atomic descriptions of static three-dimensional structures, but these single rigid conformations have long
been known to be insu�cient to completely understanding of a protein1. Innumerable biological
processes ultimately rely on the transduction of information through conformational �uctuations in
proteins associated with folding and assembly, ligand binding and molecular recognition, and catalysis2-

7, and these spatial and temporal changes in protein structure are termed protein dynamics8. Protein
dynamics can be probed by amide hydrogen/deuterium \(H/D) exchange3, 4. An advantage of the H/D
exchange is found in its capacity to characterize transient conformations, which may represent a
negligible, and di�cult to detect, fraction of all protein molecules5. Thus, H/D exchange has long been
used to analyze protein dynamics in solution6. The exchangeable hydrogens in stable proteins are
usually the backbone amide hydrogens and polar side-chain hydrogens bonded to heteroatoms \(N, O,
and S) and the N- or C-terminal hydrogens7, 8. The polar side-chain hydrogens exchange much faster with
the solvent than the backbone amide hydrogens at neutral pH, making it di�cult to readily determine.
Thus, of the many exchangeable hydrogens, only backbone amide hydrogens are used for H/D exchange
studies9. In general, the large number of labile hydrogens accessible to solvent can instantaneously
exchange with protons from surrounding water molecules10. Amide protons involved in stable hydrogen-
bonded structures or that are inaccessible to solvent have signi�cantly slower exchange rates because
they must undergo some sort of distortion of the local structure to allow exchange11, 12. The mechanism
of amide H/D exchange is depicted in **Figure 1**. The kinetics of backbone amides are highly
dependent on the protein structure13. In addition to protein structural effects, pH, temperature, ligand-
binding, or protein-protein interactions also impose signi�cant effects on the exchange rate of amino
protons9, 14. A variety of detection techniques can be used to probe protein dynamics, including nuclear
magnetic resonance \(NMR)15, 16, mass spectrometry \(MS)17-19, and FT-IR spectrometry20-22. FT-IR
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spectroscopy is a well-established technique for analysis of the secondary structure composition of
proteins that was introduced by Yang et al23. It is also a convenient and e�cient technique for
investigating protein dynamics24-26. The polypeptide and protein repeat units give rise to nine
characteristic IR absorption bands termed amides A, B, and amides I-VII. The characteristic IR bands of
the proteins and peptides are listed in **Table 1**. The amide I and II bands are the two most prominent
vibrational bands of the protein backbone27-29. The amide I bond \(around 1650 cm-1) is almost entirely
due to the C=O stretch vibrations of peptide linkages \(>80%) and correlates closely with each secondary
structural element26. The amide II band \(around 1550 cm-1) mainly results from in-plane NH bending \
(40−60% of the potential energy) and the CN stretching vibration \(18−40%), which is very sensitive to the
H/D exchange reaction27,31. IR spectra were �rst used to study protein dynamics in 1970s by dissolving
dry protein or peptide in buffered D2O30. FT-IR has since been used in connection with H/D exchange in
proteins. It has been suggested to be more convenient to base H/D exchange investigations on the
apparent intensity changes of amide II31. The protein amide H/D exchange ratio could be presented as
the fraction of unchanged amide proton32. An equation has been established and used by some
investigators33, 34. The absorption in IR spectroscopy is related to the absorption coe�cient of the
sample, the path length, and the concentration \(Eq. \(1)): Aλ=ξλ×b×C \(1) Where Aλ is the sample′s
absorbance coe�cient at a speci�c wavelength \(λ), ξλ is the absorption coe�cient of the material at
that wavelength \(L/mol.cm), b is the path length through the sample \(cm), and C is the concentration of
the analyte \(mol/L). As the protein amide N–H bonds in H2O change to the N–D bonds in D2O, the N–H

