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Solvation Dynamics of DCM in Human Serum Albumin
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Solvation dynamics of 4-(dicyanomethylene)-2-methyp&l{methylaminostyryl) #-pyran (DCM) in agueous
solution of a protein, human serum albumin (HSA), is studied using picosecond time-resolved emission
spectroscopy. The solvation dynamics of DCM bound to HSA is found to be biexponential with one component
of 600+ 100 ps (25%) and a very long component of£@ ns (75%). This indicates that the motion of the
water molecules in the vicinity of the protein is highly constrained.

1. Introduction SCHEME 1: Structure of DCM
Chemistry in biological and confined environments is often NC\ /CN
strikingly different from that in bulk water. Water molecules c

confined in various biological and organized assemblies strongly
influence the structure, function, and dynamics of biological |
systems. As a result, there is a vigorous current interest to

unravel the behavior of water in various restricted environments. /CH3
Dielectric relaxation time 7p) of water is 8 ps, while the CH o CH=CH

solvation dynamics in bulk water occurs in subpicosecond time 3 N\
scale?3 However, in aqueous solutions proteins and many other CH,
organized assemblies exhibit an additional component of )
dielectric relaxation in the 10 ns time scéfeAccording to the I

continuum theory,the solvation timers is (e«/€s)Tp, Wheree,

andes are, respectively, the high-frequency and static dielectric

constant. Thus the observation of the 10 ns dielectric relaxation high local dielectric constané{> 40) or a sigmoid functioA?>
time immediately implies a component of solvation dynamics Given these difficulties, Fleming et al. considered several
which is at least 3 orders of magnitude slower compared to dielectric continuum models to explain the solvation dynamics
bulk water. In recent years, several groups have reportedof eosin bound to lysozyme in aqueous solutibrishey
dramatic retardation of the solvation dynamics of water in many observed that eosin bound to lysozyme displays a very long
organized assemblies such as prot&if€hNA,° cyclodextrini® component of 530 ps which is absent in the solvation dynamics
microemulsiond!~14 micelles?® lipid vesicles!® and sot-gel of free eosin in aqueous solutiéhis demonstrates that the
matrix17 Interestingly, solvation dynamics at the water surface water molecules in the immediate vicinity of the protein
is observed to be very fa¥.Among the organized media (lysozyme) is highly constrained.

mentioned above, study of the water molecules in the immediate  In the present work, we report on the solvation dynamics of
vicinity of a protein is of fundamental importance to understand the laser dye 4-(dicyanomethylene)-2-methyp&i{methylami-

the behavior of biological water. Unfortunately, reports on the nostyryl) 4H-pyran (DCM, Scheme 1), bound to human serum
static and dynamic properties of the protein environment are albumin (HSA) in agueous solutions. Recent femtosecond
still very scarce. Pierce and Bofgand Bashkin et & studied studies show that in methanol DCM exhibits an inertial
solvation dynamics in protein environments using dynamic component of solvation dynamics on the 100 fs time scale and
Stokes shift and reported solvation times on the order of 10 ns. another component of a few picosecoA#' The main advan-
Most recently, Fleming et &l.and Beck et al. employed, tage of DCM as a probe for aqueous protein solutions is the
respectively, three photon echo peak shift and transient gratingfact that DCM is completely insoluble in water. The insolubility
spectroscopy to study the dynamic properties of the protein of DCM in water makes it a better candidate to bind to the
environment. One should, however, note that even the definition hydrophobic region of the protein. Further, once DCM binds
of the dielectric constant is not straightforward in the case of a to a protein, the complications due to contribution of free DCM
protein because of the presence of many charged side groupsin bulk water is completely avoided.

Recent simulatior8 indicate that the static dielectric constant

of a protein varies with position and depends quite strongly on 2. Experimental Section

what is taken into account explicitly in the model. Warshel et

. : DCM (laser grade, Exciton) and HSA (Sigma) wer
al. showed that excellent results are obtained if one assumes 3e CM (laser grade citon) and HSA (Sigma) were used as

ceived. For recording steady-state absorption and emission

* Author to whom correspondence should be addressed. Fax: (91)-33- SPectra, we used, respectively, a JASCO 7850_ absorption
473-2805. E-mail: pckb@mahendra.iacs.res.in. spectrophotometer and a Perkin-Elmer 44B fluorimeter. For

10.1021/jp0023680 CCC: $20.00 © 2001 American Chemical Society
Published on Web 01/26/2001




Solvation Dynamics of DCM in HSA J. Phys. Chem. B, Vol. 105, No. 7, 2001439

0 05 1.0 15 2.0 73
Time (ns)

Fl. Intensity (a. u.)

