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ABSTRACT: The effects of the solvent conditions (buffer pH 9, 8, or 7 or buffer pH 6.5 alone or mixed
with 3.2% ethanol or 6.2% formamide) on the protein dynamics of horse apomyoglobin were investigated
through tryptophan fluorescence quenching, spectra, and decay properties. Raising the pH (which induces
discontinuous protein conformation changes) increases the structural fluctuations inside the hydrophobic
A, G, and H helix core. Mixed solutions containing either 3.2% ethanol or 6.2% formamide (which
redistribute water molecules on the protein surface) produce protein dynamics changes in the vicinity of
the two Trp residues, without inducing particular constraints on these very residues. Formamide increases,
in the same way, the polarity and the protein flexibility while ethanol reduces both. The present fluorescence
work also shows that, whatever the outside solvent, the two Trp residues W7 and W14, embedded in the
A, G, and H helix core, are equally and statistically reached by small molecules diffusing inside the
protein matrix. Hydrogen-tritium exchange measurements on the protein in mixed solvents reveal that
the dynamics of the A, G, and H helix cluster and of the B and E helixes are greatly influenced by the
nature of the outside medium. A small amount of formamide in the buffer increases the protein fluctuations
while an ethanol-water mixture reduces them. We suggest that the hydratation state of the protein surface
could be the relevant parameter of the protein dynamics.

One of the characteristics of proteins is that their functional
properties can vary with the solvent conditions (1-5). High
concentrations of neutral organic solvents denature and
polymerize proteins (6). Low amounts of these solvents do
not denature proteins (7, 8) and, without binding the protein
(4, 9), produce slight conformational changes via perturbation
of the protein solvation surface (10). On the myoglobin
molecule, they only lessen or increase the tensions on the
hydratedâ-turns (11). On the other hand, pH controls the
hydrogen bonds between particular histidine residues of
adjacent chains (12). The protein dynamics of myoglobin
could be coupled to these structural changes. So, the aim
of this paper was to investigate the possible changes in horse
apomyoglobin (apoMb) dynamics due to the external medium
and to see whether any known structure changes can be
correlated to them. Indeed, in the absence of the heme
moiety, tryptophan (Trp) fluorescence emission can probe
the conformational changes and the dynamic variability of
the protein (13-15). Furthermore, apoMbsin nondenaturing
conditionssretains the main features of the myoglobin struc-
ture: a compact and stable hydrophobic core (the A, G, and
H helix cluster) and a more disordered domain (the C, D,
and F helixes) (16-20).

The external medium effects on apoMb were essentially
researched in terms of flexibility changes of the protein
structure, which, in turn, may generate a great variety of
environments that the Trp fluorophores can experience during
their excited states. Thus, fluorescence spectra, fluorescence
decay times, and fluorescence quenching experiments on the
two Trp residues (W7, W14), located within the A, G, and
H helix cluster, have provided information on the local
structural and dynamic features of this apoMb domain. More
generally, since hydrogen-isotope exchange of amide and
side-chain protons allows the exploration of the overall
protein dynamics, the effects of low alcohol (or amide)
concentrations on the apoMb dynamic properties have also
been examined through the perturbations of the hydrogen
exchange kinetics (21).
When pH reorganizes specific tertiary contacts inside this

protein (12), or organic solvents induce particular strains on
â-turns (11), these perturbations can produce important
changes in the compactness of the bulk protein where the
Trp residues are located. In this case, the protein strains
should induce differences in the electronic organization of
the buried Trp (22-24) and thus modify the values of the
Trp limiting anisotropy. So, these possible conformation-
induced electronic structure changes were sought for through
the Trp fluorescence emission anisotropy coupled to its
fluorescence dynamic quenching.

