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ABSTRACT: A recently proposed mechanism for complex signal profiles of forced Rayleigh scattering 
(Park et al. J .  Phys. Chem. 1991,95,7121) is tested with a system of globular protein-surfactant complexes. 
The mechanism starts with a hypothesis of double grating of pure phase complementarity which is shown 
to produce extreme departures, such as decay-growth-decay type, from single exponential decay. A new 
analysis scheme for such a complex signal type is proposed, and it has been validated here experimentally 
with the dynamic light scattering results in conjunction with the FRS measurements. 

Introduction 
Forced Rayleigh scattering (FRS) utilizes a transient 

optical grating induced by periodic concentration profile 
of a photoresponsive moiety imprinted on the specimen 
either by crossing two coherent laser or by 
masking the excitation source with a Ronchi ruling.g The 
difference in optical properties, absorptivity or refractive 
index, of shifted (isomerized) and unshiftd states for a 
photochromic or photobleachable (irreversibly isomerized) 
label results in a diffraction of the reading beam.798 The 
diffracted intensity decays with time by two principal 
mechanisms, i.e., the mass diffusion and the spontaneous 
thermal reconversion of shifted state of the label; hence, 
the diffusion coefficient and shifted-state lifetime can be 
determined from the analysis of the decay p r ~ f i i e . ~ * ~ J ~  If 
the concentration profile decays via the Fickian diffusion 
process, and if the shifted-state label has the same diffusion 
coefficient as that of the unshifted one, the diffraction 
intensity decays exponentially. Frequently, however, 
deviations from single exponential decay are ob~erved,ll-~~ 
and they were ascribed to the presence of a pair of the 
complementary gratings which consists of excess optically 
shifted and unshifted states of the p h ~ t o l a b e l . ~ J ~ - ~ ~ J ~ J ~  If 
the diffusion Coefficients of the two states of the photo- 
probe by itself or as labeled to a larger molecule are 
different, the optical fields diffracted from individual 
grating decays in different rates and their mutual inter- 
ference gives rise to the observed decay profiles, which are 
no longer single exponential and in some cases even 
significantly depart from a nonexponential but monotonic 
decay. 

An extreme departure from a single exponential is a 
decay-growth-decay type signal. This type of signal was 
reported first by Rhee et al.ll When they labeled bovine 
serum albumin (BSA) with a benzospiropyran, the FRS 
signals from this sample showed maxima and minima 
instead of the usual single exponential decay. The same 
group also reported this type of signal from human 
immunoglobulin G (IgG) labeled with B-isothiocyanato- 
fluorescein (FITC) and p-isothiocyanatoazobenzene 
(ABITC).12 They attributed these signals to the aggre- 
gation or dissociation of the proteins following the 
photoexcitation of the labels. On the other hand, the same 
type of signals was also observed with the diffusion of 
probe dyes in highly concentrated polymer solutions and 
in bulk polymers. Wang and co-workers reported that 
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the FRS signals from camphoquinone (CQ) in polystyrene 
(PS),13 poly(methy1 methacrylate) (PMMA),'4J5 and poly- 
carbonate (PC)l6 also show the abnormal decay shape. 
Huang et al.17 reported that the signal from a pH indicator 
dye, methyl red, in polystyrene solution is a single 
exponential up to 85 wt % polymer but changes to the 
decay-growth-decay type at higher polymer concentration. 
The authors attributed the appearance of these signals to 
the difference in diffusion coefficients of the shifted and 
unshifted probes in a rigid environment where the size of 
free void volume is comparable to that of the probe dye. 
Lastly, this abnormal signal shape was observed in probe 
diffusion experiments in H-bonding polymer solutions at 
low polymer concentration. Lee and Lodge18 reported the 
abnormal signal shape from methyl red in poly(viny1 
acetate) (PVAc) solutions, and Lee et al.19 observed it in 
PMMA solutions. Methyl red is suspected to interact with 
PVAc and PMMA by H-bonding, and a difference in the 
binding constants of the shifted andunshifted probes with 
matrix polymers results in different diffusion coefficients 
for the two probes, which in turn gives rise to the decay- 
growth-decay type signal. 