bending vibrational band at 1550 cm−1 decreases and the magnitude of the N–D bending vibrational
band at 1450 cm−1 increases. The fraction of unexchanged amide proton, F, was calculated at various
time intervals using Eq. \(2)32. F=\(AII-AII∝))/AI ω \(2) Where AI and AII are the absorbance maxima of the
amide I and II bands, respectively. AII∞ is the amide II absorbance maximum of the fully deuterated
protein, and ω is the ratio of AII/AI, with AII and AI representing the absorbance maxima for the amide II
and amide I bands of protein in H2O, respectively. The value of AII∞ should be obtained when the protein
or peptide becomes fully deuterated. In general, hydrogens are located in different places in a protein;
some are most likely on the surface and easily contact solution, whereas some are located in �exible,
buried regions and take time to come into contact with solution. Others are located in the core region of
the protein, which may take even longer to come into contact with solution. Dr. Erik Goormaghtigh
assigned the exchangeable proton kinetics as the slow, intermediate, and fast kinetics of exchange35. The
fast kinetics of exchange are too fast to measure, but the exchange kinetic parameters can be
represented as Eq. \(3)36. F=A1 e-k1t+A2 e-k2t+C \(3) Where F is the amide proton fraction at time t, k1 and
k2 are the intermediate and slow exchange rates, respectively, and A1, A2, and C are constants. This
protocol covers procedures for sample preparation, measurements, data analysis and all possible
precautions during the experiment. Our protocol could help researchers perform basic experiments in the
�eld in a manner that ensures that all steps are performed correctly. **Comparison to related methods**
The H/D exchange phenomenon was �rst described by Kaj Ulrik Linderstrøm-Langin the 1950s37. In the
1960s, Walter Englander studied different “kinetics classes” of exchangeable hydrogens on ribonuclease
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using hydrogen exchange with tritium38. Since then, H/D exchange has been monitored by NMR15, 16,
MS17-19, and FT-IR20-22. The general procedures used are depicted in **Figure 2**. In the 1970s, NMR
became the main approach for H/D exchange measurements by taking advantage of the different
magnetic properties of hydrogen and deuterium39. High-resolution NMR has the advantage of providing
dynamic data at the residue level. It can probe dynamics on time scales ranging from sub-nanoseconds
to days40. However, the disadvantages include molecular weight limitations, more acquisition time, and
free of paramagnetic cofactors. In addition, the sample must be expressed and isotopically labeled with
15N41. The dynamics of a single amide can be obtained by analyzing the 1H-15N NOE heteronuclear
spectra42. Since its �rst applications in the 1990s, MS has been widely used to analyze protein
dynamics43 and provide only the peptide fragment exchange data. The analysis can be performed on
intact protein44, 45, but is most useful when applied on the exchange reaction using an acid tolerant
protease to digest the protein and localize the sites of exchange46. MS has the advantage of providing
dynamics data for extremely large protein assemblies and avoid the need for isotopic labeling of the
protein47. Another main advantage is the miniscule amount of protein required for an entire experiment,
and the concentration of the protein can be as low as 0.1 μM2. Mass spectrometry measurements depend
on the proteolytic digestion of the protein and analysis of the peptide fragments41. Researchers started to
use IR to measure the H/D exchange to probe protein folding and to study the dynamics of protein
conformation in the 1970s48,49. Most IR structural dynamics studies focus on the H/D exchange or
proteins on a global scale. The singular advantages of FT-IR over other techniques are that spectra can be
obtained for proteins of any molecular weight in a wide range of environments, requiring less time and
sample50. The sample does not require proteolytic digestion or isotopic labeling. FT-IR offers the
advantage of monitoring the kinetics of different secondary structure components simultaneously and
assessing the order of the events, helping to identify which regions of protein unfold or fold �rst51. The
infrared method allows the measurement of H/D exchange over a few minutes to approximately 1 day.
Thus, rapidly exchanging polypeptides and more slowly exchanging proteins can be studied32.
Disadvantages are the need for proteins soluble at high concentrations and the inability to use
cosolvents, which affect the infrared spectrum32. FT-IR spectra include FT-IR, attenuated total re�ection
infrared spectra \(FTIR/ATR)52, two dimension infrared spectra \(2D IR)53, and the near-infrared region
spectra \(FTIR/NIR)54. The pathway to obtaining a high quality result for protein dynamics using FT-IR is
shown in **Figure 3**. The general protocol presented here has been used successfully by our group24-26.
Key considerations in designing and implementing FT-IR experiments are discussed here. **Applications
and limitations** The singular advantages of FT-IR for protein dynamics are convenience, relatively little
time needed, and that it is not limited by molecular weight50. Rapidly exchanging polypeptides and more
slowly exchanging proteins can all be studied by this method32. However, the experiment needs careful
and ingenious operation to obtain accurate data. This method can be used to compare the protein
dynamics under certain conditions. For example, protein binds to ligand, protein binds to metal ion,
proteins at different pH \(or other conditions), protein mutations, etc. The value of the fraction of
unexchanged amide proton may be affected by many factors, such as the quality of the protein FT-IR
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spectrum in H2O, the experimental temperature, protein or buffer lyophilization conditions, etc. Thus, this
method is only a semi-quantitative method. This protocol focuses on an approach in which FT-IR with
transmission windows is used to determine protein dynamics on a global scale in aqueous solution. In
these instances, the scope of a given protocol is generally limited to: \(i) proteins that are insoluble at
high concentrations, \(ii) proteins in buffer with cosolvents \(cannot be lyophilized or affect IR
absorbance), or \(iii) proteins in buffer with high concentrations of salt \(>200 mM) \(extremely
hygroscopicin dry form). The pathway to obtain a high-quality result for H/D exchange determined by FT-
IR is shown in **Figure 3**. The general protocol presented here has been used successfully by our group.
**Experimental design** **Preparation of proteins**. For FT-IR spectra, proteins must be at least 95%
pure, which can be determined by gel electro¬phoresis \(SDS-PAGE), HPLC, or MS. Protein solutions need
to be concentrated to >3 mg/mL after the puri�cation steps. For protein lyophilization, several aliquots \
(e.g.,10 tubes, each 60 μL) of protein samples in H2O solution, and several buffer samples \(e.g., 10
tubes, each 60 μL) were lyophilized using the lyophilizer under the same conditions. The H/D exchange
experiments were performed by reconstituting lyophilized protein using the same volume of D2O \

