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Deuterium isotope effect on solvation dynamics
in lysozyme and lysozyme–CTAB aggregate: a
femtosecond study
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The origin of ultraslow component of solvation observed in an aqueous protein solution is studied by femtosecond up-conversion. It has been observed that
solvation dynamics in hen egg lysozyme and lysozyme–cetyltrimethylammonium bromide (CTAB)
aggregate exhibits a nearly twofold slowing down
when the solvent H2O is replaced by D2O. The deuterium isotope effect suggests that water is the main
polar species responsible for the observed ultrafast
solvation dynamics in the aqueous protein solution.
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Introduction
THE ultraslow component of solvation dynamics of water
molecule around a protein has recently received a lot of
attention1,2. There is an ongoing debate about whether the
ultraslow dielectric response arises from the quasi-bound
water molecules or the polar residues of the protein. The
interaction of quasi-bounded water molecules with the
polypeptide chain plays a key role in the structure and
biological function of a protein3–5. Several recent computer simulations have revealed the presence of quasibound water molecules (‘biological water’) with markedly reduced mobility around a protein5–10. Bagchi and
co-workers carried out an atomistic simulation on solvation dynamics in a 36-residue globular protein HP-36
(ref. 5). They found that the water molecules near the
protein are slower than the bulk, and also found significant dependence on the secondary structure (water near
helix-2 is faster than that near the other two helices). In
the case of lysozyme, Bagchi and co-workers detected a
large number of water molecules with quasi-stable hydrogen bonds which remain intact for a longer period
than those in bulk water5. Pizzitutti et al.7 showed that the
stability and dynamics of the water network surrounding
a protein are strongly influenced by the electrostatic
interaction. Li et al.8 examined the effect of protein fluctuation and water dynamics separately by freezing the
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motion of the protein and water in their simulation.
Though many simulations predict slow water molecules
near a protein5–9 and DNA10, several recent simulations
have predicted the important role of polar residues11–13.
For instance, Nilsson and Halle12 have reported that the
long decay time (>1 ps) observed by dynamic Stokes shift
(DSS) method is due to protein conformational dynamics
rather than protein hydration dynamics.
In the present work, we examine the role of water in
slow solvation dynamics of a protein by studying deuterium isotope effect. Our argument is that if water is the
main species causing solvation there would be marked
deuterium isotope effect, i.e. slowing down of solvation
dynamics when H2O is replaced by D2O. The deuterium
isotope effect (i.e. slowing down) has been observed
earlier for solvation dynamics in bulk water14 and other
systems15–17, and on dielectric relaxation18. Recently, we
have observed such deuterium isotope effect for solvation
dynamics in methyl-β-cyclodextrins19, which was also
examined theoretically20.
In this study, we focus on deuterium isotope effect on a
protein (lysozyme) and protein surfactant (lysozyme–
cetyltrimethylammonium bromide (CTAB)) aggregate.
Lysozyme is a globular protein containing 129 amino acids
and four disulphide bridges. It has a net positive charge
of +8 in an aqueous solution21 of pH 6.5. The binding of a
positively charged protein to cationic surfactants results
in modification of the surface charge and consequently
structure, biological activity and aggregation properties
of the protein. The binding of the oppositely charged protein and surfactant is governed by electrostatic attraction
and also by hydrophobic interaction. There are many
experimental studies of protein–surfactant and polymer–
surfactant complexes using CD-spectra22, NMR23, and
SANS24 techniques. A recent experiment has shown that
the positively charged lysozyme may also bind to the
cationic surfactant CTAB because hydrophobic interaction dominates over electrostatic repulsion25. Previously, our group reported on solvation dynamics25 and
proton transfer in the lysozyme–CTAB complex26.
Substitution of H2O with D2O leads to increase in the
transition temperature and decrease in the enthalpy of
unfolding of a protein27. The effect of heavy water (D2O)
on protein flexibility has been studied extensively by
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both intrinsic phosphorescence lifetime and phosphorescence quenching method28. It has been demonstrated that
D2O causes significant increase in rigidity (structure
tightening) of the native protein structure for several
proteins (ribonuclease T1, superoxide dismutase, βlactoglobulin, etc.28).