Computer simulations of these abnormal FRS signal 
shapes with complementary grating effect have been 
provided by Rheeet al." and Huanget al." More recently, 
the effect of complementary grating on apparent diffusion 
coefficient has been examined in detail by Park et al. with 
use of detailed simulation studies.' An experimental 
verification of the proposed effect however is yet to be 
established. 

The objective of this study is to test the hypothesis of 
complementary double grating effect by means of a critical 
comparison of the diffusion coefficient deduced by a new 
analysis method proposed herewith for complex FRS 
signals with that by another independent means, e.g., 
dynamic light scattering (DLS).20 In this report, we 
present the results of FRS and DLS studies on bovine 
serum albumin-sodium dodecyl sulfate (BSA-SDS) com- 
plexes. By varying the surfactant to protein ratio, we can 
produce FRS signal decay profiles with extreme departures 
from the single exponential, such as decay-growth-decay 
type. Unlike monotonic decays of single or multiple 
exponential, this kind of profile allows us to determine 
quite reliably the diffusion coefficient. Thus, the new 
analysis scheme proposed here is to exploit the complex 
features of such FRS signals. In so determining the 
diffusion coefficients by FRS, we can subject them to a 
critical comparison to those determined by DLS. 
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Figure 1. FRS profiles obtained at  different SDS/BSA mass ratios: (A) zero, (B) 0.25, (C) 0.5, (D) 0.8, and (E) 1.2. The progressive 
change in the shape of decay profile is evident. The solid curves are the best fit results according to eq 1, with the Tied mean T'S 
inferred from DLS results for A-D and with the fixed mean T from the A t  method for E (see text for details). Filled arrows indicate 
the starting points of forced fit to a single exponential function. 

Analysis of Decay-Growth-Decay Signal 

In the limit of pure-phase or amplitude grating,7I8 the 
diffracted intensity from such a complementary pair of 
gratings follows the form 

I&) = [A, exp(-t/.r,) - A 2  exp(-t/7,)l2 + B (1) 
where 71 and 7 2  are decay time constants of two comple- 
mentary gratings, B is the base line, and A1 and A2 
represent the amplitude of optical fields diffracted from 
the complementary pair. Analysis of such a decay profile 
with five unknown parameters is nontrivial. On the basis 
of eq 1, the optical field amplitude of one of two 
complementary gratings must predominate, if the two 
decay constants are different, in order to observe a single 
exponential decay: A1 >> AZ or A1 << A2 if 71 # 72. 
Otherwise, the decay profile shows a deviation from a single 
exponential form.' One of the frequently observed extreme 
departures, Le., a decay-growth-decay type signal as 
shown in Figure lE, has been analyzed either by a stripping 
method" or by profile fitting through a nonlinear regres- 
sion scheme to the model function of eq l.13J7J8 However, 
the results of such nonlinear regression analyses are prone 
to depend on initial guesses for the fitting. This problem 
has been recognized, and a most reasonable set of 71 and 
7 2  had to be selected among several equally acceptable 
results of the regression analysis.l8 Here we put forth an 
alternative method to analyze the decay-growth-decay 
type of signals, which is subject to a lesser degree of 
ambiguity. 

For this type of signal, the dip and maximum occur at 
tmin and tm,, respectively, satisfying the following con- 

ditions arrived at by differentiation of eq 1 with respect 
to t .  

