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ABSTRACT: Few techniques can identify interactions between proteins and individual water molecules

when the protein is in solution. The present work has sought to bridge the gap between the molecular
level studies and the search for a physical property of the solution (bathing the proteins) that would

regulate the protein hydration level. The properties of the solution were varied by adding nondenaturing
solutes and solvents to the protein solutions and then studying their effect on the intrinsic fluorescence of
apomyoglobin. The resolution of the tryptophan emission into the two component spectra corresponding
to tryptophans W7 (accessible to the solvent) and W14 (buried in the protein matrix) has allowed us to
probe two specific parts of the protein. Whereas W14 is not affected when the medium is altered, the
analysis of W7 fluorescence has shown that cosolvent diffusion plays a dominant role in the mobility of

water molecules near the protein surface.

The X-ray structure of horse heart myoglobin is known
(1). The extent of its hydration has also been extensively
studied. X-ray and neutron diffractions, ) and computer
simulations 8, 4) suggest that the greater part of this protein
is hydrated, with just the F and G helices remaining
moderately dry. The study of the solvent effect on this single
respiratory protein seems to be split between investigations
of bulk solvent parameters [such as the dielectric constant
(5), viscosity €), or osmotic pressure’)], which are likely
to perturb structural and dynamic properties of the protein,
and, on the other hand, the effort to provide molecular details
on the proteir-water contacts. This last approach describes
the nature, the residence time, and the location of the water
molecules a.t the protefrwater |nterfacg8). This search Ficure 1: Ribbon representation of horse heart myoglobin,
usually requires slightly hydrated protein powder. indicating the position of the two tryptophan residues, W7 and W14.

Indeed, few techniques can identify individual water This figure is reproduced with permission from (.
molecules when the protein is fully hydrated (in crystal or
in solution), either because of the great excess of bulk watercentrations. Cosolvents were limited to nondenaturing polyols
molecules or because the movement of water within the without charge: glycerol, glucose, and sucrose. So as to
protein hampers their detection. The repartition of internal remain as close as possible to the native molecular confor-
and surface water molecules and their interaction with the mation, protein solutions were maintained at pH7.5.
protein, when the protein is in full solution, are not yet Horse heart myoglobin contains two tryptophan residues
experimentally known. What is more, the extent to which (Figure 1): one, W14, is in a buried region, and the other,
the constitution of the bulk solvent might influence the W?7, lies near the protein surface. The cosolvent effects on
hydration level of the protein, or subdomains thereof, is not buried and exposed protein domains were investigated
known. through the fluorescence perturbations of the two tryptophan

This last question is addressed in the present study infesidues in the apomyoglobin (apoMimolecule (myoglobin
which various chemical compounds were added to a solution from which the prosthetic heme group was removed). Indeed,
of protein in buffer in order to alter the properties of the Proteins exhibiting intrinsic tryptophan fluorescence are ideal
water ©). To avoid effects specific to a given cosolvent, for investigations of the relationships between dynamics and
while also avoiding any effects relating to varying chemical Structure. Furthermore, at pH 7.5, the tryptophan region

groups, three different polyols were used at varying con- Of apomyoglobin retains the myoglobin conformatidid)¢
To measure how the bulk solvent acts on the hydration of

W7 and W14, the total tryptophan fluorescence was resolved
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to separate that of W7 (most accessible to solvent) from that Optical Absorption and Fluorescence Measuremerie

of W14 (locked in the AGH junction). The fluorescence UV optical absorption spectra were collected on a Cary 3E.
emissions of W7 and W14 were studied in terms of lifetime, The tryptophan fluorescence emission spectra were measured
relative quantum vyield, and color (gravity center of the on a Perkin-Elmer LS 5B spectrofluorometer using band-
emission spectrum). Data show that the cosolvent moleculeswidths of 2.5 nm on both the excitation and emission beams.
by perturbing the mobility of the water molecules, shift the The optical cells had a 10 mm path length, and the optical
W?7 fluorescence spectrum, thus offering a relevant unit for density at 295 nm, excitation wavelength where the tyrosine

