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ABSTRACT This study explores the mechanical unfolding of elastic protein analogues as a
function of temperature, in both H2O and D2O, using atomic force microscopy (AFM) force spectro-
scopy in a specially constructed AFM liquid cell. This represents the first time that the effect of
D2O on protein flexibility has been investigated at the single molecule level by this technique.
Model elastic peptides, R6, were encoded from synthetic genes expressed in Escherichia coli. The
peptides possess short N- and C-terminal domains with central repetitive domains containing 13
repeats of the motif PGQGQQ-plus-GYYPTSLQQ. These sequences mimic those in native high mo-
lecular weight subunit glutenin proteins which confer elasticity to bread dough. Fitting single mol-
ecule stretching events to the worm-like chain model, allows determination of the molecular per-
sistence length under various experimental conditions. The effect of increasing the temperature is
to increase the persistence length of the peptide in both H2O and D2O, consistent with the expected
‘‘thermal softening’’ effect. However, the effect is significantly enhanced in D2O, in which the persist-
ence length at 458C is�25% greater than the value measured in H2O at the same temperature. Stron-
ger intrapeptide H-bonding due to isotopic substitution of hydrogen for deuterium is the most likely
cause of the enhanced backbone rigidity.Microsc. Res. Tech. 74:170–176, 2011. VVC 2010 Wiley-Liss, Inc.

INTRODUCTION

The stretching of single molecules, or force spectros-
copy, by atomic force microscopy (AFM) methods is a
powerful tool for the study of inter- and intramolecular
interactions involving biomolecules. Examples of its
use include the measurement of ligand-receptor
unbinding forces (Moy et al., 1994), the direct measure-
ment of forces between complementary DNA strands
(Lee et al., 1994), and the mechanical unfolding of pro-
teins (Rief et al., 1997).

In protein unfolding experiments, one end of a pro-
tein molecule is tethered to a solid substrate and the
other end is bound to the tip of an AFM cantilever. The
deflection of the cantilever is monitored as a function of
the tip-substrate separation from which a force-dis-
tance curve for the molecule can be derived. All of this
is ideally performed in a physiological buffer solution.
The characteristic force-distance curves can be fitted
with force-extension models such as the freely jointed
or worm-like chain (WLC) in order to extract values for
molecular parameters such as persistence length (e.g.,
Bouchiat et al., 1999; Bustamante et al., 1994). Forbes
et al. (2005) have used these methods to find changes
in the persistence length of the PEVK (Proline (P), Glu-
tamic acid (E), Valine (V) and Lysine (K)) segment of
the protein titin with variations in the ionic strength of
the solvent.

Recently, reliable methods have been developed for the
accurate control of the temperature of liquid samples
within the AFM set-up, enabling experiments at physio-
logical relevant temperatures and facilitating tempera-
ture dependence studies of the physiological function of

biomolecules (Janovjak et al., 2003; Law et al., 2003;
Schlierf and Rief, 2005; Taniguchi et al., 2008). These
studies have shown a reduction in the force required for
the unfolding of proteins as the temperature is increased,
i.e., thermal softening of the protein structure.

Isotopic substitution of hydrogen by deuterium in
the solvation shell has been demonstrated to be a stabi-
lizing factor for polyproline II (PPII) helical structures
in proteins (Chelgren and Creamer, 2004) and to cause
a significant increase in the rigidity of protein struc-
tures (Cioni and Strambini, 2002). This may be because
the D-bond is intrinsically stronger than the H-bond
(Nemethy and Sheraga, 1964; Scheiner and Cuma,
1996) or be due to a solvent ordering effect (Markus and
Ben-Naim, 1985). Cioni and Strambini (2002) found
that, with increasing temperature, protein structures
stiffened to a greater degree when dissolved in D2O
compared with H2O. The reason for this was attributed
to the hydrophobic nature of the interaction, as sug-
gested by Parker and Clarke (1997). The free-energy
gain of burying nonpolar amino acid residues is greater
if the cohesive property of the bulk solvent is large.

Understanding the effects of D2O on protein struc-
tures is of significant relevance to biophysical studies
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involving spectroscopic techniques including NMR and
Raman, which routinely solvate samples with D2O.
Single molecule AFM force spectroscopy has been used
recently to study the effect of solvent hydrogen bonds
on the folding/unfolding of the I27 module of titin
(Dougan et al., 2008). Replacing H2O with D2O as the
solvent had the general effect of stabilizing the protein
structure, and lead to speculation that a rapid hydro-
gen-deuterium exchange had occurred in important
regions of the molecule, strengthening the hydrogen
bonds there. Dougan et al. also found D2O was a worse
solvent for I27 than H2O, in interesting contrast with
previous experiments (e.g., Markus and Ben-Naim,
1985). However, the interpretation of unfolding data
from titin is complicated due to an unfolding intermedi-
ate in the protein. This results in a hump in the force-
extension curves, which means they deviate from
entropic elastic behavior.