(2) A, exp(-tmin/.r,) = A, exp(-tmin/r2) 
and 

A1/7, exp(t,,/r,) = A 2 h 2  exp(-tm,/.r2) (3) 
Eliminating A1 and A2 by dividing eq 3 by eq 2, we can 
obtain 

(4) ln(72/71) = -(tm, - tmh)(1/72 - 1/71) 

and 

It can be shown that At in eq 5 approaches the geometric 
mean of 71 and 72, Le., At  = (7172)'/~ when the difference 
between 71 and 7 2  is small compared to individual values 
of 71 and 72. Such is a readily attainable condition for the 
case of azobenzene-labeled macromolecules since azoben- 
zene moiety undergoes photochromic cis-trans isomer- 
ization, giving rise to a small difference in the diffusion 
coefficients of the macromolecules with cis and trans 
isomers of the photolabel. Under such a circumstance, At 
can be used in place of 71 and 7 2  to obtain the mean diffueion 
coefficient for the subsequent analysis, such as q2 depen- 
dence, where q is the magnitude of scattering momentum 
transfer, q = 2 r / d  with d being the fringe spacing. 
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Experimental Section 
Materials. BSA (Pentex Brand Monomer Standard, ICN 

Biomedical) has been used after labeling with a photochromic 
dye, p(pheny1azo)phenyl isothiocyanate (Fairfield Chemical). 
2-mercaptoethanol, EDTA disodium salt, and SDS were used as 
received from Sigma. The BSA sample was received as a 
lyophilized form, and the vendor specified that the sulfhydryl 
groups were reacted with L-cystine to remove any possibility of 
polymerization among BSA molecules, but they also noted that 
the sample includes some oligomers formed during the drying 
process. We found from PAGE (polyacrylamide gel electro- 
phoresis) without SDS that the sample is 65.4% monomer, 26.3 76 
dimer, 7% trimer, and traces of higher oligomers, while PAGE 
with SDS showed a clean single band. Since the oligomers break 
up upon addition of SDS, the oligomers were thought to be 
aggregated by physical forces, not by any chemical reactions. A 
majority of the experiments deals with BSA-SDS complexes and 
it is expected that the polydispersity a t  the globular state of BSA 
may be of little consequence; hence, no effort was made to 
fractionate the protein. The labeling procedure of BSA is 
practically the same as that described previously,2l except that 
20 mM phosphate buffer at pH 9.3 was used to improve the 
labeling efficiency. After the purification of labeled BSA by a 
Sephadex G-25 column and dialysis with 0.1 M phosphate buffer 
at pH 6, its labeling content was determined from the optical 
absorbance at  360 nm with use of a calibration curve obtained 
with the same dye attached to a free amino acid, lysine. The 
protein concentration was also determined by spectrophotometry 
from the absorbance at 278 nm after correcting for the absorbance 
of the dye at  the same wavelength. The molar ratio of labeled 
dye to BSA was found to be 4.4. Sample solutions for FRS and 
DLS contain 0.5 wt % of BSA, 0.15% of 2-mercaptoethanol, 2 
mM EDTA, and an appropriate amount of SDS in 0.1 M 
phosphate buffer at pH 6. 

Methods. The experimental details of DLS and FRS have 
been described e l ~ e w h e r e , ~ ~ * ~ ~  and all of the experiments were 
performed at  25 “C. The DLS measurements were carried out 
at six different scattering angles from 40’ to 130°, and the 
autocorrelation functions of the scattered signals were analyzed 
by fitting to two model functions, a single exponential function 
and a second-order cumulant function. Normally, the latter 
analysis yielded a better fitting result although the difference 
between the two did not amount to more than a few percent. In 
view of such a small difference and relative to FRS analyses 
given below, we present only those DLS results analyzed by fitting 
to the single exponential model function. The FRS data were 
analyzed by two methods. For a simple “exponential looking” 
decay, a non-linear regression analysis routine by the Marquardt 
algorithm is employed with the typical model function, 

and the apparent diffusion coefficients are determined from a 
1 / ~  vs q2 plot. When a decay-growth-decay type profile is 
evident, the At was determined directly from the decay profile 
and the diffusion coefficient was obtained from its q2 dependence, 
which is a clear consequence of At = (7172)’/2. We call this way 
of determining the diffusion coefficient henceforth the “At- 
analysis”. 