the strength of waterprotein interactions. absorption is very smalll@Q), was maintained below 0.1.
The apomyoglobin samples’ concentrations were around 2
MATERIALS AND METHODS x 1075 M. The relative fluorescence quantum yields of the
Salts and Organic Seénts. Tris(hydroxymethyl)ami- tryptophans in apomyoglobin dissolved in the various co-

nomethane, bis-Trig{ [bis(2-hydroxyethyl)amino]tris(hy- solvents were obtained by _comparing their em_issi_on intens_ity
droxymethyl)metharje sucrose, glucose, and glycerol were 0 that of the tryptophans in the apomyoglobin dissolved in
purchased from Sigma. the plain reference buffer. When the temperature rises from
Excluding the reference solution (20 mM phosphate buffer, © 1© 25 °C, the emission spectra are very similar. The
pH = 7.5), three concentrations of each cosolvent were usedduantum yields decrease by less than 7%, in agreement with
in such a way that the molar concentrations varied in a similar L@ustriat and Gerard's observations on a large variety of

proportion. Molality (Os, mokg?) was calculated using the ~ 'yPtophan proteins1@).
equation: The fluorescence emission of W7 was evaluated by the

trichloroethanol (TCE) quenching method described previ-
Os= (1000M)(% nV100) ously (14). Tryptophan fluorescence was quenched by TCE,
an apolar solute which dissolves in water as well as in the
where %m andM are respectively the percentage by mass various cosolvents chosen. In apomyoglobin, TCE statically
and the molar mass of the cosolvent added. The abovequenches the fluorescence of W7, without the W14 fluores-
equation does not take into account volume variations cence being altered in any way. Briefly, this method
(contraction or expansion) that will occur when cosolvent is considers that a fraction of the TCE concentration is
added to water. Though the densities are not equal to unity,complexed to the protein, following the relation:
the molality will be taken to represent molarity in the rest p
of this work. _ apoMb-+ TCE ~> apoMbTCE
The maximum concentrations of the cosolvents used were
limited by the maximum glucose concentration: saturation Bringing this back to the fact that the change in the
in pure water is around 47% by weight at 26 (Merck  fluorescence emission upon addition of TCE is entirely due
Index) but less at 9C, the temperature of the experiments to the quenching of W7, one may say that
described hereafter. In percentage by weight, were chosen

15%, 25%, and 35% glucose, 7%, 14%, and 21% glycerol, o |:(7)
and 25%, 40%, and 50% sucrose. All percentages are given AF=F,—-F,= 1 - KJITCEl
as weight of added compound per total weight of the final ofl ]

sollaurt(lj?gi.n PreparationLyophilized horse heart myoglobin with F? as the _initial fluorescence emiss_ion_intens_ity of W7

was purchased from Sigma. Apomyoglobin is extracted from andF; éhe residual quorgscence emission intensity _of W?.

the holoprotein by acid acetone precipitatiohl), The AsF7 = fiF% whereF? s the total fluorescence emission

apomyoglobin precipitate is dissolved in bidistilled water at intensity of apomyoglobin in the absence of quencherfand

4 °C and rid of the excess acetone by a 48 h dia|ysisy is the fraction OT Its IntenSIty tha.t can be quenched by TCE,

followed by lyophilization. The protein is renatured by the above relation can be written:

dissolving it in 2 mM bis-Tris buffer, pH= 6; this solution 0

is dialyzed at 5°C against a 20 mM phosphate solution at FF_1 Ko

pH = 7.5 for 24 h. The protein solution is then collected AF f, f[TCE]

and centrifuged for 10 min at 290§0T he supernatant forms

the mother solution. It holds less than 1% of heme, the limit The fluorescence lifetimes were obtained by measuring the

being checked by the absorption of the Soret band. The phase shifts and the demodulation of the fluorescence

apomyoglobin concentration is then adjusted to suit experi- emission intensity compared to the exciting beam, the

mental needs using the optical density at 280 rpg, (= intensity of which is modulated sinusoidally at frequencies