Experimental section
Laser-grade coumarin 153 (C153, Exciton; Scheme 1 a)
was used as received. Hen egg lysozyme was purchased
from Fluka, whereas D2O and CTAB were purchased
from Sigma Aldrich. These samples were used without
further purification.
The steady-state absorption and emission spectra were
recorded in a Shimadzu UV-2401 spectrophotometer and
a Spex FluoroMax-3 spectrofluorimeter respectively.
The femtosecond up-conversion set-up (FOG 100,
CDP) has been described in our earlier works29. A crosscorrelation function obtained using the Raman scattering
from ethanol displayed a full width at half maximum
(FWHM) of 350 fs. The femtosecond fluorescence decays
were fitted using a Gaussian shape for the exciting pulse.

To fit the femtosecond data one needs to know the long
decay components. They were detected from a picosecond
set-up. For this purpose, the samples were excited at
405 nm using picosecond diode lasers (IBH nanoleds) in
an IBH Fluorocube apparatus. The emission was collected at a magic angle polarization using a Hamamatsu
MCP photomultiplier (5000U-09). The time-correlated
single photon counting set-up consists of an Ortec 9327
CFD and a Tennelec TC 863 TAC. The data were collected
with a DAQ-1 card as a multi-channel analyser. The typical FWHM of the system response using a liquid scatterer
is about 90 ps. The picosecond fluorescence decays were
de-convoluted using IBH DAS6 software. All experiments were done at room temperature (298 K).
In order to fit the femtosecond transient, we first determined the long picosecond components by de-convolution of the picosecond decays. Then the long picosecond
components were kept fixed to fit the femtosecond data.
Fluorescence anisotropy decay was studied using the
analyser which was rotated at regular intervals to get perpendicular (I⊥) and parallel (I||) components. Then the
anisotropy function, r(t) was calculated using the formula
r (t ) =

I|| (t ) − GI ⊥ (t )
I|| (t ) + 2GI ⊥ (t )

.

(1)

The G value (correction factor arising from the anisotropic response of the instrument) of the picosecond
set-up was determined using a probe whose rotational
relaxation is fast, e.g. coumarin 480 in methanol; the G
value was found to be 1.5.
The time-resolved emission spectra (TRES) were constructed using the parameters of best fit to the fluorescence decays and the steady-state emission spectrum
following the procedure described by Maroncelli and
Fleming30. The solvation dynamics is described by the
decay of the solvent correlation function C(t), defined as,
C (t ) =

ν (t ) − ν ( ∞ )
,
ν (0) − ν (∞)

(2)

where ν (0), ν (t) and ν (∞) are the emission maxima (frequencies) at time 0, t and ∞ respectively. Note, a portion
of solvation dynamics is missed even in our femtosecond
set-up of time resolution 350 fs. The amount of solvation
missed was calculated using the Fee–Maroncelli procedure30. The emission frequency at time zero, ν pem(0),
may be calculated using the absorption frequency (ν pabs)
in a polar medium as,
np
ν pem(0) = ν pabs – (ν np
abs – ν em),

Scheme 1. Structure of (a) coumarin 153 (C153) and (b) hen egg
lysozyme in D2O.
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(3)

np
where ν em
and ν np
abs denote the steady-state frequencies of
emission and absorption respectively, of the probe (C153)
in a nonpolar solvent (i.e. cyclohexane).
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Results
Steady-state absorption and emission spectra
For both lysozyme and the lysozyme–CTAB complex, the
absorption and emission maxima of C153 do not change
when H2O is replaced by D2O. For both the systems the
emission intensity (and hence quantum yield) of C153 in
D2O increases (Figure 1). This is attributed to the slowing
down of non-radiative decay rate in D2O (ref. 20).

