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Abstract

We report here a complete study of solvation dynamics of tryptophan in bulk water with femtosecond resolution and present an

accurate method for the construction of its solvation correlation function. The water dynamics was observed in one hundred pi-

cosecond (�108 ps) at lipid–water interfaces while in buffer and salt/buffer solutions it becomes faster in tens of picoseconds (�7–20

ps). These water motions are being elucidated on the femtosecond to subnanosecond (or longer) time scale for their different bi-

ological functions, such as global structural stability of membranes through well-ordered interfacial water structures and efficient

recognition of molecules (and ions) by membrane proteins through ultrafast water displacement.

� 2004 Elsevier B.V. All rights reserved.
1. Introduction

The water motions in the hydration layer around a

protein surface are central to its structural stability and

biological function [1–3]. Various femtosecond-resolved

probing strategies have been used to study protein sol-

vation [4–8]. Extrinsic noncovalent labeling of proteins
with a dye molecule through hydrophobic interactions

usually probes bound-water motions in the crevice of

proteins [4–6]. Extrinsic covalent adduction of a dye

molecule to proteins probes surface-water molecules but

shows limited locations that can be labeled [6,7]. In-

corporation of a synthetic fluorescent amino acid into

proteins for probing protein electrostatics has been re-

cently reported [8]. Unlike DNA, which can be easily
intercalated by a chromophore [9,10] or altered by a

base analogy [11], for proteins chemical modification of

an intrinsic amino acid residue (cysteine or lysine) is

restricted and incorporation of a synthetic one is so-

phisticated. Direct use of the intrinsic amino acid tryp-

tophan as a local optical probe has been proposed very

recently and applied to study protein hydration [12–14].
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Ultrafast hydration dynamics (<100 ps) at protein sur-

faces has been revealed.

Tryptophan has complex absorption and the first two

excited singlet states (1La and 1Lb) are nearly degener-

ate. They have perpendicular transition moments and

the 1La state has a larger static dipole. In polar solvent,

the 1La state lies below 1Lb and the observed fluores-
cence is dominated from the 1La emission. The photo-

physics of tryptophan has recently been characterized

and the internal conversion of 1Lb to 1La has been

shown to occur ultrafast, in less than 100 fs [12,15]. In

the ground state, tryptophan also populates at least two

different rotamers. The rotamer dynamics, which is in

the range of �500 ps to several nanoseconds, has been

studied extensively [16,17]. Thus, the observed ultrafast
solvation dynamics in proteins (<100 ps) is well sepa-

rated from the internal conversion (<100 fs) and the

rotamer dynamics (>500 ps), making tryptophan a

powerful optical probe of protein hydration. However,

the mixture of two different lifetime emissions makes it

difficult to extract solvation dynamics through overall

time-resolved spectra of the rotamers.

In this Letter, we report a complete study of trypto-
phan solvation dynamics in bulk water with femtosec-

ond resolution and present an accurate method to
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construct its solvation correlation function. An impor-

tant application is given to examine the water dynamics

in the lipidic cubic phase (Pn3m) as well as in two

common biochemical solutions, a buffer (Tris) and a

salt/buffer (NaCl/Hepes) mixture. Different water dy-
namics ranging from femtosecond to one hundred

picoseconds were observed and their biological func-

tions are implied.
Fig. 1. Normalized, femtosecond-resolved fluorescence transients of

tryptophan in bulk water with a series of wavelength detection. Note

that the detection was extended to the deep blue side of 300 nm and the

far red end of 460 nm.
2. Experimental

All experimental measurements were carried out by
using the femtosecond-resolved fluorescence up-con-

version technique. Briefly, the pump pulse is set at 290

nm, doubled from the output (580 nm) of an optical

parametric amplifier (OPA) through a mixing of the

idler (2109 nm) and the fundamental (800 nm), and the

pulse energy was attenuated to 70 nJ. The up-converted

signal from 218 to 292 nm was detected by a photo-

multiplier after passing through a double-grating
monochromator. The response time is between 350 and