(99.99%, 60 μL). For some proteins, unfolding during lyophilization leads to non-native aggregation55-58.
These proteins can be used in the H/D exchange experiment with 10% H2O-90% D2O \(or another ratio).
The protein should be lyophilized to a certain volume \(e.g.,10 μL), and then mixed with an appropriate
volume of D2O \(e.g.,90 μL) to obtain a �nal protein concentration >3 mg/mL for the H/D exchange
experiment. Protein concentrations can be determined using published molar extinction coe�cients, if
they are available, or by calculating protein extinction coe�cients from amino acid sequence data23.
**Choosing the CaF2 liquid cell**. CaF2 is extensively used as a window material for IR spectroscopy. The
two commercial types of IR liquid cells are shown in **Figure 4**. One type is the demountable
transmission cell, comprising rectangular windows \(or circular windows) and an appropriate spacer.
This type of cell is assembled �rst and then the sample injected via �lling ports \(**Fig. 4a**). The
procedures, including reconstitution of the lyophilized protein, injection of the sample into the cell, �xation
of the cell on the holder, and acquisition of the �rst spectrum, can be accomplished in 40-60s. The other
type of cell is formed from two rounded plates: one that is perfectly �at and one with a precisely formed
recess surrounded by a slightly deep groove. For this type of cell, the protein solution is dripped onto the
surface of the plate with a recess, cover with the �at plate carefully \(**Fig. 4b**), and then assemble the
cell. The procedures for this cell, including reconstituting the lyophilized protein, dripping the sample onto
the recessed area, carefully covering the �at plate, assembling the cell, �xing the cell on the holder, and
acquisition of the �rst FT-IR spectrum, need about 5-10 min. For the H/D exchange experiment, the
spectra should be collected as soon as possible to obtain the most information of the exchange, as it is
time-dependent. Thus, only the demountable transmission cell \(**Fig. 4a**) is recommended for H/D
exchange experiments. The cell used for IR spectroscopy has been described in detail by Yang et al23.
Spacers of various thicknesses can be used in FT-IR experiments. Typically, the path length used for
protein characterization in H2O solution is <10 μm. For H/D exchange experiments, the path length is
increased \(normally 30-50 μm) for a higher signal-to-noise ratio. **Recording FT-IR spectra**. In the
transmission approach, FT-IR spectra can be measured using an FT-IR spectrometer equipped with a
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deuterated triglycine sulfate detector \(broad band 14,000-400 cm-1). For better stability, the spectrometer
should be continuously purged with dry air \(or N2)23. For protein in D2O solution, a time dependent series

of spectra ranging from 500 to 4000 cm−1 is recorded in single beam mode with a 4 cm-1 resolution using
the kinetic scanning mode. The time from the reconstitution of lyophilized protein to acquisition of the
�rst spectrum was <60 s. Normally the spectra need to be recorded at 1min intervals during the �rst 10
min, but the interval for the kinetic scanning is changed to 5 min between 15-90 min and 10 min after 90
min. The total collection time for all spectra varied between different proteins depending on exchange
rates \(e.g., 3 h for lactose permease, > 48 h for bacteriorhodopsin)61, 62. During data acquisition, the
spectrum for each individual scan is displayed on the page. The spectrum is scanned repeatedly and
obtained by averaging the data from the successive scans. On one hand, a high average number of scans
is needed to increase the signal-to-noise ratio \(need time); on the other hand, the FT-IR H/D exchange
information is dependent on time. Usually, a single scan takes 165 ms for the spectral range 500-4000
cm-1 \(at 4 cm-1 resolution). For the spectra with 1min intervals during the �rst 10 min, 8 scans \(about
22s) are recommended. For the spectra with 5 min interval, 16 scans \(about 44s) are recommended.
Later, more scans \(e.g., 32 or 64) can be used to collect the spectra. **Spectral processing**. Three
spectra are typically obtained for each protein FT-IR spectrum: a background \(air) spectrum, the
spectrum for the related buffer, and a spectrum for the protein sample. The absorbance protein spectra in
H2O solution are processed as described in the published protocol23. The spectra of D2O solution and
protein in D2O solution are separately corrected by obtaining a ratio with the background spectra. The
resulting data are the absorbance spectra for protein samples in D2O solution. To obtain the spectrum of
a sample in D2O solution, the D2O solution spectrum is subtracted in an iterative manner until a straight

baseline is obtained in the 1800-1750 cm-1 range. The intensity of the 1650 cm-1 amide I band remains
nearly constant during the H/D exchange experiment. In comparison, the amide I band maximum for
protein in H2O is normalized to the amide I band maximum of the �rst spectra for protein in D2O solution.
**Data analysis**. The fraction of unexchanged amide proton, F, was calculated at various time intervals
using Eq.\(2). cAMP-dependent protein kinase \(PKA) was used as an example. **Figure 5a** shows an
overlay of the representative absorption spectra of PKA recorded at 1, 3, 5, 10, 30, 60, 120, and 180 min in
D2O, and the spectra of PKA in H2O plotted as a reference. While PKA in H2O exhibited characteristic

amide I and II band maxima at 1655 and 1552 cm-1, respectively, H/D exchange in D2O led to a time-

dependent isotopic shift of the amide II band from 1552 to 1458 cm-1. The absorbance maxima of the
amide I band and amide II band of PKA in H2O solution are recorded as AII\(H2O) and AI\(H2O), respectively,
and ω is the AII\(H2O)/AI\(H2O) ratio. The amide II absorbance maximum of fully deuterated PKA is recorded
as AII∞. The absorbance maximum of the amide I band of PKA in D2O solution is recorded as AI. The

absorbance maximum of the amide II band of PKA in D2O solution at 1min \(1550cm-1) is AII. The
unexchanged amide proton \(F) at 1 min can be calculated using a substituted Eq.\(2): F=\(AII- AII∞)/\[AI-
\(AII\(H2O)/AI\(H2O))]. The results of all H/D exchange experiments at different time are shown in **Figure
5b**. The exchange kinetics parameters were �tted using Eq.\(3). Because of the complexity of the
overall H/D exchange reaction in protein, usually no attempt is made to quantitatively associate these
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parameters \(k1 and k2) with any actual physical properties. Instead, they were only used qualitatively to
assess the overall protein dynamics.