MATERIALS AND METHODS

Salts and Organic SolVents. Tris(hydroxymethyl)ami-
nomethane, bis-Tris [[bis(2-hydroxyethyl)amino]tris(hy-
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droxymethyl)methane], formamide, ethanol, and NATA (N-
acetyltryptophanamide) were purchased from Sigma. All
solutions were obtained by dissolving bis-Tris or Tris in
bidistilled water (0.8× 10-6 S of conductance). In the water/
organic solvent mixtures, a 20 mM bis-Tris buffer, at pH
6.5, was used. The (%) molar fractions (mol of cosolvent/
100 mol of solution) of formamide were 0.5%, 1.0%, and
6.2%, and the molar fractions of ethanol were 0.8%, 1.6%,
and 3.2%.
Protein Preparation. Horse heart metmyoglobin was

purchased from Sigma and used without further purification.
Apoprotein was obtained from the holoprotein by the acid-
acetone extraction technique (25). ApoMb samples were
prepared by dissolving the lyophilized apoprotein in 20 mM
bis-Tris buffer at pH 6.5 and 7, in 20 mM Tris buffer at pH
8 and 9, or in water/organic solvent mixtures (see above).
The samples were centrifuged at 7°C just before the
measurements, which were carried out on the supernatant at
the same temperature. ApoMb concentrations were deter-
mined by optical absorbance at 280 nm, using a molar
absorption coefficient,ε ) 13 500 M-1 cm-1 (26). The
native form of these apoMb samples was checked by two
independent experiments. First, apoMb solubilized in 20
mM bis-Tris buffer pH 6.5, when alone and when mixed
with either 3.2% of ethanol or 6.2% of formamide, must give
the same UV optical absorption spectrum. Since the UV
spectrum is unperturbed (not shown), the spatial conforma-
tion of apoMb was assumed not to be disrupted (27).
Second, the experimental conditions (which differ in pH or
in nature of cosolvent at low concentration) must not prevent
the apoprotein from rebinding the heme group in order to
give the native holoprotein (28).
Optical Absorption and Fluorescence Measurements.UV

optical absorption spectra were made on a Cary 3E recording
spectrophotometer. Fluorescence emission was measured on
a Perkin-Elmer LS-5B spectrofluorometer using an emission
and excitation bandwidth of 2.5 nm and a cell with an optical
path length of 1 cm. Trp fluorescence anisotropy was
obtained with a SLM 8000 spectrofluorometer using a linear
polarized excitation beam at a wavelength of 295 nm. The
excitation and emission bandwidths were 2 nm. The
anisotropy value was obtained from the net count above the
background on the parallel and perpendicular components
of the emission: the count was collected over 2 s for each
component, and each count was repeated 5 times. All
fluorescence intensities were obtained on samples having a
concentration around 2× 10-5 M of protein (ODe 0.1 at
295 nm). The relative quantum yield (Qr) of the Trp
fluorescence from apoMb, solubilized in each mixed solvent,
was obtained by dividing the slope of the linear variation
linking the Trp emission intensity to the protein concentration
(6 × 10-6 to 3 × 10-5 M) by the corresponding slope
obtained when the protein was dissolved in the reference
buffer.
Trp fluorescence quenching used dichloroacetamide (DCA),

an apolar solute which is perfectly soluble in water and in
the two organic solvents. This collisional quencher is also
known to be totally efficient (γ ) 1) (29, 30).
Fluorescence intensity decays were obtained using a single

photoelectron timing method and the synchrotron radiation
from the Orsay storage ring (Super ACO, LURE) as a pulsed-
light source working at a frequency of 8.33 MHz. The

fluorescence excitation wavelength was 300 nm with a pulse
duration of 1.1 ns. All the emitted fluorescence was detected
by a Hamamatsu microchannel plate R1564U-06 set at a right
angle through a set of CuSO4 filters, which eliminate the
light scattering of the excitation beam. The light emitted
by the solvent without protein was measured for each sample,
for the same accumulation time, and these counts were
subtracted from their respective sample decay curve. The
apparatus response function was measured at the emission
wavelength with a scattering Ludox solution. Time resolu-
tion was 50 ps/channel, with 2048 channels used for decay
storage.
Trp fluorescence intensity decays are given by

whereRi is the pre-exponential factor andτi the decay time
for the i th emitting component. Each fractional contribution
fi (fi ) Fi/∑Fi) to the total fluorescence intensity∑Fi ) ∫F(t)
dt is related to its corresponding pre-exponential factorRi

and its decay timeτi by the relationship

All parameters were extracted from the experimental decay
emission using the Livesay and Brochon treatment (31).
Currently, Trp fluorescence experiments on proteins use

an average fluorescence decay time obtained by

whereτi are the observed discrete decay time values andfi
the contributions of the corresponding fluorescence intensity
fractions. Only this average decay time was used in the
analyses of the Trp fluorescence quenching experiments.
Tritium-Hydrogen Exchange.The kinetics of hydrogen-