13500 Mt-cm™). varying from 4 to 200 MHz 15, 16). The exciting beam’s
Any change in the native apomyoglobin conformation was wavelength was 300 nm in order to avoid inter-tryptophan

monitored by two independent techniques. First, in all cases, energy transfer. The entirety of the emitted light is detected

the near-UV absorption spectra of apomyoglobin were not at a right angle to the exciting beam through a polarizer set

altered. Second, the chosen cosolvent conditions do notto the magic angle (54°). The fluorescence emission

impede on apomyoglobin’s capacity to rebind the heme intensity is observed at different wavelengths selected by

group to yield anew the native holomyoglobin form. There- the emission monochromator (310, 320, 340, 360, 380, and

fore, the cosolvent conditions do not play on the apomyo- 400 nm).

globin organization, and the samples were considered to be The barycenters of the emission spectra do not change with

in their native state, typical of apomyoglobin at pH7.5. temperature (see above). So relaxation processes playing
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Ficure 2: Resolution of the tryptophan fluorescence of apomyo-
globin by static quenching with trichloroethanol (TCE). (a) Wave-
number distribution of the emission intensity fractfgrrepresenting
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FiGure 3: Resolution of the tryptophan fluorescence from apomyo-
globin in terms of the component lifetimes. (a) Wavenumber
distribution of the emission intensity fractidncorresponding to
the long 5.89 ns< —) and short 1.94 ns (- - -) lifetimes. (b) Decay-

that part of the total fluorescence intensity that may be quenchedassociated spectra of apomyoglobin showing two lifetimes=
by TCE. Only the fluorescence of W7 is quenched. (b) Resolved 5.89 ns ¢ —) andz = 1.94 ns (- - -). The total spectrum is also
fluorescence emission of W7 and W14 residues within the total given (—) with the same scale as in Figure 2b.

tryptophan emission from apomyoglobin. Multiplication of the total
emission spectrum—) by f,(v) yields the emission spectrum of
W7 (= —). The complementary spectruffilL — f,(v)]l(v)} is that

of W14 (- - -).

a curvefy(v) (Figure 2a). Multiplication of this curve by the
emission spectrurt(v) yields the spectrum of fluorescence
emission that is quenched by TCE, i.e., the spectrum
associated with W7 (Figure 2b). The complementary spec-

gradually during the fluorescence decay time are highly tyym, [1— f.)]1(v), is associated with the emission of W14.

improbable. It did not therefore seem necessary to carry out|t gppears that the fluorescence associated with W7 is redder
a TRES-type analysis (time-resolved emission spectra). Thethan that associated with W14. This is in agreement with
analysis was limited to the DAS-type (decay-associated the fact that W14 is tightly buried within a rigid hydrophobic
spectra;17). Analysis of the data was carried through with  yrotein matrix, whereas W7, being at the protein surface, is
the Globals software (LFD-Urbana) as described by Beechempgre sensitive to solvent water moleculg)( The data also

(17). To compare the extracted data with the intensity of jngicate that the fluorescence contribution of W7 to the total

the emission spectra, the intensity fractipmas preferred
to the population fraction;, when calculating;, the different

lifetimes. The fractional intensitfy is related to the excited
population fractiony; of theith component by

T

fi=—
Z(aifi)

RESULTS

(A) Fluorescence Characteristics of the W7 and W14
Residues in Apomyoglobin at pH 7.5. (i) Component
Resolution by Static Fluorescence Quenching of. \A§
described in Materials and Methods, trichloroethanol (TCE)

emission is about 38%.

(if) Component Resolution through the Decay-Associated
Spectra (Using Multifrequency Phase/Modulation Fluorom-
etry). Analysis of time-resolved fluorescence intensity at pH
= 7.5 and across the emission spectrum revealed two major
lifetime components, 1.94 and 5.89 ns. In a few analyses, a
third lifetime component appeared with a much longer
lifetime (r ~ 8.5 ns) but a small to negligible value for the
emission intensity fraction. The variability of this component,
compounded with its very small fractional contribution, led
us to ignore it in all the subsequent analyses.