450 fs as determined from the up-conversion of Raman

scattering by water in the range 315–325 nm and from

the analysis of the decay time of the up-conversion

transient of tryptophan at the blue-side emission (300

nm). Most experiments were done at the magic angle

(54.7�) to eliminate the rotational contribution. For

anisotropy measurements, the pump beam polarization
was set perpendicular (?) and parallel (//) to the crystal

acceptance axis and the resulting femtosecond-resolved

transients (I) can be used to construct time-resolved

anisotropy: rðtÞ ¼ ½I== � I?�=½I== þ 2I?�.
Tryptophan was purchased from Sigma-Aldrich, Tris

and Hepes chemicals from USB, lipid monoolein

(1-oleoyl-rac-glycerol, >99% purity) from Nu Chek Prep

(Elysian, MN), and all other chemical agents from
Fisher Scientific. All samples were used as received. The

lipid–water mixture was made at 20 �C consisting of

60% (w/w) lipid monoolein and 40% (w/w) water solu-

tion which contains 3 mM tryptophan and 20 mM TES

buffer at pH 7.4 [18]. This mixture forms the lipidic cubic

phase (Pn3m) with a diameter of aqueous channels at

�50 �A [19]. Amphipathic tryptophan preferentially lo-

cates at lipid–water interfaces [20], which is also justified
by the steady-state emission, time scales of water mo-

tions, and femtosecond-resolved anisotropy measure-

ments; see below. The steady-state fluorescence emission

of tryptophan in 20 mM TES buffer peaks at 350.5 nm

but it shifts to 344 nm in the lipidic cubic phase, indi-

cating a more hydrophobic environment and resembling

the emission of a tryptophan residue at protein surfaces

[21], while in bulk water the emission peaks at 349 nm.
In NaCl (2 M)/Hepes (100 mM) mixture solution

(pH 7.5), the emission shifts to the red with a peak at

351.5 nm. In Tris (100 mM) buffer solution (pH 7.5), the
peak shifts to 352 nm. For all experiments, samples were

kept in various rotating quartz cells to avoid heating and

rapid photobleaching.
3. Results and discussion

3.1. Solvation dynamics of tryptophan

The femtosecond-resolved fluorescence transients of

tryptophan in bulk water, covering from 300 to 460 nm

emission, are shown in Fig. 1. All transients contain two

long lifetime emissions (500 ps and 3 ns) [16,17]. At the
blue side of the peak emission (349 nm), all transients

show decay behaviors with four distinct time scales. For

example, at 300 nm emission, the signal decays with time

constants of 260 fs (86%), 1.44 ps (11%), 500 ps (2%)

and 3 ns (1%). The initial decays at 330 nm increase to

740 fs (35%) and 2.8 ps (11%) with two lifetime contri-

butions of 500 ps (14%) and 3 ns (40%). At the red side

of the peak emission, all transients show initial rises with
two lifetime emissions. At 380 nm, the signal initially

rises in 220 fs (84%) and 1.8 ps (16%) and then decays in
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500 ps (11%) and 3 ns (89%). At the red end of 460 nm,

the rises become 320 fs (53%) and 1.85 ps (47%) and the

decay is only from the 3-ns contribution (100%). These

results are indicative of solvation dynamics and are not

due to the electronic relaxation (internal conversion
between 1Lb and 1La) or vibration cooling [12,15].

The solvation dynamics of tryptophan has been re-

cently reported [12,15] and here we extended the fluo-

rescence detection to both the deep blue side (300 nm)

and the far red end (460 nm) to obtain a complete study.

Larsen et al. [22] recently reported a 16-ps fluorescence

decay component at �460 nm and attributed it to a

rotamer dynamics. We did not observe any short-time
decay dynamics at the red end for different buffer solu-

tions. Care must be taken to keep tryptophan solution

fresh and the sample used for a long time easily gives

initial short-time decay at the red end.