tritium exchange were studied by using the two gel-filtration
column method (32). Exchange started at timet ) 0, when
the tritium-labeled apoMb was loaded onto a Sephadex fine
grade G-25 column (8× 1 cm), equilibrated with the
corresponding nonradioactive mixed solvent.
The amount of tritium still bound at time t was determined

by passing 0.3-mL aliquots from the collected protein fraction
through a second Sephadex G-25 column (5× 1 cm). This
column removed the tritiated solvent formed during the
elapsed timet. Four eluted fractions were collected and
selected on the basis of a constant ratio between the tritium
activity and the protein concentration. The tritium activity
a(t) of each collected fraction was measured in duplicate with
an Intertechnique SL 30 scintillation counter. At each
sampling time, the number of labile tritium atoms remaining
unexchanged in a protein molecule was converted to the
number of protons unexchangedN(t) using the expression
(33)

wherea0 is the tritium count level of the protein solution
before its application to the first column. The number 111
is the proton molarity in water, and the number 1.21 corrects

F(t) ) ∑Ri exp(-t/τi)

fi ) Riτi/∑Riτi

〈τ〉 ) ∑fiτi

N(t) ) (111/1.21)(a(t)/a0)(1/c)
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for the preferential binding of tritium by peptide groups (34).
c is the apoMb concentration in the eluted fractions.

RESULTS

Trp Fluorescence Spectra.The Trp emission spectrum
of horse apoMb in buffer (pH 6.5-9) is close to that of sperm
whale apoMb (35): there is no detectible change over this
pH range. In the presence of increasing concentrations of
ethanol, apoMb fluorescence shows a progressive blue shift;
in the case of formamide, it is progressively red shifted.
Figure 1 gives the spectra of apoMb in the buffer alone and
in the presence of 3.2% of ethanol and 6.2% of formamide.
Table 1 gives the fluorescence bandwidth, emission peak,
and quantum yield measured for the highest cosolvent
concentrations. The data show that the addition of ethanol
induces a hydrophobic environment around the Trp residues
and the addition of formamide induces a polar medium.
NATA, under the same conditions, does not exhibit any
fluorescence variation (data not shown). So, the perturba-
tions of the Trp fluorescence from apoMb are induced by
specific rearrangements of the protein surrounding these
residues. These rearrangements are undoubtedly due, in turn,
to different protein surface solvation states induced by the
cosolvents (10).
Trp Fluorescence Decay Time.The fluorescence intensity

decay of Trp from horse apoMb is multiexponential. The
decay time distribution pattern of apoMb at pH 6.5 is
presented in Figure 2. The presence of organic cosolvents
and pH changes both affect this distribution. The decay time
distribution of the Trp emission, however, can always be
analyzed with three decay components. The intensity
fractions and the decay times for these three components

are collected in Table 2. Although pH reorganizes the
fluorescence decay time distribution, it does not affect the
mean decay time value. This could explain why the quantum
yield of apoMb fluorescence does not vary significantly in
this pH range (36). Besides, mixed solvents slightly affect
the average Trp fluorescence decay time and the relative
quantum yield.
The large effect on the decay time distribution (Table 2)

of the Trp fluorescence intensity can be explained in terms
of either dynamic relaxation or conformational heterogeneity
(37), or both. In the case of a pH change, one could argue
that the extent of protonation of nearby amino acid residues
and the tertiary conformational changes induced by the bridge
between histidine residues (12) could lead to a change in
the degree of the Trp relaxation (14, 38). In the case of
organic cosolvents, the pK of particular residues can be
modified. Then Trp relaxation should be also involved. In
addition alcohol and amide have the ability to reorganize
(in an opposing way) the water content on the protein
periphery (10, 39, 40). The number of adsorbed water
molecules and the strength of the protein-water coupling
(10) could lead to the selection of particular protein confor-
mational substates (38). These states could be also involved
in the Trp fluorescence decay distribution.
Trp Fluorescence Quenching Lehrer Relationship.Con-

formational changes in the monomeric protein, induced either
by the pH or by the nature of the organic cosolvent, could
modify the access to the different parts of the A helix, where