Time-resolved studies
Deuterium isotope effect on solvation dynamics in 4 wt%
lysozyme: In order to study the deuterium isotope effect,
solvation dynamics of C153 in 4 wt% lysozyme were
studied using femtosecond set-up both in H2O and D2O.
Figure 2 a gives a comparison of femtosecond transients
in 4 wt% lysozyme at λex = 405 nm and λem = 490 nm in
H2O and D2O respectively. TRES were constructed using
the method of Maroncelli and Fleming30 with the best fit
of the fluorescence decays and steady-state emission
spectrum. TRES of C153 in 4 wt% lysozyme in D2O
(Figure 3) show a time-dependent Stokes shift. The decay
parameters of solvation correlation function C(t) for both

H2O and D2O (Figure 4 b) are shown in Table 1. The
decay of C(t) for C153 bound to 4 wt% lysozyme is
bi-exponential with time components 2 ps (29%) and
150 ps (49%) in water. The average solvation time 〈τs〉 is
74 ps in the presence of water. In the presence of D2O,
the time components are found to be 3 ps and 416 ps with
an average solvation time of 138 ps, which is ~2 times
slower compared to that in the presence of water.
Deuterium isotope effect on solvation dynamics in 10 mM
CTAB: In the presence of 10 mM CTAB, C153 exhibits
a decay at the blue end and growth at the red end, which
is a clear signature of solvation dynamics. Figure 4 a shows
the decay of C(t) both in H2O and D2O in 10 mM CTAB.
From the figure it is clear that there is a marked deuterium isotope effect on solvation dynamics of C153 in
10 mM CTAB. The decay of C(t) for C153 bound to
10 mM CTAB in water shows a tri-exponential fit having
time components 3 ps (18%), 80 ps (12%) and 400 ps
(55%), with an average solvation time 〈τs〉 = 230 ps
(Table 1). In the presence of D2O, the average solvation
time was found to be ~1.7 times slower, i.e. 390 ps,
having time components 3 ps (14%), 150 ps (15%) and
524 ps (70%). The total Stokes shift was observed to be
753 cm–1 and 944 cm–1 in H2O and D2O respectively.

Figure 1. Steady-state emission spectra of C153 in (a) 0.8 mM CTAB + 0.5 wt% lysozyme; (b) 10 mM CTAB +
4 wt% lysozyme; (c) 10 mM CTAB, and (d) 4 wt% lysozyme in both D2O (red) and H2O (blue).
CURRENT SCIENCE, VOL. 101, NO. 7, 10 OCTOBER 2011
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Table 1.

Decay parameters of the solvent correlation function (C(t)) of coumarin 153 (C153) in lysozyme and lysozyme–cetyltrimethylammonium bromide (CTAB) complexes at λex = 405 nm

System

Solvent

Δνobsa [ν0(exptl)] (cm–1)

τib(ai) (ps)

〈 τs〉 (ps)

10 mM CTAB

D2O
H2O

944 (19,416)
753 (19,283)

3 (14%), 150 (15%), 524 (70%)
≤0.3 (15%)c, 3 (18%), 80 (12%), 400 (55%)

390
230

4 wt% Lysozyme

D2 O
H2O

671 (19,092)
1,059 (19,215)

≤0.3 (34%)c, 3 (33%), 416 (33%)
≤0.3 (22%)c, 2 (29%), 150 (49%)

138
74

0.8 mM CTAB + 0.5 wt%
lysozyme

D2O
H2O

791 (19,335)
665 (19,227)

≤0.3 (19%)c, 2(19%), 75 (16%), 400 (46%)
≤0.3 (37%)c, 2 (31%), 50 (2%), 300 (30%)

195
107

10 mM CTAB + 4 wt%
lysozyme

D2O
H2O

1,020 (19,486)
700 (19,242)

≤0.3 (8%)c, 4 (9%), 280 (33%), 1200 (50%)
≤0.3 (32%)c, 4(18%), 250 (10%), 1000 (40%)

692
425

a

±100 cm–1; b±10%; cCalculated using Fee–Maroncelli method30.

Figure 3. Time-resolved emission spectra of C153 in 4 wt% lysozyme in D2O at 0 ps (black), 3 ps (red), 175 ps (green) and 2000 ps
(blue).