3.2. Construction of solvation correlation function

The observed initial femtosecond decay at the blue
side and the rise at the red side dominantly result from

solvation processes. Typically, by following the standard

procedures [23], we can construct the time-resolved

emission (Stokes shift with time) and then the correla-

tion function (solvent response curve):

cðtÞ ¼ mðtÞ � mð1Þ
mð0Þ � mð1Þ ; ð3:1Þ

where mðtÞ, mð0Þ, and mð1Þ are time-resolved emission

maximum in cm�1, respectively. For a molecular probe

with only one lifetime, mð1Þ usually equals to the steady-

state emission maximum mss. However, tryptophan in the
ground state populates at least two rotamers and these

excited rotamers in water emit with two different life-

times (500 ps and 3 ns) and two different emission

maxima (m1, m2). Thus, mð1Þ cannot be considered to be

the apparent mss. We need to find out when solvation is

completed (tsc) and the corresponding emission maxi-

mum (msc). In the following, we present a method to

determine tsc (and msc) from femtosecond-resolved fluo-
rescence measurements.

All femtosecond-resolved transients in Fig. 1 can be

best fitted by a sum of a series of exponential functions.

These functions can be separated into two parts (as-

suming no ultrafast quenching of fluorescence emission).

One part represents solvation processes and the other

one is for lifetime emissions (population decay). The

transient signal can be written as follows:

IkðtÞ ¼ I solvk ðtÞ þ Ipopulk ðtÞ

¼
X

i

aie�t=si þ
X

j

bje�t=sj ; ð3:2Þ

where the first term is for solvation and the second term

for lifetime emission. The coefficient ai is positive (decay
dynamics) at the blue side of the emission peak (<349

nm) and is negative (initial rise) at the red side (P349

nm). The coefficient bj is always positive and represents

relative contributions of two lifetime emissions (500 ps

and 3 ns). The overall femtosecond-resolved emission
spectra can be constructed as follows:

Iðk; tÞ ¼ I ssk IkðtÞP
i
aisi þ

P
j
bjsj

; ð3:3Þ

where I ssk is the steady-state relative emission intensity at

k. For a given t, the emission spectrum can be con-

structed from the gated transients. The resulting fem-

tosecond-resolved emission spectra of tryptophan in

bulk water are shown in Fig. 2a. These spectra are fitted

using a log-norm function to deduce the emission
maximum mðtÞ. Thus, a function of emission maxima

with time (ms) can be obtained, which is shown in

Fig. 2b. At certain time (tsc), solvation is complete and

the emission maximum msðtscÞ should be equal to the

apparent lifetime emission peak mlðtscÞ (not steady-state
peak yet), which results from a mixture of two lifetime

emissions and is constructed as follows:

Ipopulðk; tÞ ¼ I ssk I
popul
k ðtÞP

i
aisi þ

P
j
bjsj

: ð3:4Þ

The lifetime emission maximum function ml, also shown

in Fig. 2b, merges with ms at tsc and the value of msc at the
merging point could be taken as mð1Þ in Eq. (3.1). Thus,

cðtÞ ¼ msðtÞ � msc
msð0Þ � msc

; ð3:5Þ

where cðtÞ stops at tsc. But an accurate way is to subtract

the apparent lifetime emission maximum mlðtÞ from the

overall emission maximum msðtÞ at any given t and the

resulting cðtÞ is written as follows:

cðtÞ ¼ msðtÞ � mlðtÞ
msð0Þ � mlð0Þ

: ð3:6Þ

When solvation time is much shorter than the lifetimes,

both constructions of cðtÞ give very similar results be-

cause of mlðtÞ � msc. However, when solvation dynamics

becomes slower, such as in proteins, on a time scale close

to the lifetimes, the contribution of mlðtÞ is significant
and Eq. (3.6) must be used to construct cðtÞ. For all

results reported here, we used Eq. (3.6). Note that for

the molecular probe with only single lifetime emission,

mlðtÞ ¼ mlð0Þ ¼ mss ¼ mð1Þ and Eq. (3.6) becomes to

Eq. (3.1).