Table 1: Mixed-Solvent Effects on the Apomyoglobin Trp Fluorescence Spectraa

mixed solvent
λmaxb (nm)
((1 nm)

∆λc
((0.5 nm)

Qr
d

((5%)
〈τ0〉e
(ns)

bis-Tris 20 mM pH 6.5 334 56.5 1 (ref) 2.4
bis-Tris 20 mM pH 6.5+ 3.2% ethanol 332 55.5 1.03 2.1
bis-Tris 20 mM pH 6.5+ 6.2% formamide 340 60 1.11 3.2

a Temperature) 7 °C. b λmax: wavelength of maximum fluorescence emission.c ∆λ: bandwidth measured at half intensity of the maximum
emission.d Qr: fluorescence quantum yield relative to the Trp fluorescence intensity of horse apomyoglobin in bis-Tris buffer pH 6.5.e 〈τ0〉: mean
value of the fluorescence decay time.

FIGURE 1: Effects of cosolvents on the tryptophan fluorescence
emission of apomyoglobin at 7°C in bis-Tris buffer (20 mM, pH
6.5): (s) buffer alone, (- - -) buffer+ 3.2% ethanol, (- - -) buffer
+ 6.2% formamide.λexc ) 295 nm. [apoMb]) 2 × 10-5 M.

FIGURE 2: Tryptophan fluorescence decay time distribution of
apomyoglobin at 7°C in bis-Tris buffer (20 mM, pH) 6.5). The
pattern gives the continuum of the pre-exponential factorR versus
the fluorescence decay timeτ values (in log scale).λexc) 300 nm.
Pulse duration: 1.1 ns. Time resolution: 50 ps/channel.
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the two Trp residues are located. Indeed, it was suggested
that the W7 is more exposed than the W14, which is known
to be deeply buried (17, 41). Trp fluorescence quenching
data as a function of DCA concentration quencher were
analyzed according to the Lehrer relationship (42)

where∆F ) F0 - F is the fluorescence intensity decrease
due to the quencher [DCA] concentration,f is the fraction
of the accessible Trp residues within the protein, andK is
the quenching constant of these accessible residues. Figure
3 gives the plot ofF0/∆F vs 1/[DCA]. TheF0/∆F axis is
intercepted at 1/f when [DCA]f ∞. The value off is always
1, regardless of the pH or the nature of the cosolvent. This
means that, irrespective of the external medium composition,
DCA quencher molecules are continuously colliding with
either Trp residue. So, using the slope value (1/K) of the
Lehrer representation, encounters between DCA molecules
and Trp residues of the apoMb were analyzed from the
Stern-Volmer constant (43)

wherek is the bimolecular kinetic constant of the collisional
process and〈τ0〉 is the average Trp fluorescence decay time
in the absence of DCA quencher molecules. The value of
the kinetic constant,k, increases in the presence of formamide
and decreases in the presence of ethanol (Table 3). This
value is also lower at pH 6.5 than at pH 9. Therefore, the

protein fluctuations around the Trp residues can be either
speeded up or slowed down by the outside medium around
the apoMb molecule.
Trp Fluorescence Limiting Anisotropy.Linear anisotropy

of indole absorption in a rigid phase indicates a possible
inversion of 1Lb and 1La levels (22, 23, 44). The density
and heterogeneity of bulk protein could induce specific1Lb
and1La inversion in the Trp residues embedded within the
protein (24). So, various protein conformational organization
pathways induced by the solvent conditions might then
promote electronic structure changes on the Trp residues.
To check whether the various external media induce

different Trp electronic structures, the limiting anisotropy
A0 of this fluorophore was determined by the fluorescence
quenching technique. When the average fluorescence decay
time 〈τ〉 decreases by collisional quenching, the fluorescence
anisotropyA(〈τ〉) should increase and tend to the value of
the limiting anisotropyA0, as shown by the Perrin relationship
(45),

whereF is the protein correlation time.
The Trp fluorescence quenching being dynamic, we have