In this study, we aim to further enhance our under-
standing of the effects of isotopic substitution of hydro-
gen by deuterium on the stability of protein structures.
We perform single molecule force spectroscopy experi-
ments on a model monomeric single domain repetitive
elastic peptide in H2O and D2O based buffer solutions.
D2O based solutions are left for sufficient time before
experimentation to allow full isotopic substitution to
take place. Experiments are conducted at controlled
temperatures of 88C\T\458C allowing us to examine
the combined effect of temperature and solvent on the
elasticity of the peptide by determining the molecular
persistence length in each case using the WLC model.

MATERIALS AND METHODS

The synthetic peptide used in this study is known as
R6 and was encoded from synthetic genes expressed in
Escherichia coli, as described (Feeney et al., 2003). It
has short N and C terminal domains with central re-
petitive domains containing 13 repeats of the motif
PGQGQQ 1 GYYPTSLQQ. The repetitive domain is
based on the repeat sequences found in the native high
molecular weight (HMW) glutenin subunits of wheat,

which are the proteins largely responsible for the elas-
tic properties of wheat dough (Shewry and Tatham,
1990). In solution, the HMW subunits, and hence the
R6 peptide molecule, are expected to adopt a ‘‘b-spiral’’
secondary structure based on an equilibrium of
b-reverse turns and poly-L-proline II-type structure
(McIntire et al., 2005; Miles et al., 1991; Parchment et al.,
2001).

In the R6 peptide, the sixth glutamine residue of the
first repeat sequence and the last glutamine residue of
the final repeat sequence have been replaced by cyste-
ine residues. The cysteine residues provide well located
and convenient binding sites for a gold-coated AFM
probe. The well-defined chemistry, monodisperse mo-
lecular weight, and convenient placement of binding
sites at either end of the molecule make this a model
peptide for study using AFM force spectroscopy.

A schematic showing how the peptides were tethered
and stretched in the AFM is provided in Figure 1. Ultra-
flat ‘‘template-stripped’’ gold (TSG) surfaces were pre-
pared as described by Hegner et al. (1993). The TSG
surfaces were treated with a 1 mM solution of dithiobis(-
succinimidylundecanoate) (DSU) in 1,4-dioxane for �10
min, which is sufficient time for a DSU self-assembled
monolayer to form on the TSG surface (Wagner et al.,
1996). The DSU molecule forms a covalent thiol bond
with the gold surface and leaves a succinimide group
exposed. The succinimide group has a preferential affin-
ity to covalently bind with primary amine groups.

The R6 peptide was dissolved to a concentration of
0.1 mg mL21 in a solution of 20 mM sodium hydrogen
carbonate (NaHCO3) and 1 mM dithiothreitol (DTT) in
either H2O or D2O. The DTT was present in the solu-
tion to prevent the formation of disulphide bonds
between cysteine resides and maintain the peptide
molecules as monomeric entities. The D2O based pep-
tide solutions were left for several days prior to experi-
mentation to allow isotopic substitution to take place
(Milne et al., 1998). Quantities of the solvents
(NaHCO3 in either H2O or D2O) were also prepared
without DTT.

Fig. 1. Schematic of the experimental approach used to tether the R6 peptide and stretch it with the
AFM. After Wagner et al. (1996). [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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The DSU monolayer was first exposed for 10 min to a
solution of R6 in the DTT containing solvent to allow
the DSU succinimide groups to bind with primary
amine groups of the peptide, while the peptides
remained in a monomeric state. After this, the sub-
strates were washed with excess quantities of the sol-
vent without the DTT present. This was to remove the
DTT so that thiol bonds could be formed between the
cysteine residues of the peptides and the gold coated
AFM probes.

Silicon nitride AFM probes of nominal spring con-
stant �0.06 Nm21 were first coated with �1 nm of
chromium followed by �10 nm of gold by evaporation.
Cantilever spring constants were calibrated using the
reference cantilever method (Torii et al., 1996). Experi-
ments were conducted over a z-range of 200 nm at a
rate of 0.2 Hz, i.e., at a speed of 80 nms21, in all cases.
Control experiments were carried out using coated and
uncoated probes on TSG and DSU surfaces.