Results and Discussion 
We chose the BSA-SDS complex labeled withp-(phen- 

y1azo)phenyl isothiocyanate as our test system since (1) 
the changeover of the FRS decay profile from a single 
exponential to an after-pulse-rise to a decay-growth-decay 
type is observed upon addition of SDS, (2) the azobenzene 
derivative shows a negligible absorption at the reading 
beam wavelength so that nearly a pure phase grating is 
expected, which justifies the use of eq 1, (3) only a slight 
difference in the diffusion coefficients of BSA-SDS 
complex containing cis and trans isomers of azobenzene 
moiety is expected, and (4) the diffusion coefficients of 
BSA-SDS complex can be measured with sufficient 
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Figure 2. q2 dependence of the decay time constant, 7 and the 
lapse time, At. The 7’s are determined by fitting to eq 6 from 
the signal shapes as shown in Figures 1A-D, with the SDS/BSA 
mass ratio designations being the same. The open circles 
represent the q2 dependence of A t  determined from Figure 1E. 
The data at SDS/BSA = 0.5 are deleted for the purpose of clarity. 

precision by an alternative method, namely dynamic light 
scattering.20 

In Figure 1 are shown the FRS profiles of labeled BSA 
at five different SDS concentrations. The numbers on 
the top of the figures indicate the mass ratio of SDS/BSA. 
It is clearly seen that the FRS signal shape gradually 
changes upon addition of SDS. The FRS signal shape 
without SDS is almost an ideal single exponential decay, 
and the decay constant is deduced according to eq 6. As 
shown in Figure 2, a reasonable linear scaling with q2 for 
1/r is obtained, and the diffusion coefficient so determined 
is comparable to  but slightly smaller than that by DLS. 
With the addition of SDS, the initial decay portion of 
profile becomes broader with a simultaneous decrease of 
the apparent diffusion coefficient. As SDS concentration 
increases further, the initial decay gets faster and even- 
tually the  decay-growth-decay profile starts to develop 
when the mass ratio SDS/BSA exceeds 1.2. It is most 
noteworthy that the signal intensity at the dip position of 
the decay-growth-decay signal fully reaches the null point, 
showing that two complementary gratings are almost 180° 
out of phase with eachother. When such a decay-growth- 
decay profile is evident (SDS/BSA 2 1.21, the At-method 
is used, and a reasonable q2 dependence is apparent for 
this type of signals, as shown in Figure 2E. 

In Figure 3 are plotted the diffusion coefficients of the  
SDS-BSA complexes as a function of SDS/BSAratio. The 
abscissa represents the  mass ratio of SDS/BSA, and the 
top scale shows the molar ratio of SDS/amino acid residue; 
an average amino acid molar mass of 114 was used to 
calculate the ratio. The diffusion coefficients determined 
by DLS are represented by open squares. The filled circles 
represent the diffusion coefficients of the complexes at 
SDS/BSA < 1.2, where the signal follows an apparently 
single exponential decay. The diffusion Coefficients of 
the complexes with this type of signal profiies were deduced 
byfittingthesignaltoeq6. Wecallthiswayofdetermining 
the diffusion coefficient henceforth the “routine” analysis. 
T h e  open circles represent the diffusion coefficients of 
the complexes at SDS/BSA 1 1.2, where the  signals are 
of decay-growth-decay type, and the diffusion coefficients 
of the complexes with decay-growth-decay type signal 
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We now try to understand the signal shape change in 
Figure 1 and the deviation of the diffusion coefficients 
determined by the routine analysis from that determined 
by DLS in the intermediate SDS/BSA range. In the report 
by Park et al.,l the simulations of eq 1 were performed 
with A1/A2 f i e d  at 1.12 while varying the ratio of the two 
decay time constants 71/72, and the results showed that 
the signal exhibits an after-pulse-growth when 11 is larger 
than 72,  and that the signal changes to the decay-growth- 
decay type as 71 gets smaller than 72. Since the diffraction 
amplitude of the trans form of azo dye is expected to be 
larger than that of the cis form,' the results shown in 
Figures 1 and 3 can be accounted for by the complementary 
grating effect as follows. Initially in the absence of SDS, 
Dtra, appears to be the same aa Dcis, judging from the 
similarity between the diffusion coefficient of dynamic 
light scattering, DDLS, and that of forced Rayleigh scat- 
tering, DFW, in Figure 3. With addition of SDS, Dtram 
gets smaller and the signal exhibits a distinct after-pulse- 
rise (B). The apparent diffusion coefficient of FRS drops 
accordingly to show a negative deviation from that of DLS. 
Upon addition of more SDS, the difference starts to become 
smaller and the after-pulse-rise shape becomes less distinct 
(C). At a point between C and D the reversal in the 
magnitudes of DtraM and D,, takes place, and the apparent 
diffusion coefficient becomes larger than that of DLS. 
Finally, the difference becomes large enough to develop 
a visible bump (E). We will present in the last section our 
conjecture on hoy the cis and trans forms of the azo dye 
affect the conformation and diffusion coefficient of the 
complex and why the reversal of DtraW and D,i, takes place 
with the known BSA denaturation mechanism by SDS. 