Interpolating thef; values obtained across the emission
spectrum leads to a curvi(y), for each decay (Figure 3a).
Multiplication of this curve by the corresponding emission
intensities yields the spectra associated with each lifetime:

was used to selectively and statically quench the fluorescencdi(v)I(v) (Figure 3b). The spectrum associated with the long

of W7 in apomyoglobin. At each wavenumbeof emission,
the ratioF%AF of the total tryptophan emission intensk§
to the tryptophan emission intensity charyE due to the
addition of quencher was calculated and plotted agait 1/

lifetime is the redder one and accounts for 49% of the total
emission spectrum. The spectral position is identical to that
of the spectrum associated with W7 above. It may therefore
reasonably be said that the lifetime component of 5.89 ns

the inverse of the quencher concentration. The intercept oncorresponds primarily to emission from W7. There is,

the y-axis is 1f, the inverse of the fraction of emission
intensity that is quenched by TCE4). This approach yields

however, a discrepancy with regard to the fractional intensity
(49% as opposed to 38%) that may only be understood if a
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Ficure 4: (a) Progressive quenching by TCE of the spectrum
associated with the long lifetime—). TCE concentrations are 8
mM (— =), 24 mM (- - -), and 48 mM € - —). (b) Extrapolation

to infinite TCE quencher concentration resolves the emission
spectrum associated with the long lifetime)(into its W7 (— —)

and W14 (- - -) component spectra.

minor fraction of the spectrum associated with the long
lifetime arises from emission from W14.

(i) Spectra Attribution by TCE Quenching of the Spec-
trum Associated with the Long Lifetinéthere is a fraction

Twist et al.
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Ficure 5: Cosolvent effect on the tryptophan fluorescence spectra
of apomyoglobin at 8C before ) and after (- - -) the addition
of 50% sucrose.

emission intensity). The emission of W14 is more complex,
with two lifetime components: one at 1.94 ns (51% of the
total fluorescence emission intensity) and one near 5.89 ns
(11% of the total fluorescence emission intensity). Thus the
emission intensity of W14 accounts for 62% of the total
fluorescence emission intensity.

It is quite clear that the population fractian of each
emitter does not follow the number of tryptophans present
in apomyoglobin: W7 only appears as 18.6% of the total
emitters, not 50%. This may be explained by the fact that
the tryptophan excited-state populations do not mirror the
ground-state populations. As the environments of the two
tryptophans are very different, their fluorescence excitation
and deexcitation are going to be differert9( 20). The

of the spectrum associated with the long lifetime that belongs smaller relative quantum yield of W7 and its red shift could

to W14, then this fraction will not be quenched by trichlo-

roethanol. The TCE quenching of apomyoglobin was there-

fore combined with a DAS-type analysis. At various TCE

be due to the fact that W7 is more exposed (residue surface
accessible to water is 112%or W7 and 4 & for W14,
compared to almost 30024or a fully accessible tryptophan

concentrations, the lifetimes and their associated fractional side chain) and subjected to stronger interactions with water
intensities were measured across the emission spectrum. Thehan W14. Coupling of agueous solvent molecules with W7

lifetimes do not change, which confirms that TCE quenching

will reduce the excited-state population. The coupling of the

is static. The spectrum associated with the short lifetime (1.94 excited state will in turn favor water relaxation and tryp-
ns) does not change with increasing amounts of TCE (datatophan deexcitation.
not shown). The decrease of the spectrum associated with (B) Tryptophan Fluorescence Spectra of Apomyoglobin

the long lifetime (5.89 ns) is very large and follows the
adjuncts of TCE (Figure 4a). It is also nonhomogeneous:

in the Presence of Cosant. After excitation at 295 nm,
the total emission spectra of apomyoglobin vary when the

the decrease is stronger on the red edge of the spectrumvarious cosolvents are added. All the spectra shift to the blue,

Using theF%AF vs 1Q plots, the extrapolation to infinite

without changing quantum yield (e.g., 50% sucrose in Figure

guencher concentration for each wavenumber yields the curves). The shifts are different on the blue and red edges of the
fa(v). This allows us to extract from the spectrum associated spectrum.

with the long lifetime the spectrum of the quenched portion
(Figure 4b). This fraction forms nearly 82% of the spectrum
associated with the long lifetime and 38% of the total
fluorescence emission intensity. This is exactly the fraction