Room temperature experiments were performed in
solution in the standard proprietary liquid cell of a Dig-
ital Instruments Multimode AFM. Experiments at con-

trolled temperatures were performed using the modi-
fied liquid cell system illustrated schematically in
Figure 2. A channel was carefully cut into a standard
Multimode liquid cell which, with entry and exit
points at the front of the cell, connected to the exist-
ing groove for the silicon rubber O-ring. This allowed
a silicon rubber tube to be inserted from the front of
the cell, around the cantilever holder, and back out of
the front of the cell. Hot or cold water was circulated
though the silicon rubber tube using a Cole-Parmer
peristaltic pump in order to raise or lower the temper-
ature of the imaging liquid. The temperature of the
imaging liquid was measured using a bead thermistor
placed close to the AFM cantilever. Careful control of
the temperature of the circulating water and the
speed of the peristaltic pump allowed the imaging liq-
uid temperature to be kept stable to within 6 0.58C. A
pulse dampener was included between the peristaltic
pump and AFM to eliminate vibrations being trans-
mitted to the AFM via the tubing. The same tempera-
ture control system has also been successfully used to
study the effect of temperature on the dissolution of

Fig. 2. a: A modified liquid cell to enable heating/cooling of liquid samples; (b) Schematic of the
heating/cooling mechanism. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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phyllosilicate minerals by real time AFM imaging
(McMaster et al., 2008).

Data obtained with the AFM were corrected to obtain
plots of force as a function of peptide extension. The point
of zero extension was taken as the point of hard contact
between the cantilever tip and the substrate and the sen-
sitivity of the AFM’s photodiode detection system to the
bending cantilever was determined from the region of
constant gradient on the approach curve after contact.
Force values were calculated from the measured cantile-
ver deflection and force constant and using Hooke’s law.

Values for the persistence length of the molecule
were extracted by fitting the corrected experimental
data with the WLC force-extension model (Bustamante
et al., 1994):

F ¼ kBT

p
� 1

4ð1� x=LcÞ �
1

4
þ x

Lc

� �
ð1Þ

where F is the applied force, x is the extension of the
molecule, p is the persistence length, Lc is the contour
length and kB and T are the Boltzmann constant and
temperature.

A nonlinear regression routine was used to find the
best fit to the experimental data and return values for
p and Lc.

RESULTS AND DISCUSSION

Figure 3 shows typical examples of force-distance
curves obtained for the R6 molecule in the H2O and
D2O based solvents at various temperatures. The data
is well represented by the WLC model [Eq. (1), solid
lines] in all cases. The force initially increases slowly
with extension as the molecule unfolds and then begins
to asymptote as bonds become stretched. The experi-
mental force curve ends when the force becomes great
enough to rupture a bond and the link between the
AFM probe and the substrate is broken.

The range of forces found at the point of maximum
extension, i.e., bond rupture, is generally between 0.5
and 1.5 nN, consistent with the force required to break
a covalent bond (Grandbois et al., 1999). The smooth
and continuous nature of the curves up until the rup-
ture points indicates continuous extension of the pep-
tide chains and indicates that no conformational tran-
sitions occur during the stretching process.

The maximum stretch lengths achieved are of �70 to
80 nm, similar to the expected contour length of the R6
molecule, which is estimated at �77 nm based on 3.8 Å
per amino acid residue. Ruptures occurring at shorter
stretches than this are likely to be due to binding of the
peptide to the DSU layer via amide groups associated
with glutamine residues, as opposed to the N-terminal

Fig. 3. Examples of force curves obtained with R6 (a) NaHCO3 in H2O at 88C, (b) NaHCO3 in H2O at
258C, (c) NaHCO3 in D2O at 258C, (d) NaHCO3 in D2O at 458C. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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group. Although the exposed succinimide group of the
DSU monolayer has the highest reactivity towards pri-
mary amine groups (Wagner et al., 1996), there is also
some reactivity with amide groups. In the R6 molecule,
there are 66 amide groups on the glutamine residues
and only one primary amine (the N-terminus), so there
is a high chance that some molecules could have been
tethered in this way. Such tethering is not expected to
affect the determination of persistence length, how-
ever, due to the highly regular and repetitive nature of
the peptide. Indeed, we find no correlation between
contour length and persistence length in our data.

Figure 4 shows histograms of the persistence length
for R6 in a 20 mM solution of NaHCO3 in H2O at the
temperatures indicated. The solid lines show normal
distributions determined from the means and standard
deviations of the data sets. Here, we see a slight
increase in the persistence length with increasing tem-
perature. Incremental increases in the temperature
cause increases in the persistence length of fairly low
statistical significance (t-tests give 60% significance for
the increase from 88C to 258C and 95% significance for
the increase from 25 to 458C). However, there is a total
increase in persistence length of �17% between 8 and
458C, which is significant to [99% confidence. This
increase in persistence length indicates a significant
stiffening of the molecular backbone, or a significant
reduction in flexibility. Associated with this would be
an expansion or unfolding of the molecule, which could
be expected from thermodynamic considerations as the
solvent quality should be significantly improved at the
elevated temperature. This is also consistent with the
findings of previous authors that lower forces are
required to extend biological molecules at higher tem-
peratures (Janovjak et al., 2003; Law et al., 2003;
Schlierf and Rief, 2005; Taniguchi et al., 2008).