Figure 2. Fluorescence decays of DCM in 7 HSA in aqueous
tris buffer at (i) 520 nm, (ii) 600 nm, (iii) 685 nm.
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Figure 1. Emission spectrum of DCM in 70M HSA in aqueous tris
buffer.

time-resolved studies, the sample was excited at 300 nm with
the second harmonic of a cavity dumped rhodamine 6G dye
laser (Coherent 7621) pumped by a cw mode locked Nd:YAG
laser (Coherent Antares 76s). The emission was detected at
magic angle polarization, using a Hamamatsu MCP photomul-
tiplier (2809U). The full width at half-maximum of the
instrument response at 300 nnR$0 ps. Fluorescence decays
were deconvoluted using a global lifetime analysis software 14000 16000 18000 20000
(PTI). The sample was prepared as follows. To 1.5 mL of 70 Wavenumber (cm™)

#M HSA agueous solution in tris buffer of pH.7.4, Al .Of a Figure 3. Time-resolved emission spectra of DCM in ZM HSA in
methanol solution of DCM was injected using a microliter  ,q,e0us tris buffer at 0 psIj, 1000 ps ©), 4000 ps 4), 25000 (*).
syringe. In the absence of HSA, if a methanolic solution of DCM

is injected in aqueous tris buffer, DCM is immediately parameters of best fit to the emission decays and using the
precipitated. The contribution of the very little (2%) amount of ~ steady-state emission spectra, time-resolved emission spectra
methanol may be neglected, as most of it is likely to evaporate (TRES, Figure 3) of DCM in HSA have been constructed
at room temperature. Further, since in methanol DCM exhibits fojlowing the procedure described by Fleming and Maronéelli.

a very fast solvation dynamics in a few picoseconds or faster The solvation dynamics is described by the decay of the

time scale?®*! the very long components (600 ps and 10 ns) response functiof©(t) which is defined as
detected in this work cannot be due to traces of methanol.

Intensity (a.u.)

3. Restllts Ct) = %

3.1. Steady-State Spectraln a nonpolar medium such as o )
n-heptane, DCM exhibits an absorption maximum around 450 Wherev(0), v(t), andy(e) denote the observed emission energies
nm and a very weak emission band with maximum at 5334m.  (frequencies) at time zerg,and infinity. The decay o€(t) for
When a methanolic solution of DCM is injected into a buffered DCM bound to HSA, is shown in Figure 4. The decay
aqueous solution of HSA, the DCM molecules bind to HSA. Parameters o€(t) are summarized in Table 1. The total Stokes
The protein-bound DCM molecules exhibit marked red shift of Shift, Av = v(0) — v(e), of DCM in HSA is found to be 1030
absorption and excitation maximum to 480 nm and a strong ¢ *. The decay oC(t) is found to be biexponential with one
emission band with maximum at 600 nm and quantum yield of component of 606 100 ps (25%) and a very long component
0.66 (Figure 1). Since DCM is insoluble in water, the steady- Of 104 1 ns (75%).
state spectral properties of DCM bound to HSA, could not be . .
compared with those of DCM in water. With increase in solvent 4- Discussion
polarity, the emission maximum of DCM displays a red shift ~ The most interesting finding of this work is that the decay of
from 530 nm inn-heptane to 620 nm in metharigi:2%2! It is C(t) for DCM bound to HSA is biexponential with one
evident that the observed emission maximum of DCM bound component of 60& 100 ps (25%) and a very long component
to HSA is similar to that of DCM in highly polar solvent8.2! of 10+ 1 ns. In the three photon echo peak shift (3PEPS) study

3.2. Time-Resolved StudiesThe fluorescence decays of of eosin bound to lysozyme, Fleming et®atletected a long
DCM bound to HSA show a significant dependence on the component of 530 ps when they fitted the decay up to 1 ns.
emission wavelength. At the blue end of the emission spectrum, This component contributes only about 8% to the total solva-
only a fast decay is observed while at the red end the decay istion.8 Berg et aF® on the other hand, reported that for coumarin
preceded by a distinct rise (Figure 2). Such a wavelength 480 covalently bound to DNA, the decay®©ft) is biexponential
dependence clearly indicates that, in the protein environment, with two components of 300 ps (47%) and 13.4 ns (53%),
the DCM molecules exhibit solvation dynamics. From the respectively. It is evident that the decay componentE@f
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10 mediately calculates a solvation time of (5/40)10 ns, i.e.,
10 1250 ps. This crude estimate is somewhat in between the two
decay components of 600 ps and 10 ns.

081 It is obvious that the observed components of 600 ps and 10
ns are too slow to be due to any vibrational motion of either
0.6 08 the probe or the environment. At this stage it is rather difficult
to ascertain the origin of the slow components of the solvation
dynamics. It seems that such a long component may be due to
the chemical exchange process between “bound” and “free”
water molecules as suggested in a recent theoretical model by
0.2 Nandi and Bagchi. A similar exchange mechanism is also
indicated int’O nuclear magnetic relaxation dispersion (NMRD)
studies’e-22abnuclear Overhauser effect studi@%and reaction