Considering the above findings in pure buffer, static
guenching by trichloroethanol was used to isolate the
individual W7 and W14 fluorescence spectra in the presence
of polyols. Multifrequency phase and modulation were used

of the total fluorescence emission intensity that was ascribedto determine the component lifetimes. The resolution of the

to the fluorescence of W7 by the TCE static quenching

total spectrum into its individual spectra by TCE quenching

method alone. The remaining unquenched portion of the shows that the presence of these polyols does not alter the

long-lived component exhibits a much more blue-shifted
spectrum and likely arises from emission from W14.
To sum up, apomyoglobin fluorescence at 7.5 may

therefore be resolved into the fluorescence emission intensi-

ties of the two tryptophans: W7 is readily detected by the

fact that its fluorescence emission is quenched by trichlo-

roethanol. The W14 fluorescence emission is simply the
complement. The emission of W7 has only one lifetime

relative intensity of each tryptophan’s emission either. The
nongquenched W14 spectrum still accounts for 62% of the
total; the quenched W7 emission constitutes the remaining
38%. Furthermore, the discrete lifetimes are not changed,
and the spectra associated with each lifetime do not vary in
relative intensity.

However, the presence of these polyols blue shifts the
spectrum associated with the W7 fluorescence emission

component, around 5.89 ns (38% of the total fluorescencewithout modifying that of W14. To be sure that W14 is not



Solvent Diffusion Plays on Tryptophan Fluorescence Biochemistry, Vol. 41, No. 32, 20020347

affected, one has to observe the spectra associated with both
lifetime components. Using the decay-associated spectra of 800 + Sucrose
apomyoglobin in the presence of cosolvents, one can isolate
the spectrum associated with the short lifetime=( 1.94

. . ~ 600 Glucose
ns) of W14. One can also isolate the spectrum associated \
with the long lifetime of W14 £ ~ 5.89 ns) by subtracting 5
the W7 spectrum from the total spectrum associated with ¢ 400
the long lifetime (data not shown). For both lifetimes of W14, 3

the spectra are not shifted. This confirms that the W14
emission is not subjected to the medium surrounding the
protein. It would seem then that the effects of the chosen
cosolvents on the tryptophan fluorescence are limited to that 0
part of the protein matrix which is nearest to the outside 0
medium and that the protein interior does not “perceive” the
effect of the cosolvent, Ficure 6: DisplacementAve of apomyoglobin’s tryptophan
(.C) Search for the Origin of the W7 F.luorescence Blue emission spectPum’s center %f gravFi)tyGQyw?th the mo)llgrit)? of
Shift. All of the cosolvents chosen blue shift the fluorescence yarjous cosolvents: glyceromj, glucose ®), and sucrosex).
of W7 without shifting that of W14. The position of the W7  The errors onvg are less than 15 cr.
spectrum’s center of masg was determined by

Glycerol

-
N
w

Co-solvent molarity (moI.L'1)

is the molar volume of water (1& 1072 dm®mol™?), and
Z[Ivv] a, Is the activity of water, calculated from
v
[4¢

ZIV a, = X, exp

wherel, is the intensity at each wavenumbefThe shift of whereX, is the molar fraction of watemf,/(n + Nsoud,

A . with n being the number of moles] andis the Norrish

fluorescence emission is generally due to an influence of 3
the medium on the emission dipole. Shifts of tryptophan cons’FantZ ) , , ,
fluorescence are usually interpreted either in terms of local 11 IS related to the number of particles in solution; the
polarity or in terms of local viscosity. However, it should nature of these particles is taken into account through the
be noted that the blue shifts due to the presence of thesdNOIish constant, which, in this work, does not vary
cosolvents at the given concentrations are not observed orfonsiderably. For glycerok = 1.16 4); for glucosek =
N-acetyltryptophanamide (NATA) (data not shown): this 2.25 @5); for sucrose,'k ~ 7.1 (estimated from.osmotlc
would imply that the NATA-water interactions are not ~Pressuré values previously reporte2f). Assuming the
profoundly modified. Whatever explanation is given for the €onstant for apomyoglobin is no more than 5 orders of
blue shifts of trypotphan W7 in apomyoglobin, it must take Magnitude larger, the number of protein molecules present
into account the very fact that Wig an integral part of in solution at the concentrations used will produce very little
apomyoglobin and, furthermore, that W7 lies at the surface €ffect on the overall value dfl.
of the protein (as no effects were observed on tryptophan Considering that osmotic pressure and molarity are directly
W14). related, it was chosen to plot the observed blue shiifts