Reagents
**GENERAL REAGENTS**  D2O \(Sinopharm Group, AS no. 7789-20-D)  NaCl \(Sinopharm Group, CAS
no.7647-14-5)  KCl \(Sinopharm Group, CAS no.7447-40-7)  CaCl2 \(Sinopharm Group, CAS no. 10035-
04-8)  MgCl2 \(Sinopharm Group, CAS no.7791-18-6)  EDTA \(Sinopharm Group, CAS no.6381-92-6) 
Ethanol \(Sinopharm Group, CAS no. 64-17-5)  Tris \(Sinopharm Group, CAS no.5704-04-1)  Mops \
(Sinopharm Group, CAS no. 1132-61-2) SDS–PAGE analysis  Acrylamide/bisacrylamide 30% solution,
29:1 \(Sigma-Aldrich, cat. no. A3574)  SDS 10% and 20% solutions \(Sigma-Aldrich, cat. nos. 71736 and
05030)  Ammonium persulfate \(Sigma-Aldrich, cat. no. A3678)  N,N,N’,N’-tetramethylethylenediamine \
(TEMED; Sigma-Aldrich, cat. no. T9281)  Tris-HCl buffer \(Sigma-Aldrich, cat. no. T3253)  Dithiothreitol
\(DTT) or 2-mercaptoethanol \(BME) \(Sigma-Aldrich, cat. nos. 43817 and M6250)  Glycerol \(Sigma-
Aldrich, cat. no. G5516)  Gly \(Sigma-Aldrich, cat. no.241261)  Coomassie brilliant blue R \(Sigma-
Aldrich, cat. no. B8647). **Example proteins \(discussed in ANTICIPATED RESULTS)**  cAMP-
dependentprotein kinase \(PKA; recombinant protein, expressed in Escherichia coli, ≥95% pure,
suspension in buffer: 10 mM Mops, 50 mM NaCl, and 10 mM MgCl2, pH 7.2, our laboratory)  Calmodulin
\(CaM; recombinant protein, expressed in Escherichia coli, ≥95% pure, suspension in buffer: 50 mM Tris,
100 mM NaCl, pH 7.5, our laboratory)  cAMP receptor protein \(CRP; recombinant protein, expressed in
Escherichia coli, ≥95% pure, suspension in buffer: 50 mM Tris,150 mM NaCl, 10 mM glutathione, 0.1 mM
EDTA, 0.25 mM DTT, pH 7.5, our laboratory)

Equipment
 **FTIR spectroscopy equipment**: ABB MB 3000 FT-IR laboratory analyzer  **CaF2 liquid cells**:

demountable transmission cell with spacer can be purchased from Specac \(http://www.specac.com) or
PerkinElmer\(http://www. Perkinelmer. com/) or from any other company.

Procedure
**Sample preparation**● TIMING5-15h 1| Prepare a sample of the protein complex to be studied in H2O
solution. The recommended starting protein concentration in H2O solution should be in the range of 3-30
mg/mL. The protein in H2O solution should be dialyzed against buffer overnight to remove unwanted
additives \(e.g., glycerol) before use. ▲**CRITICAL STEP**: The additives \(e.g., glycerol) are removed
before use. Some additives in buffer will affect lyophilization in step 4. 2| Make sure the purity of the
protein in H2O solution is >95%. Protein purity can be determined by SDS-PAGE with some modi�cations,

or by HPLC or MS as described preciously23. 3| Determine the concentration of protein in H2O solution as

described preciously23. Concentrate the protein H2O solution if it is <3 mg/mL. 4| For sample and buffer
lyophilization, aliquots \(e.g.,10 tubes, each 60 μL) of proteins or buffers were lyophilized to dryness
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using the lyophilizer. ▲**CRITICAL STEP**: FT-IR analysis requires high concentration solutions \
(typically >3mg/mL in both H2O and D2O) to obtain a su�cient signal-to-noise ratio. The protein and
buffer solution should be lyophilized together. After freeze-drying, the tube containing lyophilized protein
or buffer are sealed immediately with sealing �lm to prevent H2O in air. ▲CRITICAL STEP: Control the
freeze-drying temperature, maintain it low enough \(e.g.,-20ºC) during the process to avoid changes in
protein characteristics. 5| There are typically two methods to prepare the fully deuterated protein. \(A)
Lyophilize aliquots \(e.g., 60μL) of protein in H2O solution at >3mg/mL to dryness. Reconstitute the
lyophilized powder with D2O \(e.g., 60μL), and lyophilize the protein-D2O to dryness again. Reconstitute
the protein sample with D2O \(e.g., 60 μL) for FT-IR experiments. \(B) Lyophilize aliquots \(e.g., 60 μL) of
protein in H2O solution at the >3mg/mL to dryness. Reconstitute the lyophilized powder with D2O \(e.g.,
60μL), and then incubate the protein-D2O overnight for FT-IR experiments. ▲**CRITICAL STEP**: The D2O
buffer solution is prepared simultaneously the same way as the fully deuterated protein in D2O buffer
solution. **Equipment preparation**● TIMING2-8h 6| Turn on air-conditioning and a liquid desiccant
system in the room. Control the temperature at 25ºC. 7| Turn on the drying equipment for the instrument.
8| Turn on the FT-IR source. 9| Turn on the FT-IR spectrometer. 10| Turn on the computer and monitor, and
then start the FT-IR collection program. 11| Set the data path of the operating program to store the data.
**Collecting FT-IR spectra for protein**● TIMING4-8h 12| Set the spectrometer resolution to 4 cm−1. 13|
Set the spectral range from 4,000 to 500 cm6−1^. 14| Set the number of scans. 15| Select the default
paths for each group of �les. 16| Collect a background spectrum without the IR cell. ▲CRITICAL STEP: If
the water vapor is not purged completely by dry air, there will be peaks in the region of 1500-1200 cm-1