DO of Globular BSA without SDS. We now revisit 
the diffusion coefficient of BSA in the infinite dilution 
limit DO without SDS. Our value is smaller than the ones 
reported in the literature. The generally accepted value 
for BSA diffusion coefficient in the literature is 6.0 X le7 
cm2/s at 20 "C or 6.8 X le7 cm2/s at 25 0C.2q-26 Honda 
and Kambe27 recently reported that DO at 25 OC is 6.71 X 
107 cm2/s for well-fractionated BSA monomer, 6.1 X le7 
cm2/s for unfractionated BSA, and 5.2 X le7 cm2/s for 
fractionated BSA dimer. Hence, the smaller diffusion 
coefficient of BSAwithout SDS in this experiment appears 
to be the result of the polydispersity of our sample. We 
also note that the signal at SDS/BSA = 0 is not a decay- 
growth-decay type but a single exponential one, as shown 
in Figure 1A. This is contrary to what Stewart et al.12 
observed with ABITC-IgG. It was proposed by the authors 
that when they labeled the protein with the azo dye at pH 
11.3, the labeling reaction caused aggregation of the protein 
and the FRS signals from ABITC-IgG showed the decay- 
growth-decay shape. The authors further attributed the 
occurrence of this signal to the photodissociation of the 
protein aggregation upon photoexcitation of the dye. 
Because the FRS signal shape of ABITC-BSA in this 
experiment is single exponential, we argue that the 
presence of aggregates does not necessarily produce a 
decay-growth-decay type signal. Arunyawongsakorn et 
al.26 also reported a single exponential decay signal from 
monomeric BSA labeled with ABITC. The diffusion 
coefficient they deduced from these signals is comparable 
to the generally accepted value. Thus, our claim of no 
complementary grating effect for ABITC-BSA without 
SDS accords with the latter observation, but the diffusion 
coefficient of our sample is smaller than theirs by 15%, 
probably due to the polydispersity of OUT sample. The 
presence of oligomers may also explain the slightly smaller 
value of the diffusion coefficient determined by DLS than 
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Figure 3. Diffusion coefficient of BSA-SDS complex determined 
by FRS and DLS. The open circles represent the FRS results 
analyzed by A t  analysis, the closed circles are the FRS results 
by "routine analysis", Le., analysis by forced fitting to eq 6, and 
the open squares are the DLS results obtained by fitting to a 
single exponential function. The "routine analysis" shows large 
deviations from DLS results, while the At method with a decay- 
growth-decay type signal yields consistent results. 