(i) Dielectric Effect.For many fluorophores, the cause for against the molarity of the compound added to form the given
such a shift was sought in terms of an effect of the dielectric cosolvent (Figure 6)Av is linearly related to the molarity
constante (21). However, in the case of tryptophan fluo- 0f each individual cosolvent, but molarity, as a parameter,
rescence, very large variations ©ofire required to shift the ~ cannot be considered as a single, unifying cause of the blue
emission spectrun®@); by comparison, the variations of the ~ shifts observed. This conclusion does not preclude a variation
outside medium’se are only very slight in the present in the number of water molecules around W7, but the extent
work: ¢ = 78 for water andt = 73 for 50% sucrose, the 0f the variation depends on the cosolvent used.
lowest value encountered in this study. So a direct dielectric  (iii) Effect of Viscosity.This parameter refers to the
effect of polar molecules around the fluorophore is improb- mobility of molecules around the fluorophore. The color of
able. Residue W7 is only partially exposed to the agueousthe tryptophan fluorescence emission depends on the rigidity
medium, so an indirect effect due to water molecules may of the tryptophan’s environment, so one might have reason
be felt. A variation of the number of water molecules, due to suspect the involvement of the cosolvent viscosity in the
to the addition of cosolvent, translates as an osmotic pressureblue shift of the W7 fluorescence emission. The shift indeed

effect, rather than a dielectric moment effect. increases uniformly with viscosity but not in a manner that
(i) Effect of Osmotic Pressurédsmotic pressurél is is totally independent of the cosolvent used (Figure 7).
calculated from Additionally, if the viscosity of the medium is directly related
to the shifts of the fluorescence spectrum, then temperature
m=— Krln(aw) should have an effect, as the viscosity of the external medium
V., decreases with temperature. However, the spectrum is not

red shifted when the temperature is raised from 9 t6@5
where R is the universal gas constant (8.2 10°? (see Materials and Methods). This further shows that
dm3-atmK~1-mol™), T is the absolute temperature (KY, viscosity cannot be the fundamental parameter.
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800 5 generalized effect on the position of the tryptophan fluores-
cence emission spectrum in apomyoglobin. It is no longer
600 |- . necessary to invoke the “nature” of the cosolvent.
e ° DISCUSSION
L 400 °
0 C The analysis and resolution of protein tryptophan emission
< oo | ® E— spectra into their components are now possible by computer
0 Seerdl simulation B0). The analysis yields the fluorescence con-
c —_— tribution and maximum position of each component. How-
0 +—&— 1 1 1 ever, the particular effect of the external solvent on one of
00 25 350 75 100 125 the components alone cannot be predicted yet by such
Viscosity (cP) theoretical calculations. Thus experiment remains the best
Ficure 7: DisplacementAvg of apomyoglobin's tryptophan apprqach for understanding the effect of the medium on
emission spectrum’s center of gravitys] with the viscosity of proteins.
various cosolvents: glycerot), glucose ©), and sucrosex). This work’s first task was to experimentally isolate the

the cfferont Sbooents were obtained fom of by nterpolaion from 1UOTESCENCE Spectrum of W from the total fluorescence of
past literature: glycerol4@), glucose 47), and sucrose4g). apomy09|0bm' This Was_gchleved by using a quencher,

trichloroethanol, that specifically and statically quenches the
fluorescence of the outlying tryptophan, i.e., W7. Lifetimes
@:rose were obtained by phase and modulation multifrequency

measurements and DAS analysis.

Residue W7 in apomyoglobin is particularly well posi-
AN tioned to investigate the properties of crustal water, as it is

AN

at the interface between a protein “medium” and the solvent
Glycerol

Glucose

N w o [&)]

(=] (=] o ()

(=] (=] o o
I I

medium that the protein is immersed in. The advantage of
this tryptophan residue in biophysical terms is that it is
0\|+ fluorescent, and its fluorescence emission position depends
04 06 08 10 12 14 on the residue’s environment: in this case, a combination
S 5 9 of nearby amino acids and what is generally described as
Limiting diffusion (10 “cm<.s™") the first layer of water. Hydration water used to be regularly
FiIGURE 8: Correlation of the slopes obtained from the linear described as tightly bound water, endowed with little or no
regressions in Figure 5 for the different cosolvents with the limiting displacement. The present work can only be understood if
fhe difusion value of 1.34. which corresponds (0 the value for 1< VaLer is capable of displacement, the abilfy to diffuse
ethanol. This point was add’ed asa preIimiFr)1ary result, showing the belng dgpendent On. the physmal prope.rtles of the medium
quality of the correlation. immersing the protein. A similar conclusion was reached by
theoretical simulations and diffraction experimerg)(