and 4000-3500 cm-1. If these peaks appear, check the tubing and make sure there is no air leakage, and
then purge for a longer period of time as described previously23. 17| Assembling the CaF2 liquid cell. For
the demountable transmission CaF2 liquid cell comprising a rectangular window and an appropriate
spacer, the spacer should be placed between the windows. Typically, the path length used for protein
characterization in H2O is <10 μm, usually 6.0 or 7.5 μm. After the spacer is positioned appropriately, the
cell can be reassembled with four machine screws. ▲**CRITICAL STEP**: The spectrum for protein in
H2O is obtained in �lms <10 μm to permit IR radiation passing through the material under observation.
▲**CRITICAL STEP**: Only the demountable transmission cell is recommended for H/D exchange
experiments by ensuring the time from sample preparation to acquisition of the �rst spectrum was <60 s.
18| Addition of H2O buffer or protein in buffer to the cell. After the cell is reassembled, load the cell with
solution using a needleless tuberculin syringe through a loading port. The solution should be slowly
forced or injected into the cell to avoid the formation of air bubbles or un�lled spacers. ▲**CRITICAL
STEP**: During �lling, ensure that the sample covers the entire window surface without the presence of
air bubbles. ▲**CRITICAL STEP**: The spectrum for the H2O solution is acquired before the spectrum for
the protein in H2O solution. 19| Collect the spectrum of the buffer in H2O. 20| Clean the cell. Usually, the
CaF2 cell should be rinsed with water and ethanol and dried by suction using an aspirator or hand-
operated vacuum pump. ▲**CRITICAL STEP**: The cell should not be disassembled between the buffer
and protein collection. 21| Fill the cell with protein in H2O solution. Ensure that there are no air bubbles or
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empty cell areas. Collect a spectrum for the protein in H2O solution. 22| Do not reassemble the cell. Clean
the cell as described in step 20. Repeat step 21 three times. 23| Do not reassemble the cell. Clean the cell
as described in step 20. Reconstitute the lyophilized buffer with H2O. Fill the cell with reconstituted buffer
and collect the spectrum. ▲**CRITICAL STEP**: The spectrum for reconstituted buffer is acquired before
the spectrum for the reconstituted protein in H2O solution. Do not reassemble the cell. Clean the cell as
described in step 20. Reconstitute the lyophilized protein with H2O buffer. Fill the cell with reconstituted
protein and collect the spectrum. ▲**CRITICAL STEP**: The reconstituted sample with turbidity cannot
be used for the experiment. ▲**CRITICAL STEP**: Reconstitute the lyophilized protein with H2O solution
gently to avoid the formation of air bubbles. The protein is viscous and air bubbles can easily form. 24|
Calculate IR absorbance spectra for the protein in H2O solution and reconstituted protein in H2O solution.
Calculate the secondary structure content of protein in H2O solution and reconstituted protein in H2O

solution as described previously23. \(A) There are no signi�cant differences in the α-helix and β-sheet
content measured by FT-IR between the protein in H2O and reconstituted protein in H2O buffer. \(B) If the
secondary structure contents are different, lyophilization causes some changes in the protein. The protein
should be lyophilized to a certain volume \(e.g.,10 μL) instead of lyophilized to dryness. 25| Dismantle
and then clean the cell. Wash the CaF2 window with water and ethyl alcohol \(1 mL volume), and then with an

excess of water \(10 mL volume). Wipe the windows gently with lens cleaning paper. ▲**CRITICAL STEP**:
The CaF2 window should be clean to avoid bubble formation while adding the sample in the following
experiment. 26| Assemble the CaF2 liquid cell as described in step 17. The path length is increased to
result in a higher signal-to-noise ratio for sample in D2O. Typically, the path length used for H/D exchange
is 50 μm. ▲**CRITICAL STEP**: The demountable transmission cell is recommended for H/D exchange
experiments. 27| The collection of spectra for D2O buffer solution. \(A) For reconstituted protein in H2O
solution that has no signi�cant differences with the protein in H2O solution in regards to the secondary
structure contents, reconstitute the lyophilized buffer with 99.99% D2O. Fill the cell with reconstituted
buffer and collect the spectrum. \(B) For reconstituted protein in H2O solution that has signi�cant
differences with the protein in H2O solution in regards to the secondary structure contents, mix the protein
buffer \(e.g., 20 μL) with appropriate D2O buffer \(e.g., 80 μL) to obtain a �nal buffer similar to that
present in the protein solution in step 30 \(ii). Fill the cell with reconstituted buffer and collect the
spectrum. ▲**CRITICAL STEP**: The buffer is lyophilized with the related protein and similar to that
present in the protein D2O solution. 28| Dismantle and then clean the cell as described in step 24.
Assemble the CaF2 liquid cell as described instep 25. 29| For the protein spectrum in D2O, set the spectral