Similar histograms for the persistence lengths found
for R6 in the D2O based solvent are displayed in Figure
5. In this case, there is a very marked increase in per-
sistence length on each increment in temperature. In
fact, t-tests show [99% confidence in the increase in

the mean persistence length at each temperature
increase. The total increase in persistence length
between 8 and 458C is � 40%.

The mean value of the persistence length is plotted
as a function of temperature for R6 in both the H2O
and D2O based solvents in Figure 6. The error bars rep-
resent 6 2 standard errors in the mean, i.e., a 98% con-
fidence interval either side of the data point. The differ-
ence in persistence lengths found in H2O and D2O at
88C are statistically insignificant. However, at 258C the
difference is significant to [98% confidence. At 458C,
the difference is significant to [99% confidence. The
persistence length increases with temperature in both
the H2O and D2O based solvents; however, the increase
is much more rapid with temperature in the D2O solu-
tion. The gradient of the linear fit to the D2O data
points is roughly double that of the fit to the H2O data
points. At 458C the persistence length in D2O is �25%
greater than in H2O.

Hence, the present results seem to show that the
peptide molecule expands and thermally softens to a
significantly greater degree when solvated in D2O com-
pared with in H2O. This is in contrast to the results of
Dougan et al. (2008) for the effect of D2O on the stabil-
ity of the I27 module of titin, who found a greater force
was required to unfold the protein in D2O than in H2O
at ambient temperature. Dougan et al. explain this as
being due to an enhancement of the hydrophobic effect
in D2O.

Cioni and Strambini (2002) found a general trend of
structure expansion of various proteins with tempera-
ture in both H2O and D2O. However, in general at a
given temperature, the secondary structure was rela-
tively more tightly folded when proteins were solvated
in D2O compared with H2O, consistent with the find-
ings of Dougan et al. for I27. This tighter folding of the
protein would imply a lower persistence length in D2O;
an effect that was generally amplified at higher tem-
peratures in the work of Cioni and Strambini. This
appears contrary to the currently presented results,
however, not all the proteins studied by Cioni and

Fig. 4. Persistence length distributions for R6 in an H2O based solvent at the temperatures indicated.
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Strambini followed this general trend. Some of the pro-
teins (e.g., superoxide dismutase (SOD) and Cd-azurin
(CdAz)) showed no relative changes with temperature
(i.e., the structure expansion with temperature was
essentially the same in both H2O and D2O). The pro-
tein dimeric alcohol dehydrogenase (LADH) actually
showed the opposite trend, with a greater degree of
expansion with increasing temperature when solvated
in D2O than in H2O (as observed with the R6 peptide).

Parker and Clarke (1997) suggest the hydrophobic
interaction is the dominant mechanism in the enhance-
ment of protein structure stability, due to the increased
strength of the solvent–solvent hydrogen bond in D2O.
This enhances solvent–solvent interactions at the
expense of solvent–solute interactions, leading to a
greater energetic favorability of burying hydrophobic
residues and therefore leading to tighter protein fold-
ing. However, the R6 molecule is largely hydrophilic
with very few nonpolar amino acid residues. It is possi-
ble that in this case the dominant effect of D2O is to

increase the backbone persistence length due to the
increased strength of backbone hydrogen bonding
because of isotopic substitution of hydrogen by deute-
rium (Scheiner and Cuma, 1996). Extra rigidity may
also be conferred to the peptide structure by stronger
hydrogen bonding between backbone amides and am-
ide side chains of glutamine residues, or by stronger
hydrogen bonding between amide side chains.

In summary, single molecule AFM force spectroscopy
has revealed statistically significant differences for the
persistence length of the elastic peptide R6 solvated in
either H2O or D2O. Although at low temperature there
is little difference in the peptide structure in either sol-
vent, with increasing temperature the persistence
length increases more rapidly in D2O than it does in
H2O. In the case of R6, this difference is most likely to
be caused by a stiffening of the peptide backbone due
to the increase in strength of backbone hydrogen bonds
due to isotopic substitution of hydrogen by deuterium.
These results may be of great importance to research-
ers studying peptide or protein conformations using
spectroscopy techniques in which samples are solvated
by D2O.
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