were determined by the At analysis. We now turn to the 
discussion of several points raised in these results. 
FRS Signal Shape Change with SDS Concentra- 

tion. In the range of SDS/BSA mass ratio of 0-1.2, it is 
clear that the diffusion coefficients of the complexes 
deduced by the routine analysis show significant deviations 
from those by DLS. As is manifested in Figure 2, q2 
dependence alone cannot be taken as a sufficientcondition 
to ensure the correct analysis. We also tried to fit-the 
signals with an intermediate SDS/BSA ratio by fixing the 
average decay time constant which is estimated from the 
DLS results as interpolated from the plot in Figure 3, and 
performing the three-parameter fit of the FRS profiles 
according to eq 1. The results of this fitting method are 
represented by the solid curves A-D in Figure 1, where 
the starting point of the fit for each profile is indicated by 
an open arrow. We emphasize two points from these 
analyses: (1) unambiguous determinations of the decay 
time constants are almost impossible even for the appar- 
ently single exponential decay, and (2) we can demonstrate 
clearly that the observed profile is successfully simulated 
by eq 1 with the use of decay time constants deduced by 
another method. This situation is exactly the expected 
behavior caused by the presence of the complementary 
concentration fringes decaying with different rates.' It 
illustrates the point that one has to be wary of pitfalls in 
the interpretation of a monotonically decaying profile since 
many different seta of the decay constants reproduce the 
entire profile rather successfully. To put it another way, 
it is much more difficult to deduce correctly the decay 
constants from a monotonic profile unless it falls into the 
exceptional case of purely single exponential decay or of 
well-separated multiexponential. 
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of the protein, thus altering the compact structure of the 
protein, which in turn makes it easier for SDS molecules 
to effect the N-F-type transition of the protein. The result 
would be a larger size and smaller diffusion coefficient of 
the complex with the t ram form in an early stage of 
denaturation. Once the protein unfolds, however, the 
BSA-SDS complex is believed to be a string of micelles, 
like a necklace,31 and the more hydrophobic and linear 
t ram form would result in a tighter binding with the 
micelles, which in turn would produce a smaller size and 
larger diffusion coefficient of the complex. In other words, 
it appears that the complex with the t ram form of the dye 
molecule has a larger size than the one with the cis form 
in the first stage of denaturation, but that the size of the 
complex with the t ram form becomes smaller than the 
one with the cis form as the protein denaturation gets into 
the second stage, where SDS molecules bind to the protein 
mainly by hydrophobic interactions. If this is indeed the 
case, then the first stage of SDS binding is apparently 
complete at SDS/BSA ratio at 0.25-0.5, judging from the 
attending increase in the apparent diffusion coefficient, 
DFW. The positive deviation Of DFw from DDLS increases 
with SDS/BSA ratio, until the difference between Dt,, 
and Deja is large enough to produce a decay-growth-decay 
type signal at SDS/BSA = 1.2. When the average diffusion 
coefficient settles down to a constant value, 4.4(*0.1) X 
W7 cm2/s, at SDS/BSA 1 1.4, thesignalshape also remains 
unchanged, indicating the completion of SDS binding to 
the protein. The stepwise denaturation mechanism, 
suggested here, is supported by some experimental results. 
Tipping et al.%eported that the specific viscosity increases 
little up to SDS/BSA = 0.35 and then increases sharply 
thereafter, and the reaction enthalpy also increases sharply 
at SDS/BSA 1 0.52. Equilibrium binding studies by 
Takeda et al.29 showed that the onset of the second stage 
binding is also at SDS/BSA = 0.52. The NMR study by 
Oakes30 also showed that the chemical shift of the CH3 
and a-methylene groups of SDS starts to increase at SDS/ 
BSA = 0.43. Therefore, the FRS signal shape change being 
reported here is not only an indication of different diffusion 
coefficients of the complexes with the two configurational 
forms by the azo dye but also lends support to the stepwise 
denaturation mechanism of BSA by SDS. 