range from 4,000 to 500 cm−1. The acquisition type is set to Kinetic before data acquisition. When the
acquisition type is Kinetic, the gain is recalculated for each sub-�le. ▲**CRITICAL STEP**: The software
is set before reconstitution of the lyophilized protein. 30| Set the initial delay. The initial delay is de�ned
as the delay in seconds before any scans are acquired. The initial delay must be longer than the time
from reconstituting the lyophilized protein to the acquisition of the �rst spectrum \(<60s). Typically, the
initial delay is set to 60s. Set the number of sub-�les, which is the number of sub-�les to acquire. Set the
minimum time interval between sub-�les, which is de�ned as the minimum time in seconds between the
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start of two consecutive sub-�les. Typically, the spectra need to be recorded at 1-min intervals during the
�rst 10 minutes; thus, the number of sub-�les is set to 10 and the minimum time interval between sub-
�les is set to 60s. Set the number of scans, which is the number of scans to be averaged together.
Typically, 8 scans are accumulated between 1 and 10 min. ▲**CRITICAL STEP**: The initial delay is set
to 60s because the majority of the amide protons are exchanged so rapidly that their exchange is
completed within 60s. ▲**CRITICAL STEP**: The total acquisition time for obtaining a spectrum was
related to the scan number and the time needed for a single scan. The total acquisition time should be
the minimum time interval between sub-�les \(e.g., <60s). The total acquisition time for a spectrum= scan
number × the time needed for a single scan. ▲**CRITICAL STEP**: The total acquisition time for all
spectra = the total acquisition time for a spectrum+ \(number of sub-�les-1) × minimum time interval.
Typically, the total acquisition time should be <10-15min. 31| Start the collection of the spectrum. Prepare
protein in D2O solution. \(A) For reconstituted protein in H2O solution that has no signi�cant differences
with the protein in H2O solution in regards to the secondary structure contents, reconstitute the lyophilized
protein in D2O solution. The volume of protein before lyophilization should be the same as the volume
after reconstitution. ▲**CRITICAL STEP**: The lyophilized protein must be suspended gently to avoid the
generation of bubbles in the sample. \(B) For reconstituted protein in H2O solution that has signi�cant
differences with the protein in H2O solution in regards to the secondary structure contents, mixed the
protein solution \(e.g., 20μL) in step 23\(B) with an appropriate volume of D2O\(e.g.,90μL) to obtain a
�nal protein concentration >3 mg/mL for the H/D exchange experiment. ▲**CRITICAL STEP**: The
recommended fraction of D2O to H2O is 80:20. Inject the sample into the cell and put the cell on the
holder. All procedures must be completed during the initial delay \(60 s). ▲**CRITICAL STEP**: Ensure
that the sample �lls the entire window surface without the presence of bubbles or empty cell areas.
▲**CRITICAL STEP**: The time from the reconstitution of lyophilized protein to acquisition of the �rst
spectrum is within the time frame of the initial delay. 32| The spectra are recorded and saved. 33| Set the
initial delay before the next group of sub-�les is acquired. Set the number of scans \(e.g.,16 or 32). Set
the minimum time interval between sub-�les \(e.g.,300s). Set the number of sub-�les \(e.g.,10).
▲**CRITICAL STEP**: The number of scans, the minimum time interval, and number of sub-�les should
be set based on the progression of the experiment and the protein dynamics. With progression of the H/D
exchange experiment, the minimum time interval between sub-�les will be longer and the spectra can be
recorded with more scans. 34| Start the collection of the spectrum. The spectra are recorded and saved.
35| Set the initial time delay before the next group of sub-�les is acquired. Set the number of scans \(e.g.,
64 or 128). Set the minimum time interval between sub-�les \(e.g., 600s). Set the number of sub-�les \
(e.g., 10). The minimum time interval between sub-�les will be longer and the spectra require more scans
than the last group of spectra. 36| Start the collection of the spectrum. ▲**CRITICAL STEP**: The kinetic
spectra are recorded until the protein is nearly fully deuterated. 37| For the spectrum of the fully
deuterated protein, collect the spectrum of the sample prepared at step 5 in Normal mode. ■**PAUSE
POINT** The data collection can end here. Demount the liquid cell by removing the four machine screws.
Wash the CaF2 window with ethyl alcohol and then with an excess of water. Finally, wipe the windows
gently with lens cleaning paper. **Data analysis**●TIMING3-6h 38| Calculate the IR absorbance spectra.
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After completing all measurements, the software \(BOMEN GRAMS/32) is used to compute the
absorbance spectra. After the computations are done, the results should be saved immediately. 39|
Subtract the reference spectra from the spectra for protein in H2O solution. Subtract the reference spectra
from the protein spectra to remove water contribution using a double subtraction procedure.
▲**CRITICAL STEP**: To determine whether the subtraction of absorption bands due to liquid water and
gaseous water in the atmosphere has been successful, a straight baseline between 2000-1750 cm-1 can
be used as a criterion. 40| Perform the baseline correction as described by Yang et al23. 41| Select the
regions of interest \(1800-1500 cm-1). The regions of interest in this study include amide I and amide II.
The spectral region of 2,000 to 1,300 cm−1 was obtained for protein in H2O. 42| The type of H/D exchange
data acquisition is Kinetic mode and the data is saved as multi�les. A multi�le is simply a �le with more
than one trace \(sub-�le). Multi�les should be split into single �les. Select unti�les→multi�le
utilities→split into singles→New �le name→Enter NEW base name for single �le→sub�le number from
the Application menu. The sub-�les are saved as new single �les ranging from the �rst sub-�le number to
the last sub-�le number. 43| Subtract the reference spectra from the protein spectra to remove the D2O
contribution using the double-subtraction procedure described in step 33. 44| Perform the baseline
correction. 45| Select the regions of interest \(1800-1500 cm-1). 46| For comparison, the amide I band
maximum for protein in H2O is normalized to the amide I band maximum for protein in D2O \(χAI/AI\

(H2O)). ▲**CRITICAL STEP**: After the calculation, the amide I band of the single spectrum should overlap