Figure 2. Femtosecond transients of coumarin 153 (C153) in (a)
4 wt% lysozyme; (b) 0.8 mM cetyltrimethylammonium bromide (CTAB) +
0.5 wt% lysozyme and (c) 10 mM CTAB + 4 wt% lysozyme in both
D2O (red) and H2O (green) at λex = 405 nm and λ em = 490 nm.
864

Deuterium isotope effect on solvation dynamics of lysozyme and CTAB aggregate: In this section we will study
the effect of D2O on solvation of C153 in lysozyme–CTAB
aggregate. The critical aggregation concentration (CAC)
of CTAB for the lysozyme–CTAB aggregate is 0.6 mM
and critical micellar concentration (CMC) is 1 mM. We
have studied the solvation dynamics at two concentrations
of CTAB, one above CAC (0.8 mM CTAB and 0.5 wt%
lysozyme) and the other above CMC of CTAB (10 mM
CTAB and 4 wt% lysozyme). Figure 5 shows the picosecond transients at λex = 405 nm and λem = 610 nm for
both the lysozyme–CTAB aggregates in the presence of
both water and D2O. Figure 6 gives a comparison of picosecond decay at λex = 405 nm and λem = 610 nm between
4 wt% lysozyme and the two different types of lysozyme–CTAB aggregates. Figure 2 b and c shows the effect of D2O on the femtosecond decay at λem = 490 nm
for both the lysozyme–CTAB aggregates.
Figure 7 a shows the decay of C(t) in 0.5 wt% lysozyme with 0.8 mM CTAB both in H2O and D2O. It can be
observed that the average solvation time 〈τs〉 is ~1.8 times
slower in the presence of D2O than in the presence of
CURRENT SCIENCE, VOL. 101, NO. 7, 10 OCTOBER 2011

CHEMISTRY – STRUCTURE, SYNTHESIS AND DYNAMICS

Figure 4. Decay of the solvent correlation function C(t) of C153 in (a) 10 mM CTAB and (b) 4 wt% lysozyme in both D2O (○, red) and H2O
(○, blue). The points denote the actual values of C(t) and the solid lines (black) denote the best fit. (Inset) Initial points of the decay.

Figure 5. Picosecond transients of C153 in (a) 10 mM CTAB + 4 wt% lysozyme, and (b) 0.8 mM CTAB and 0.5 wt% lysozyme in both H2O
(green) and D2O (red) at λex = 405 nm and λem = 610 nm.

H2O (Table 1). It is interesting to note that in the higher
concentration lysozyme–CTAB aggregate (10 mM CTAB
with 4 wt% lysozyme), the average solvation time 〈τs〉 is
425 ps, which is ~4 times slower than that in lower concentration aggregate in the presence of water, and also it
is ~6 times slower than that of 4 wt% lysozyme in water. In
the presence of D2O, the average solvation time 〈τs〉 is
~1.6 times slower in the higher concentration lysozyme–
CTAB aggregate. Figure 7 b gives a comparison of C(t)
for the higher concentration lysozyme–CTAB aggregate
in the presence of H2O and D2O.

Figure 6. Comparison of picosecond transients of C153 in (a) 4 wt%
lysozyme (black), (b) 0.8 mM CTAB + 0.5 wt% lysozyme (green) and
(c) 10 mM CTAB + 4 wt% lysozyme (red) in H2O with their fitted lines
(black).
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Fluorescence anisotropy decay of C153 in lysozyme
and lysozyme–CTAB complexes
Figures 8 and 9 a show the anisotropy decay of C153
in the lysozyme–CTAB complexes and 10 mM CTAB
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Figure 7. Decay of C(t), of C153 in (a) 0.8 mM CTAB + 0.5 wt% lysozyme and (b) 10 mM CTAB + 4 wt% lysozyme in both D2O (○, red) and
H2O (○, blue). The points denote the actual values of C(t) and the solid lines (black) denote the best fit. (Inset) Initial points of the decay.

Figure 8. Fluorescence anisotropy decay (r(t)) of C153 along with a fitted curve (black) in (a) 0.8 mM CTAB + 0.5 wt% lysozyme and
(b) 10 mM CTAB + 4 wt% lysozyme in both D2O (red) and H2O (green) at λex = 405 nm and λem = 510 nm. (Inset) Initial part of the decay.

Table 2.