〈τ0〉/〈τ〉 ) F0/F (data not shown), and the Perrin relationship
can be written

where〈τ0〉 andF0 and〈τ〉 andF are the mean fluorescence
decay times and the fluorescence intensities in the absence
and in the presence of quencher, respectively. When the
DCA quencher concentration increases so that [DCA]f ∞,
F/F0 tends to 0, and 1/A should tend to 1/A0.
For the buffers at pH 6.5 and 9 and also for the mixed

solvents, the straight lines 1/A ) f(F/F0) intercept the 1/A
axis at the same value 1/A0 (Figure 4). This extrapolation
gives a limiting anisotropy ofA0 ) 0.24 for the Trp in the
apoMb molecule excited at 295 nm, which is equivalent to
the limiting anisotropy of Trp immobilized in propylene
glycol at -58 °C (46). Therefore the basic electronic
structures of the Trp residues are not affected by the
conformational and dynamic changes induced by the outside
media on the apoMb molecule. The slopes of the straight
lines 1/A) f(F/F0) were not analyzed because many effects
can be responsible for their particular values: internal
flexibility, protein swelling (e.g., by more or less hydration),
viscosity change, and others. Indeed, time depolarization
experiments (data not shown) indicate important changes

Table 2: Solvent Effects on the Trp Fluorescence Decays of Apomyoglobina

τb (ns) fc (%) τb (ns) fc (%) τb (ns) fc (%) 〈τ0〉d (ns)
pH 6.5 0.96 27 2.06 51 5.16 22 2.4
pH 7 0.93 30 2.20 47 4.94 23 2.4
pH 8 0.74 26 2.27 54 5.40 20 2.4
pH 9 0.80 35 2.23 45 5.6 20 2.4
pH 6.5+ 3.2% ethanol 0.68 31 1.82 48 5.01 21 2.1
pH 6.5+ 6.2% formamide 1.12 25 2.7 47 5.93 28 3.2

a Excitation wavelength 300 nm, fluorescence detected through a set of CuSO4 filters. Temperature) 7 °C. b τ: fluorescence decay time of each
component.c f: fluorescence intensity ratio of each individual component to the total emission intensity.d 〈τ0〉: averaged fluorescence decay time.
Precision:(0.1 ns.

FIGURE 3: Lehrer plots of the Trp fluorescence quenching of
apomyoglobin at 7°C: (b) bis-Tris 20 mM pH 6.5 (O) Tris 20
mM pH 9 (2) bis-Tris 20 mM pH 6.5+ 3.2% ethanol (9) bis-Tris
20 mM pH 6.5+ 6.2% formamide. All curvesF0/∆F ) 1/f + 1/(f
K [DCA]) give the same fraction (f ) 1) of accessible tryptophan
residues.λexc ) 295 nm. [apoMb]) 2 × 10-5 M.

F0/∆F ) 1/(fK[DCA]) + 1/f

K ) k〈τ0〉

1/A) (1/A0)(1+ 〈τ〉/F)

1/A) 1
A0 (1+

〈τ0〉
F

F
F0)
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both in the relaxation time for internal motions (around 1.5
ns) and in the protein time rotation (around 15 ns).

Proton Exchange.The kinetics of3H-1H exchange in
apoMb were studied over a 6-h time range. Figure 5 shows
the time dependence of the3H-1H exchange, for about 60
exchanging protons per labeled apoMb molecule. The
exchange rate is very different when ethanol or formamide
is added to the sample in bis-Tris buffer.

The kinetics of the proton exchange are governed by the
catalytic process and the protein dynamics. Cosolvents, in
amounts identical to those in the present apoMb study, did
not perturb the proton exchange behavior of the holoprotein
(11); so the two cosolvents do not induce catalytic processes
which would be responsible for the kinetic variations
observed on apoMb. This indicates the actuality of the
changes in protein dynamics. We must note here that these
dynamics are only observed on the protons located in the
A, B, E, G, and H helixes (16).