as shown in **Figure 5a**, especially near 1600 cm-1. ▲**CRITICAL STEP**: Air bubbles or an empty area
in the cell may cause the spectrum to disperse as shown in **Figure 6a**. 47| Average the three spectra
of protein solution in H2O. Compute ω using ω= AII\(H2O)/AI\(H2O), where AII and AI are the absorbance
maxima for the amide II and amide I bands of protein in H2O, respectively. ω has been found to be very
nearly constant for proteins. ▲**CRITICAL STEP**: AI/AII should be in the range of 1.50-1.80. The value
of AI/AII will affect the relative fraction of unexchanged amide proton \(F). As shown in **Figure 7a**, the
AI/AII ratio is 1.03 \(a protein FT-IR absorbance spectrum in H2O) and 1.52 \(another protein FT-IR
absorbance spectrum in H2O). **Figure 7b** shows that the corresponding unexchanged proton \(F)
value does not the same. 48| AII is the absorbance maxima of the amide II bands of protein in D2O. AII∞ is
the amide II absorbance maximum of the fully deuterated protein. The fraction of unexchanged amide
proton, F, is calculated at various time intervals using Eq. \(2). ▲**CRITICAL STEP**: AII∞ must be
obtained from the spectra of the fully deuterated protein. 49| Plot the fraction of unexchanged amide
protons as a function of time. ▲**CRITICAL STEP**: F will approach zero as the H/D exchange
continues. 50| A two-exponential decay model is used to describe the exchange reaction of the remaining
amide protons within the experimental time frame. Fit F versus exchange time plots using Eq. \(3). 51|
Alternatively, the amount of unexchanged amide protons \(F) can be determined by integrating the area
encompassed by the derivative peak. \(i) The second derivative analysis of the amide II band is
performed as described by Yang et al. The second derivative spectra indicate an obvious peak shift from
approximately 1549 to 1545 cm-1 when the exchange time increased. \(ii) Furthermore, the area under the
peak decreased with H/D exchange. The fraction of unexchanged amide proton, F, is expressed as:
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F=AD/AH Where AD and AH are the area encompassed by the second derivative peak of the amide II band
in D2O and H2O, respectively. In most cases, the fraction of unexchanged amide protons in the �rst
spectrum is < 40%. To improve the accuracy and precision in determining the amount of exchange, the
intensity of the amide I band at the initial time points used to normalize the area of the amide II band at
exchange time t=0. ▲**CRITICAL STEP**: The baseline of the peak should be manipulated using the
same method.

Timing
Summary of the procedure for collecting and analyzing H/D exchange data, which can be completed in 2-
3d.

Troubleshooting
Troubleshooting advice can be found in the **Table 2**

Anticipated Results
**Comparing the dynamics of PKA and PKA-cAMP complex** PKA, the major transducer of the second
messenger cAMP in eukaryotic cells, is involved in a myriad of cellular functions, such as metabolism,
cell growth, and differentiation64,65. In the absence of cAMP, the catalytic \(C) subunit of PKA is
sequestered in an inactive state by interacting tightly with the inhibitory regulatory \(R) subunit to form a
tetrameric holoenzyme \(R2C2). The binding of cAMP to the R subunit induces a conformational change
that leads to dissociation of the holoenzyme into its constituent R and C subunits, which play critical
roles in the cellular regulation of PKA66, 67. To explore the intrinsic protein dynamics of PKA in the
presence and absence of cAMP, the H/D exchange rates of PKA and PKA-cAMP complex were monitored
by FT-IR spectroscopy. The results are shown in **Figure 8**, which shows an overlay of the
representative absorption spectra of PKA and PKA-cAMP complex recorded at different exchange times in
D2O. The spectra of PKA in H2O \(black) and fully deuterated PKA in D2O \(black dot) were plotted as
references. The overall FT-IR H/D exchange absorption pro�les of PKA holoenzymes \(**Fig. 8a**) and
PKA-cAMP complex were very similar \(**Fig. 8b**). The H/D exchange rates of PKA and PKA-cAMP
complex were estimated by plotting the fraction of unexchanged amide protons, calculated from amide II
band data using Eq. \(3), as a function of exchange time. The fraction of unexchanged amide protons at
the �rst exchange time point \(1 min) for PKA was ~20% \(**Fig. 9**), suggesting that the majority of the
amide protons exchanged so rapidly that their exchange was completed within the time interval for the
acquisition of the �rst time point. Therefore, only the intermediate and slow exchange protons can be
monitored semi-quantitatively over the time range employed in this study. The overall H/D exchange rate
of PKA-cAMP complex was faster than that of holo-PKA, indicating a more dynamic conformation. This
�nding is not surprising, as the formation of PKA-cAMP complexes involves a large intersubunit interface
that should render a large number of exchangeable amide protons inaccessible to the solvent20.
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**Comparing the dynamics of CaM and CaM-Ca2+ complex** Calmodulin \(CaM) is a ubiquitous Ca2+-
binding protein that plays a key role in numerous Ca2+-dependent cellular signaling pathways68. The
crystal structures of Ca2+-saturated CaM reveal that CaM contains two similar globular domains with two
calcium-binding sites in each69. The cooperative binding of Ca2+ to the two Ca2+-binding domains of
CaM induces large conformational changes that expose the solvent to a signi�cant amount of non-polar
surface area in each domain, resulting in a transition from a “closed” to an “open” domain conformation
in which the exposed hydrophobic pocket serves as a target interaction site24. While much information
exists on the conformational changes of Ca2+-free CaM and Ca2+-saturated CaM, less is known about the
intermediate structures of CaM-nCa2+ \(n=1-3)24. To explore the effect of Ca2+-binding on the intrinsic
structural dynamics and conformational �exibility of CaM, we carried out the H/D exchange experiment
and monitored the amide proton exchange of CaM using FT-IR spectroscopy. **Figure 10** shows an
overlay of the representative absorption spectra of CaM at different molar ratios of Ca2+/CaM recorded at
different H/D exchange times in D2O with spectra of the proteins in H2O plotted as references. While the

CaM in H2O exhibited characteristic amide I and II band maxima at 1656/54 and 1552 cm-1, respectively,

H/D exchange in D2O led to a time-dependent isotopic shift of the amide II band from 1552 to 1458 cm-1.