The key step here is to construct both msðtÞ and mlðtÞ
and to determine tsc; see Fig. 2b. When the difference of

two maxima ðmsðtÞ � mlðtÞÞ reaches 0.5 cm�1 we consider
solvation complete (t ¼ tsc). The difference between msc
and mss purely results from the mixture of two lifetime

fluorescence emissions. The time evolution from msc to

mss could be very long. For tryptophan in water, the



Fig. 2. (a) Normalized, femtosecond-resolved fluorescence emission

spectra constructed from femtosecond-resolved fluorescence transients

gated at 14 different wavelengths (Fig. 1). The dashed curve is the

steady-state emission spectrum peaked at 349 nm. (b) The emission-

maximum functions with time constructed from the overall femto-

second-resolved emission spectra in (a), ms, and from only two

lifetime-emission contributions, ml; see text. Note that two functions

merge at 28,848 cm�1 (346.6 nm) and 18 ps, and solvation dynamics

is completed. The spectrum keeps evolution until 850 ps to reach the

stead-state emission.
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time-zero emission maximum (m0) is obtained at 322.1

nm and solvation is completed in 18 ps. Both ms and ml
merge at 346.6 nm and the total Stokes shift is 2186

cm�1. However, it takes another 832 ps for the emission
spectrum to reach the steady-state maximum at 349 nm

(only 197 cm�1 shift due to two emission mixture); see

Table 1. In a sense, the steady-state emission maximum

is not relevant for construction of the correlation func-

tion. The lifetime emission spectrum has a maximum at
Table 1

Emission maxima and times from construction of time-resolved emissionsa

Tryptophan in/at m0 msc tsc

Bulk water 322.15 346.64 18

Lipid–water interface 321.00 342.40 700

Salt/buffer mixture 322.40 347.44 110

Buffer solution 322.32 348.77 45

See the text for compositions of all mixture solutions.
aAll emission maxima and times are in units of nm and ps, respectively.
329.8 nm for the 500-ps component and at 349.8 nm for

the 3-ns component, consistent with previous results

[16].

3.3. Water dynamics at lipid–water interfaces and in
biochemical solutions

After we understood how to use tryptophan as an

optical probe of solvation, we studied the water dy-

namics at lipid–water interfaces, an important interfa-

cial problem in membrane dynamics, as well as in

common salt/buffer solutions. Fig. 3 shows three typical

femtosecond-resolved fluorescence transients from more
than 10 different gated emissions. Clearly, the interfacial

water motions at the lipid bilayer surface drastically

slow down. At 300 nm, the transient decays in 0.55 fs

(41%), 6 ps (30%), 70 ps (21%) with two long lifetime

components (8%). At 330 nm, the initial decays become

1.3 ps (6%), 12.5 ps (15%) and 100 ps (12%). The two

lifetime contributions are 67%. At the red side of 440

nm, the transient initially rises in � 220 fs (73%), 6.7 ps
(12%) and 67 ps (15%) and then decays with two lifetime

emissions. In the NaCl (2 M)/Hepes (100 mM) mixture

solution, solvation clearly becomes slower than in bulk

water. For example, at 330 nm, the transient initially

decays in 1.4 ps (35%) and 18.5 ps (8%). The similar

results were also obtained in Tris (100 mM) buffer so-

lution (not shown). Using Eqs. (3.3) and (3.4), we con-

structed femtosecond-resolved emission spectra and the
resulting emission-maximum functions of ms and ml are
shown in Fig. 4. As also given in Table 1, the solvation-

completed time (tsc) is very different from the time (tss)
for reaching the steady-state maximum. Using Eq. (3.6),

all solvation correlation functions probed by tryptophan

in different environments are constructed and shown in

Fig. 5.

The solvation dynamics of bulk water have been well
studied. Jarzeba et al. [24] obtained a correlation func-

tion with 160 fs (33%) and 1.2 ps (67%) and Jimemez

et al. [25] reported an initial Gaussian-type component

(frequency 38.5 ps�1 �25 fs in time width, �48%), and

two exponential decays of 126 fs (20%) and 880 fs (35%).