(iv) Normalization of the Fluorescence Blue Shift: Shift ~ The relative quantum yield and lifetime of W7 and W14
per Molar Concentration of Added Compourthas been do not vary with the cosolvent used or its concentration, but
shown above that the cosolvent is a direct cause of thethe position of the W7 spectrum (unlike that of W14) shifts
observed blue shift: the protein matrix does not carry the to higher energy. The shift of the barycenter is directly
effect. It is therefore unnecessary to invoke internal protein proportional to the molarity of cosolvent used. Although for
viscosity, which has some currency in various theoretical individual cosolvents the observed blue shifts appear related
and experimental work@7—29). Viscosity is a macroscopic  €ither to molarity or to viscosity, it would seem that, in a
guantity relating to the properties of the cosolvent solutions general sense, the position of the W7 fluorescence emission
as a whole. At a molecular level, it is more correct to use spectrum is sensitive to neither.
the limiting diffusion of the added cosolvent molecules in  The blue shift of W7 is to be understood at a much more
water. local level, in terms of a physical constant relevant to the

The limiting diffusion D is the diffusion value obtained ~ molecular level: the limiting diffusion of the added cosolvent
by extrapolation to infinite dilution of cosolvent. So as to Molecules in water. Indeed, for the three cosolvents chosen,
have a fluorescence parameter that is independent of cosolthe blue shift per concentration of cosolvent is linearly related
vent concentration, the blue shifts are normalized to the sameto the limiting diffusion. However, the correlation is nega-
molarity for all the cosolvents. Thus it is possible to tive: the greater the limiting diffusion, the smaller the blue
determine a shift per molar concentration of added com- shift per concentration. It is then the residence time of the
pound. The values thus extracted (Figure 8) have lesswater molecules close to W7 that underlies the correlation.
inherent inaccuracy than the individual points (Figure 6). The Because of their larger size, glycerol, glucose, and sucrose
plot of these values (the shifts per molarity for each molecules cannot get near to individual amino acids in the
cosolvent) against the diffusion of the added compound in same way. Thus, they have zero accessibility to either of
water yields a straight line (Figure 8): the normalized the tryptophan residues.
displacements produced by the three cosolvents are well Previously, it had been reckoned that the number of water
aligned. This demonstrates that limiting diffusion can be used molecules tightly bound and the strength of this binding do
as an overriding parameter of cosolvents, when studying theirnot vary; the present view is that the wat@rotein system

100 -

Ethan
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Solvent Diffusion Plays on Tryptophan Fluorescence

Free

Potential energy

Bound

Distance
Ficure 9: Schematic illustration of the dynamic equilibrium

Biochemistry, Vol. 41, No. 32, 20020349

controlled arrival of water molecules from the bulk to the
solvation layer limits the rate of arrival of water molecules
to the hydration layer. The solvation layer would therefore
be depleted in any one of two ways: return to the bulk or
tight binding to the protein surface.

The number of water molecules on the hydration layer is
controlled by adsorption and desorption. The addition of
cosolvent plays on the former but not on the latter. The net
effect on the hydration layer of these two processes, slower
replacement plus equal release rate, is a decrease of the

between protein-bound water molecules and free water moleculespressure of water molecules to bind to the protein surface.

(bulk). The distanced) given is that from the protein surface; i.e.,
at the protein surfacd = 0. The figure gives the on and off rates
(kon andkos, respectively) as discussed in the text. The modulation

The weaker interactions between W7 and its aqueous
environment lead to the observed blue shifts. The limiting

of ken by the cosolvents is caused by a change in the potential energydiffusion of the cosolvent molecules proportionately influ-

of the bulk water molecules.

is in dynamic equilibrium (Figure 9). Evidence for this
picture comes from the fact that, although myoglobin

ences the mobility of the water molecules and indirectly the

color of the fluorescence emission, thus offering a relevant
unit of measurement independently of the nature of the said
cosolvent. This model has the advantage that it explains why

possesses 294 water-binding sites, only 164 such sites areéhese cosolvents at the given concentrations do not blue shift

actually occupied at any one tim&1). A number of water
molecules come withi 4 A of theprotein surface but only
interact with the protein’s exposed surface areas for short
time periods £2 ps) @2).