0.8+
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0.4

0 a0 10600 15500 20000 25000 path calculatior®d of aqueous protein solutions. According to
Time (ps) the NMRD studies, the relaxation or residence time of protein-
Figure 4. Decay of response functiof(t), of DCM in 70 uM HSA bound water molecules span a wide Lan_ge of time scales_ from
in aqueous tris buffer. The points denote the actual valu€{tyland nanosecond to several microsecoffds? It is proposed that in
the solid line denotes the best fit to a biexponential decay. The decay bulk, motion of water is cooperative in nature involving an
of the initial portion is given in the inset. extended hydrogen-bond netwdfR For a protein-bound water,

the hydrogen-bond network gets seriously disrupted, and in the
extreme case of a water molecule buried deep inside a protein,
it may not be hydrogen-bonded to another water molecule at
Av (em™) & 71 (ps) & 72(ns) all, and instead, remains hydrogen-bonded to the neighboring

1030 0.25 600Gt 100 0.75 101 polar groups of the protein molec®. For a detailed under-
standing of the dynamics of water molecules bound to proteins
it is necessary to know the number of water molecules near the
probe (i.e., DCM, in the present case) as well as the structure
of the system. Unfortunately, for a noncovalently bound probe
(e.g., DCM bound to HSA or eosin bound to lysozynthe
exact location of the probe is uncertain. Future studies with
solvation probes covalently attached to specified sites within a

. . ) ; . protein and detailed structural information should reveal more
which occurs in the femtosecond time scale in the protein

environmeng92! The amount of solvation missed in a pico- detailed information of dynamics of protein-bound water.

second setup may, in principle, be calculated using a method '€ 600 ps and 10 ns components may also arise because of
outlined by Fee and Maroncef. Unfortunately, using our the different relaxation times of water molecules at different

. . i i H H b
rhodamine 6G dye laser, we excited the sample at a wavelength€9ions of protein, as indicated by the NMRD studies!
300 nm which is very much shifted from the absorption Another possibility is that the 600 ps component is due to bound
maximum of protein-bound DCM (480 nm). For this wavelength Water molecules and the very long 10 ns component is due to
of excitation, the various stages of curve fitting described by rélaxation of segments of a protein containing many polar
Fee and Maroncelli, are unlikely to give a good estimate of the 9roups. ESR studies of lipid chains indicate that the chain
amount of solvation missed. Nevertheless, it is unmistakable dynamics occurs in 100 ns time scéteThough the 10 ns
that the solvation dynamics of DCM molecules bound to HSA €omponent of solvation dynamics is at least one order of
exhibits a decay component which is very much slower than magnitude slower than the 100 ns component of chain dynam-
the subpicosecond components observed for DCM in metha-ics? one cannot rule out the possibility that the 10 ns component
nol0.2L or other probes in watérioa is due to motion of a segment of the protein.

Since DCM s insoluble in water the possibility of DCM

staying in bulk water may be ruled out. In a hydrocarbon solvent, 5. Conclusion

the emission quantum yield of DCM is extremely low (0.01) ) ]
and the lifetime is very short<50 ps)!22Further, inn-heptane The present work demonstrates that the solvation dynamics
the emission maximum of DCM is very much blue shifted to of DCM molecules which occurs in subpicosecond time scale
530 nm and the decay does not exhibit a wavelength in polar solvents such as methanol, is slowed down significantly
dependencé? In the case of DCM in HSA, the observed when DCM is transferred to the hydrophobic interior of a
emission maximum at 600 nm and the wavelength dependenceorotein, HSA. It is observed that in the protein environment,
of the emission decays suggest that in the protein environmentsolvation dynamics of DCM is biexponential with one compo-
the DCM molecules do not reside in a “dry” and nonpolar Nhent of 600+ 100 ps (25%) and a very long component of 10
hydrocarbon-like environment. The observed solvation dynamics £ 1 ns (75%). The slow solvation dynamics is consistent with
appears to be due exclusively to the DCM molecules in a polar the previous dielectric relaxation studies in protéhsand
environment in which the motion of the polar entities (i.e., water) Solvation dynamics studies in protéand in DNA? The present
is highly constrained. study demonstrates that the biological water molecules present
As a first approximation, one can use the continuum theory in the immediate ViCinity of a protein are SUbStantia”y slower
to rationalize the results., of the water molecules bound to  than ordinary water molecules.
proteins may be assumed to be same as that of water, fe., 5,
while following Warshel et at?? ¢; may be taken as-40. Then Acknowledgment. Thanks are due to Council of Scientific
using a dielectric relaxation timerg) in 10 ns%> one im- and Industrial Research (CSIR) for generous research grants.

TABLE 1: Decay Parameters of C(t) of DCM in 70 ugM
HSA in Aqueous Tris Buffer

observed in the present work is similar to those reported by
Fleming et af and Berg et a.

The total Stokes shift\v = 1030 cn1?) detected for protein-
bound DCM, is smaller than those of DCM in methanol (3800
cm™1) and in ethylene glycol (2400 cm) reported in previous
femtosecond studie821In our apparatus of time resolutiorb0
ps, we are obviously missing a very large part of the solvation
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