The correlation function we obtained for bulk water is

best fitted by double exponential decays integrated with

an initial Gaussian-type contribution through a stret-
ched mode: cðtÞ ¼ c1e�ðt=s1Þb þ c2e�t=s2 where for a pure
mss tss m1 m2

349.0 850 329.75 349.83

344.1 1100 332.65 346.40

351.5 1200 332.91 352.00

352.0 1300 333.37 352.40



Fig. 3. Normalized, femtosecond-resolved fluorescence transients of

tryptophan at the lipid–water interface (a) and in the salt/buffer solu-

tion (b) from more than 10 gated fluorescence emissions. Note the

different time scales for two panels.

Fig. 4. The emission-maximum functions with time are shown for three

different mixtures studied here, which are constructed from the overall

femtosecond-resolved emission spectra (ms) and from only two lifetime-

emission contributions (ml); see text. The insets show the entire

evolution of ms and ml. The spectra take longer times to reach the stead-

state emissions.
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Gaussian-type decay, b ¼ 2. The final fitting results
are listed in Table 2. The 1.6-ps component observed

here, which is a little longer than previously reported

values (�1 ps), is probably due to the stronger interac-

tions between water molecules and Zwitterionic trypto-

phan (pH 7.0) in the first solvation shell. For the three

biochemical environments studied here, we need to add

one more exponential decay term (c3e�t=s3 ) to best fit

overall correlation function. The results are also listed
in Table 2.

The hydration dynamics at the lipid–water interface

is drastically slower than in bulk water. The correlation

function is modeled by three exponential decays of 560

fs (40%), 9.2 ps (28%) and 108 ps (32%). This observa-

tion is striking and indicates well-ordered interfacial

water structures. Similar time scales have been observed

in lecithin reverse micelles with charged headgroups [26].
For example, when the molar ratio (w0) of water to the

surfactant is less than 4.8 and the mixture is less hy-

drated, only single exponential decay was observed with

a time constant of 219 ps using a dye molecule as an

optical probe. While the micelle hydration level in-
creases and w0 equals to 6.8, triple exponential decay

was observed with 570 fs (13%), 14 ps (25%) and 320 ps

(62%). It was proposed that the observed three time

scales represent three distinct types of water in the mi-
celle, consistent with the original shell model proposed

by Finer [27].

According to recent calculations [28], water molecules

even at 15–25 �A away from tryptophan could make

contributions to tryptophan solvation. The observed

hydration dynamics in aqueous channels in the lipidic



Fig. 5. The hydration correlation functions deduced from Figs. 2 and 4

for four different solutions studied are shown in the short-time range

(a) and on the longer time scale (b). For clarity, the long-time water

dynamics in the buffer solution is not shown. All these functions are

best fitted with multiple exponential decays and the time constants and

percentages of each component are given in Table 2. The anisotropy

dynamics of tryptophan in bulk water and at lipid–water interfaces are

shown in the inset. Note that the anisotropy does not decrease to zero

at lipid surfaces, showing that tryptophan anchors at lipid surfaces and

experiences restricted local motions.

125W. Lu et al. / Chemical Physics Letters 388 (2004) 120–126
cubic phase here also supports Finer’s model. The 560-fs

component represents the bulklike water dynamics

around the center of water channels, which is about

�25 �A from the lipid–water interface (the channel di-

ameter is �50 �A). The 9.2-ps dynamics results from
Table 2

Results obtained for hydration correlation functionsa

Tryptophan in/at s1 b s2

Bulk water 0.34 1.35 1.6

Lipid–water interface 0.56 1 9.2

Salt/buffer mixture 0.41 1.25 1.7

Buffer solution 0.52 1.35 1.9

aAll hydration functions are best fitted with cðtÞ ¼ c1e�ðt=s1Þb þ c2e�t=s2 þ c
hydrogen-bonding water clusters/networks which are in

a dynamic exchange with bulk water (near the channel

center) and interfacial water (at the interface). The

longest component of 108 ps corresponds to ordered

water motions at the interface between the polar head-
groups and water molecules, resembling the water dy-

namics at surfaces of biological membranes. These

interfacial water molecules are well orientated and

confined in aqueous channels. Water dynamics around

the micelle with polar headgroups has been reported

with even a longer time scale of 2.44 ns [29]. The lipid

chain dynamics was reported to occur on a time scale of

longer than nanosecond [30]. A variety of other methods
such as vibrational and NMR spectroscopy have been

used to interrogate these interfacial water structures [31].