The weak interaction of these selected surface sites with
the aqueous environment leads to a bulk-type solvagéh (
Although the number of water molecules may not change
greatly over time given a particular cosolvent condition, it
is never the same hydrating molecules that are present: th
system continuously exchanges water molecules with the
bulk solvent. Given the dependence of the exchange rate o
the bulk solvent physical properties, one would expect that
the lower the diffusion constant, the slower the replacement
of these water molecules near the protein surface.

At the opposite extreme, strong watgrotein interactions
determine interfacial regions with water residence tinze35
ps) much longer than that of the water buB3(34). This
lengthened time is not a result of increased hydrogen bond
numbers, as, indeed, they remain unchanged (2 to 4). Th
geometry of the protein surface is a much more likely cause,

e

the fluorescence dfl-acetyltryptophanamide (NATA): the
protein surface is an integral part of the process.

Beyond these considerations, the correlation drawn be-
tween the blue shift per molar concentration of cosolvent
and the limiting diffusion can lead to other conclusions: the
range of limiting diffusions is restricted to values between
0.52x 10°%and 1.06x 1075 cm?-s* (all values taken from
the Handbook of Chemistry). Other compounds can be used

%o increase the value of the limiting diffusion. Ethanol is

such a compound = 1.24 x 10°° cn?-s™%; value taken

"from the Handbook of Chemistry); it is also, unfortunately,

a denaturing compound and must be used at low concentra-
tions to avoid precipitation. First observations with nonprec-
ipitating concentrations of ethanol (see Figure 8) indicate
that the blue shift per molar concentration is a direct
extrapolation of the straight line given in the present work,
whatever effect the ethanol may have on the protein as a
whole. This supports the present finding that the blue shift
is due to a local, water mobility change.

as these long times are associated with water molecules T1hiS interpretation requires that the water lying on

resting in concave regions, grooves, and cavitg3.(The
water structure is rigid for a finite time, and this defines the
protein hydration shell3, 35—37).

Given that the low concentrations of organic cosolvents

used herein do not perturb the protein conformation, and also

given the inability of the cosolvents to directly contact the
protein surface, one must conclude that the rigid structure
of the hydration shell is not affected. In the conditions

apomyoglobin’s periphery be permeable to bulk water
molecules. This is in apparent contradiction with the as-
sumptions used, for instance, in the calculation of hydrody-
namic volumes 39). This view is, however, supported by
computer simulations3( 4, 40) and by evidence from neutron
diffusion experiments4l) which show that water molecules
in myoglobin are far from fixed but diffuse within or through
the protein 42).

described here, the residence time of the ordered water The old view of a solid protein core surrounded by fixed

molecules trapped by the protein is exclusively controlled water molecules, necessary to and resulting from a first-term
by the protein surface geometr8l). Therefore, the dis-  analysis 89), is gradually being superseded by a model
sociation kinetics of water leaving this surface depend where the division is blurred: the protein has its own
entirely on the number of ordered water molecules and the dynamics, and hydration concerns much of the protein to
protein surface. This desorption process follows first-order varying degrees depending on locatiak)( Accordingly,
kinetics, since it depends solely on the properties of the water molecules are found in varying degrees of order, from
surface in question. Values are estimated to range from 4  quasi-crystalline43) to disordered44). The residence time
10" to 3 x 10° s7* (38). of such water is found to vary considerably from the pico-

In this work, we conjecture that the hydration layer (long
protein—water interaction times) derives its water molecules
from the solvation layer (short protettwater interaction
times). We conjecture, furthermore that the diffusion-

to the microsecond rangé%). The present work shows that
the limiting diffusion of the added cosolvent molecules
modulates the mobility (and thus the residence time) of the
water molecules close to the protein.
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