Anisotropy decay of C153 in lysozyme and lysozyme–CTAB complexes at λex = 405 nm
Decay parameters of r(t)
Solvent

r0

τ1R (ps) (a1R)

τ2R (ps) (a2R)

〈 τrot〉 a (ps)

4 wt% Lysozyme

D2 O
H2O

0.12
0.11

200 (60%)
150 (55%)

1300 (40%)
1200 (45%)

600
620

10 mM CTAB

D2O
H2O

0.29
0.26

636 (65%)
441 (61%)

2680 (35%)
1510 (44%)

1350
900

0.8 mM CTAB + 0.5 wt% lysozyme

D2O
H2O

0.31
0.23

580 (67%)
215 (48%)

1850 (33%)
1170 (58%)

1000
800

10 mM CTAB + 4 wt% lysozyme

D2O
H2O

0.27
0.28

611 (58%)
442 (53%)

3015 (42%)
1730 (47%)

1620
1050

System

a

866

〈 τrot〉 = a1Rτ1R + a2Rτ2R.
CURRENT SCIENCE, VOL. 101, NO. 7, 10 OCTOBER 2011

CHEMISTRY – STRUCTURE, SYNTHESIS AND DYNAMICS

Figure 9. a, Fluorescence anisotropy decay of C153 along with a fitted curve (black) in 10 mM CTAB in both D2O (red) and H2O (green) at
λex = 405 nm and λem = 510 nm. (Inset) Initial part of the decay. b, Fluorescence anisotropy decay of C153 along with a fitted curve (black) in (a)
10 mM CTAB + 4 wt% lysozyme (red); (b) 0.8 mM CTAB + 0.5 wt% lysozyme (blue), and (c) 4 wt% lysozyme (green) in D2O along with their
fitted lines (black) at λex = 405 nm and λem = 510 nm. (Inset) Initial part of the decay.

respectively. Figure 9 b gives a comparison of anisotropy
decay of C153 in 4 wt% lysozyme, 0.8 mM CTAB +
0.5 wt% lysozyme, and 10 mM CTAB + 4 wt% lysozyme
in D2O. The anisotropy decay of C153 in lysozyme and
the lysozyme–CTAB complexes is bi-exponential both in
D2O and H2O (Table 2). The deuterium isotope effect on
anisotropy decay in 4 wt% lysozyme is negligible, with
〈τrot〉 ~ 620 ps both in D2O and H2O. However, in 10 mM
CTAB, the anisotropy decay is 1.5 times slower in D2O
(〈τrot〉 = 1350 ps) than in H2O (〈τrot〉 = 910 ps).
On the addition of 0.5 wt% lysozyme to 0.8 mM CTAB
in D2O solution 〈τrot〉 increases from 620 ps to 1000 ps
(Table 2). The anisotropy decay in 0.5 wt% lysozyme
with 0.8 mM CTAB in D2O was found to be ~1.3 times
slower than that in H2O. Again, the deuterium isotope
effect is much higher (~1.6 times) in the 10 mM CTAB +
4 wt% lysozyme complex.

Discussion
The most interesting finding of this work is the nearly
twofold deuterium isotope effect on solvation dynamics.
It may be recalled that a similar large deuterium isotope
effect on solvation dynamics has been earlier observed in
nanoparticles15, micelles17, cyclodextrin19, ionic liquid
microemulsion31 and another protein human serum albumin32. Thus the phenomenon appears to be quite universal.
It may be pointed out that the magnitude of isotope
effect is much larger (~20–30%) than that predicted in
theory20, and also observed in bulk water14 and methanol16.
One possible reason for the somewhat larger isotope
effect may be as follows. In the presence of D2O, the lifetime of the probe increases. This allows capture of the
CURRENT SCIENCE, VOL. 101, NO. 7, 10 OCTOBER 2011

longer component of solvation and is reflected in longer
total DSS (Δν) in D2O.
In summary, the deuterium isotope effect on solvation
dynamics in biological systems in water appears to be
quite universal. This suggests that water is the main species responsible for solvation.

Conclusion
This work demonstrates that solvation dynamics of lysozyme and the lysozyme–CTAB aggregate exhibits marked
(~1.6 times) deuterium isotope effect. The deuterium isotope effect indicates a minor role for the polar residue of
the protein. However, one should note that the ultraslow
component of solvation dynamics near a protein arises
from partial immobilization of water bound to the protein6.
Thus the protein indirectly affects solvation dynamics.
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