A recent report using a novel coherent anti-Stokes

Raman scattering microscopy revealed ordered water

molecules between lipid bilayers [32].

The time scale of about 100 ps is ideal for water

motions at membrane surfaces. The interfacial water

should not be too mobile for global structural stability
of lipid bilayers and for unique anchor of membrane

proteins. On the other hand, the interfacial water should

not be too rigid and the dynamics should be faster than

local protein fluctuations (subnanosecond or longer) for

efficient recognition and transport of molecules (and

ions) through membrane proteins. Thus, hundreds of

picoseconds are the actual dynamic time scale of mem-

brane protein–water interactions.
The dynamics of water in salt/buffer and buffer so-

lutions are dominated by bulk water but we observed a

long-time decay component in the correlation functions:

7.6 ps in the 100 mM Tris buffer (9%) and 21.4 ps in the

salt (2 M)/ Hepes (100 mM) mixture (10%). These times

reflect the dynamics of water which is located between

tryptophan and the proximate solutes (the buffer mole-

cules or the salt ions). These water motions are one
order of magnitude faster than the interfacial ordered-

water dynamics and are crucial for ultrafast water dis-

placement and efficient recognition of solutes (ions) by

membrane proteins such as in ion channels.

Finally, the femtosecond-resolved anisotropy dy-

namics, given in the insert of Fig. 5, also indicated the

location of tryptophan at interfaces. The initial femto-

second decay (<100 fs) is due to the ultrafast internal
conversion between 1Lb and 1La. The complete orien-

tational relaxation of tryptophan in bulk water takes
s3 c1 c2 c3

0.55 0.45

108 0.40 0.28 0.32

21.4 0.38 0.52 0.10

7.6 0.68 0.23 0.09

3e
�t=s3 and

P3

i¼1

ci ¼ 1. All time constants are in units of picosecond.
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�46 ps. If tryptophan is not at the interface, its time-

resolved anisotropy would decrease to zero and orien-

tational relaxation would be complete, which is opposite

to our observation. The observed time-resolved anisot-

ropy does not decrease to zero and finally stays at a
constant of 0.026. The anisotropy due to the orientation

relaxation (372 ps) decreases from 0.11 to the final value

of 0.026, which reflects restricted local motions [6].
4. Conclusion

In this contribution, we report a complete measure-
ment of femtosecond-resolved fluorescence emission of

tryptophan in bulk water and present an accuratemethod

to construct solvation correlation function using trypto-

phan as an optical probe, which provides a great oppor-

tunity for future studies of ultrafast protein dynamics.

With this method, we revealed the time scales of water

motions at lipid–water interfaces and in buffer and salt/

buffer solutions. Understanding of the water dynamics in
aqueous channels in the lipidic cubic phase is crucial

to membrane protein crystallization. The cubic-phase

method has been proposed to crystallize membrane pro-

teins and several examples have been reported [33–35].

However, the molecular mechanism for such crystalliza-

tion is not yet clear and water is believed to play a central

role. The results reported here reveal the actual time scale

of lipid–water interactions (�108 ps) and facilitate our
further studies of proteins in the lipidic cubic phase.

The time scales of water motions in different biolog-

ical environments are now clear: 1 ps or less in bulk

water; tens of picoseconds around protein surfaces;

hundreds of picoseconds at membrane interfaces;

nanosecond or longer in protein interiors or crevices (or

DNA grooves). Water is so unique and can adopt var-

ious structures and have different dynamic motions on a
wide range of time scales (fs to ns or longer) for per-

forming different biological functions. The dynamic

nature of water in biology (biological water) is now

being elucidated at the local atomic scale.
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