The overall H/D exchange rates of CaM at different molar ratios of Ca2+/CaM were estimated by plotting
the fraction of unexchanged amide protons, calculated from amide II band data using Eq. \(3), as a
function of time. The results are shown in **Figure 11**. The rate of unexchanged amide protons in CaM
at the �rst exchange time point \(1 min) increased to approximately 4% and 6% when the molar ratio of
Ca2+/CaM was 1 and 2, respectively. However, when the molar ratio of Ca2+/CaM increased to 3 and 4 \
(holo-CaM), a dramatic increase in the rate of unexchanged amide protons at the �rst exchange time
point \(1 min) was measured \(to ~15%), suggesting that the �exibility of CaM was dramatically reduced
and the binding of the third and fourth Ca2+promoted a large loss of solvent accessibility. The overall H/D
exchange rate of CaM shows that a small increase in unexchanged amide protons for CaM binding of the
�rst and second Ca2+ was measured, whereas a dramatic increase was observed after binding of the third
and fourth Ca2+.Therefore, it is conceivable to hypothesize that the calcium-induced conformational
transition occurs in two steps. The �rst transition is supposed to be complete after the second Ca2+ binds
to CaM with a small gain in solvent accessibility. The second transition is completed when the addition of
the fourth calcium accompanies CaM folding to a tighter, less exchangeable structure. **Comparing the
dynamics of WT CRP and CRP mutants** Catabolite gene activator protein \(CAP), also referred as cAMP
receptor protein \(CRP), regulates the transcription of over 100 genes in E. coli70-75. CRP is a dimeric
protein composed of two chemically identical subunits. Each subunit contains a larger N-terminal
domain, which contains the characteristic cAMP binding structure, and a smaller C-terminal domain,
which binds to DNA through a helix-turn-helix motif. The two functional domains are connected by a
hinge region \(residues 135-138)70-75. CRP undergoes a subtle allosteric conformational change upon
binding of cAMP that enables the protein to recognize speci�c DNA sequences and interact with RNA
polymerase \(RNAP)76-78. Some CRP mutants can recognize speci�c DNA sequences without cAMP
binding79 . To explore and compare the protein dynamics of WT-CRP and some Asp-138 mutants, the H/D
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exchange rates of these mutants were monitored by FT-IR spectroscopy. **Figure 12** shows an overlay
of the representative absorption spectra of different CRP mutant recorded at 1, 3, 5, 10, 30, 60, 120, and
180 min in D2O with the spectra of the proteins in H2O plotted as references. The overall H/D exchange
rates were estimated by plotting the fraction of unexchanged amide protons as a function of exchange
time \(**Fig. 13**). The data reveal that the dynamics of Asp-138 mutants can be grossly divided into
three classes: D138L is the most dynamic mutant, followed by the group consisting of WT and D138K
mutants. In contrast, D138A constitutes the class of the most rigid mutants80. These results clearly
indicate that the hinge region \(residues 135-138) of CRP plays a key role in allosteric signal
transmission.
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Figures

Figure 1

Figure1 Schematic illustration of H/D exchange in protein. Labile hydrogens, rendered here as black balls,
can become deuterated when a protein is placed in a D2O solution. Other hydrogens that exchange too
slowly or too quickly to be measured are not shown.
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Figure 2

Figure2 Schematic representation of the H/D exchange procedure.

Figure 3

Figure3 Schematic overview of the full protocol.
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Figure 4

Figure4 Photographs of the CaF2 liquid cell. (a) A well-assembled demountable transmission cell
comprising a rectangular cell and (b) a well-assembled Biocell formed from rounded plates.
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Figure 5

Figure5 H/D exchange of PKA (a) H/D exchange of PKA as monitored by FT-IR spectroscopy. (b) Fraction
of unexchanged amide protons as a function of exposure time calculated using Eq.(2). The line
represents the best �t of the data sets using the two-exponential function in Eq.(3).



Page 22/29

Figure 6

Figure6 The low-quality spectrum (a) An air bubble or empty area in the cell results in dispersion of the
spectrum. (b) Fraction of unexchanged amide protons as a function of exposure time in D2O with an air
bubble or empty area in the cell.
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Figure 7

Figure7 a protein FT-IR absorbance spectrum in H2O (a) The AI/AII ratio is 1.03 (a protein FT-IR
absorbance spectrum in H2O) and 1.52 (another protein FT-IR absorbance spectrum in H2O). (b) The
corresponding unexchanged proton value (F) will be different with the same trend.
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Figure 8

Figure8 H/D exchange of PKA without cAMP (A) and with 200 μL cAMP (B) as monitored by FT-IR
spectroscopy.
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Figure 9

Figure9 H/D exchange of PKA Fraction of unexchanged PKA amide protons as a function of exposure
time in D2O.



Page 26/29

Figure 10

Figure10 H/D exchange of CaM H/D exchange of CaM as monitored by FT-IR spectroscopy. The primary
FT-IR spectra of CaM in the presence of 1 Ca^2+, 2 Ca^2+, 3 Ca^2+, and 4 Ca^2+ as a function of time at
room temperature. Spectra of the protein in H2O were included for comparison.
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Figure 11

Figure11 H/D exchange of CaM The H/D exchange rate of CaM amide protons in the presence of
different concentrations of Ca^2+. The H/D exchange rate of Apo-CaM was almost the same as that of
1Ca-CaM (data not shown).
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Figure 12

Figure12 H/D exchange of WT CRP H/D exchange of WT CRP, D138L-CRP, D138K-CRP, and D138K-CRP
as monitored by FT-IR spectroscopy.

Figure 13

Figure13 H/D exchange of WT CRP Fraction of unexchanged CRP amide protons as a function of
exposure time in D2O. The symbols and identities of CRP are: D138A (red triangle), D138K (dark yellow
circle), WT (black square), D138L (dark green triangle) in TEK100 buffer.
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Figure 14

Table1 Characteristic infrared bands of peptide linkage
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