It would be pertinent to discuss briefly the results from 
this study vis-a-vis other existing results. The studies of 
Reynolds and Tanford indicated that various globular 
proteins, with reduced disulfide bonds, appear to bind an 
identical amount of SDS, i.e., 1.4 g of SDS/g protein, and 
suggest a rodlike structure for the prokin-SDS complex 
based on the hydrodynamic properties of the c ~ m p l e x . ~ ~ ~ ~ ~  
As shown in Figure 3, the diffusion coefficient of BSA/ 
SDS complex decreases sharply upon addition of SDS and 
reaches an asymptote at near 1.4 g SDS/protein, which is 
in excellent accord with the result from the equilibrium 
binding studieswith respect to the saturation binding ratio. 
A more recent DLS study by Tanner et al.% showed a 
similar decrease of the diffusion coefficient of BSA/SDS 
complex as the concentration of SDS was increased while 
their saturation limit was 2.8 g of SDS/g of protein. They 
observed apparently double exponential autocorrelation 
functions of DLS signals and interpreted the results by 
invoking coexistence of SDS micelles and the complexes. 
We also observed a s i m i i  non-single exponential auto- 
correlation function at low ionic strength as they used, i.e 
20 mM; however, at high ionic strength a clean single 
exponential form was obtained in 100 mM phosphate 
buffer at pH 6. It suffices here to point out that the 
apparent diffusion coefficient at low ionic strength is 

the one determined by FRS: DLS probes the z-average 
diffusion coefficient, and it is very sensitive to the small 
amount of large scatterers, whereas FRS signal intensity 
is only proportional to the number of photosensitive 
molecules attached to the oligomers; hence, the diffracted 
probe beam intensity is not as sensitive to large oligomers 
as the scattered laser intensity in DLS. 

Do of BSA-SDS Complexes. Secondly, we not that 
the diffusion coefficients determined by the At analysis 
at SDS/BSA 1 1.2 are in good agreement with those 
determined by DLS within experimental uncertainty. The 
aggreement is consistent with our proposal that the 
geometric mean of two slightly different decay time 
constants equals At. The linear q2 dependence of At in 
Figure 2E may be taken as further evidence that the At  
is related to some decay time constants connected to 
translational diffusion processes. Additionally, the dif- 
fusion coefficients of BSA-SDS complexes at SDS/BSA 
1 1.2 are also in good agreement with the one reported by 
Hondaand K a ~ n b e , ~  4.3(*0.2) X lk7cm2/s. Because they 
used a fractionated BSA sample, the agreement between 
ours and theirs indicates that only the complexes with 
monomeric BSA are present in our samples when SDS is 
added, even though the globular state may be polydisperse. 
It also supports the expectation as noted earlier that the 
oligomers are not covalently linked but aggregated through 
some physical means which are susceptible to breakup by 
SDS. Given the average decay time constant from At, a 
nonlinear regression analysis was carried out under the 
constraint of (7172)lI2 = At. We found that the fit results 
are well reproducible, virtually independent of the initial 
guesses. The best fit results are shown in Figure 1E with 
the solid curve, and the quality of fit is indeed satisfactory. 
By so fitting, we could obtain all the parameters in eq 1; 
for instance, at BSASDS = 1:1.2,71 = 0.172 8, 7 2  = 0.180 
8, A1 = 33.2, and A2 = 32.3, indicating that the diffraction 
efficiencies of two complementary gratings are so similar 
that only a percent of the diffraction intensity is being 
detected because of the mutual interference of the 
diffraction signals from the complementary gratings. 
Under this circumstance, only about 5% difference in the 
decay rates results in such a drastic departure from a single 
exponential on the FRS decay profile. Assuming that the 
contrast between two complementary gratings is an 
inherent property of the photolabel species used in this 
experiment and further the contrast remains unaffected 
by SDS concentration, we infer that the difference in the 
diffusion Coefficients of BSA-SDS complexes having cis 
and t ram form of the dye varies in a complicated manner 
with added SDS however small. 

Effect of Azo Dye on BSA Denaturation. The 
denaturation of protein by SDS is known to take place in 
a stepwise It is believed that the protein has 
a cleft between two globular units, wherein are embedded 
40 lysil and 40 carboxyl residues, and that these residues 
become exposed when the protein has a high net charge.2s 
The SDS molecules bind f i t  to the positively charged 
and exposed (toward aqueous medium) residues by ionic 
interactions, followed by the hydrophobic binding of the 
surfactant molecules to the newly exposed hydrophobic 
segments. The reversal in the magnitude of Dtpam and 
Deb, which was manifested by the signal shape change in 
Figure 1 and by the change from the negative deviation 
of DFm, relative to DDU, to the positive deviation in Figure 
3, might be an indication of this stepwise denaturation. 
Our speculation is that because the dipole moment of the 
t r a m  form is much smaller than that of the cis form? the 
t ram can penetrate more easily into the hydrophobic part 
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Table I. Comparison of Decay Time Constants by 
Nonlinear Regression and A t  Analyees 

system 71 72 (71 -t 72)/2 ( T ~ Q ) ' / ~  Ata 

benzospiropyran-BSA* 0.16 0.4 0.28 0.25 0.23 
CQ/PMMAc 25.2 80 52.6 44.9 40 
CQ/PMMAd 43.3 162 103 83.8 72.1 
CQ/PCe 418 2800 1609 1082 848 
CQJPLY 1493 1667 1580 1578 1545 

"The time interval between the maximum and the minimum 
intensities of 'decay-growth-decay" signals. * Reference 11. Ref- 
erence 14, CQ stands for camphor quinone and PMMA for poly- 
(methyl methacrylate). Reference 15. e Reference 16, PC stands for 
polycarbonate. f Reference 13, PS stands for polystyrene. 
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a routine analysis of a normal single exponential decay is 
potentially fraught with a significant error in deducing 
the correct decay constant. We should like to close this 
report by calling attention to the proposition that one 
must bear in mind critical photochemical details of the 
chosen probes in order to arrive at the correct interpre- 
tations of FRS data. 

subject to a variety of polyelectrolyte hence, DLS 
is not an appropriate probe to deduce the size of highly 
charged species such as protein/SDS complexes unam- 
biguously. 

Comparison of At with Average Decay Constant. 
We now test our proposal with the extant data in the 
literature. In Table I are collected the data from five 
decay-growth-decay type signals in the literature. The 
values of 71 and 7 2  are originally reported ones, and the 
arithmetic and geometricaverages, (71 + 72)/2 and ( T ~ T Z ) ' / ~ ,  
respectively, in columns 3 and 4 were calculated from the 
original data. The time interval At was determined from 
the minimal and maximal intensity points in the reported 
figures. We first note that the At is indeed close to the 
geometric average, even when the two decay time constants 
are separated by a factor of several. Secondly, At is closer 
to the geometric average than the arithmetic average, and 
the difference between them increases with the ratio ~ 2 /  
71. These are exactly as expected, for the geometric mean 
is closer to At by simple series expansions; the arithmetic 
mean (71 + 72)/2 = 71 + A7/2, the geometric means (~172) ' /~  
= r1 + AT - A T / ~ T ~ ,  and the time interval At = 71 + Ar - 
A T / ~ T ~ ,  where AT = (72 - 71). Thus, it is not surprising 
that the difference between the geometric means and At 
is less than 20% when the ratio 72/71 is smaller than 4, as 
seen in Table I. Therefore, the At analysis can be applied 
to virtually all the decay-growth-decay-type signals to 
deduce the geometric average of the diffusion coefficients 
with reasonable accuracy. The advantages of using the 
At analysis are that it provides the geometric mean of the 
two diffusion coefficients very accurately with virtually 
no effort and that the four-parameter fitting to eq 1, where 
B is generally negligible, is reduced to a three-parameter 
fitting by virtue of being able to fix 72 = (At)2/~1,  thus 
providing the fitting result more reliability. 

Conclusions 
In summary, we have shown that the complementary 

grating effect can be invoked successfully to account for 
complicated FRS signals and that the diffusion coefficients 
determined by the At analysis are within the experimental 
error the same as those by DLS. Comparison of the At 
and the geometric means ( T ~ T Z ) ~ / ~  from the data reported 
in the literature also proved that At can be deduced reliably 
whereby we can reduce the fitting routine (to eq 1) to a 
three-parameter one in the common case% when the 
background term B is set to zero. What concerns us most 
in FRS studies is how one deals with nearly "normally 
looking" monotonic decays. As demonstrated in this study, 
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