The kinetics of the3H-1H exchange can be approximated
by three exponentials, reflecting at least three classes of
protons (see Table 4). At pH 6.5, the fastest has a half-time
(θ1) around 3.3 min, the intermediate a half-time (θ2) around
21.6 min, and the slowest a half-time (θ3) around 3.3 h. The
fastest process reflects the protons exchanged on the protein
surface, and the slowest, the protons located in buried protein
domains (47). For this reason, the proton exchanges of the
protein surface should be most affected by the solvent nature.
Formamide highly affects the proton exchanges on the
protein surface, since only 3 out of the initial 60 protons
remain just after the dead time. Ethanol, on the contrary,
principally affects the proton exchanges in the protein core
since the very labile proton exchange involves only a few
protons (11 out of the 60 labeled). The kinetics of the slowly
exchanging protons are also more or less modified: ethanol
sharply decreases their speed (half-timeθ3 = 5 h), and the
formamide effect cannot be correctly estimated because of
the few protons (1 in 60) involved. These least labile
protons, most likely involved in the organization and the
protein structure conservation, are exchanged only after a
great number of protein fluctuations. In fact, individual
proton exchanges occur very rapidly. Only the low fre-
quency of the actual exchange gives the slow macroscopic
exchange rate. In addition, proton exchanges in buried
protein sites require random migration of catalysts up to this
site. This migration is mediated by the fluctuations of the
mobile parts of the protein (47, 48). Thus, the external
medium has the ability to modulate these multiple dynamic
effects. So, it appears that formamide essentially increases
the fluctuations of the protein shell while ethanol also reduces
the motions of the protein core as well.

DISCUSSION

The hydrophobic A, G, and H helix core, where the two
Trp residues (W7 and W14) are located, is one of the most
protected areas in horse apoMb (16). As a consequence,
when apoMb is subjected to solvent perturbation, the
compactness of this domain (revealed by the limiting Trp
fluorescence anisotropy) appears largely preserved. Me-

Table 3: External Medium Effects on the Trp Fluorescence Quenching of Apomyoglobina

medium Kb (M-1) 〈τ0〉c (ns) kd (108 M-1 s-1)

bis-Tris 20 mM pH 6.5 3 2.4 12.5
Tris 20 mM pH 9 3.7 2.4 15.4
bis-Tris 20 mM pH 6.5+ 3.2% ethanol 2.2 2.1 10.5
bis-Tris 20 mM pH 6.5+ 6.2% formamide 5.0 3.2 15.6

aQuencher) dichloroacetamide (DCA). Temperature) 7 °C. b K: Stern-Volmer quenching constant. Precision:(0.15 M-1. c 〈τ0〉: averaged
decay time of the Trp fluorescence emission in the absence of quencher molecules.d k: bimolecular collisional kinetic constant. Precision:(0.5
× 108 M-1 s-1.

FIGURE 4: Trp fluorescence anisotropy variation of apomyoglobin
at 7 °C induced by the DCA-tryptophan collisions. The curves
give the Perrin plots 1/A) (1/A0)[1 + (〈τ0〉/F)(F/F0)] as a function
of the Trp fluorescence intensityF: (b) bis-Tris 20 mM pH 6.5
(O) Tris 20 mM pH 9, (2) bis-Tris 20 mM pH 6.5+ 3.2% ethanol
(9) bis-Tris 20 mM pH 6.5+ 6.2% formamide. Parallel and
perpendicular Trp fluorescence intensities were measured through
a WG 320 Schott filter.λexc ) 295 nm. [apoMb]) 2 × 10-5 M.

FIGURE 5: Kinetics of proton exchange of apomyoglobin at 7°C.
N(t) (plotted according to a logarithmic scale) is the number of
labeled labile protons per apomyoglobin molecule remaining
unexchanged at time t after mixing3H with 1H. (b) bis-Tris 20
mM pH 6.5, (2) bis-Tris 20 mM pH 6.5+ 3.2% ethanol, (9) bis-
Tris 20 mM pH 6.5+ 6.2% formamide. The amount of protons
still boundN(t) at each time was determined on a 0.3-mL aliquot.

Solvent Effects on Horse Apomyoglobin Dynamics Biochemistry, Vol. 37, No. 9, 19983017



chanical constraints, which disrupt or connect a few stable
domains, only affect the tertiary structure (12). Though the
two Trp residues embedded in this domain are highly
protected, both can be reached by the DCA molecules which
cross this cluster during their random migration through the
protein. The kinetic constant of the collisional process with
the Trp residues increases with increasing pH. The apoMb
charge variation is 6.6 from pH 9 to 6 and is essentially
attributable to the titration of the imidazolium groups (49).
The variation of pH also induces discontinuous protein
conformation changes (12). At a given pH, the tertiary
structure and the net charge borne by the macromolecule
result from the number and the location of the imidazolium
groups at particular sites of the protein. So, each value of
the collisional rate constant between the DCA and the Trp
residues should be linked to the particular spatial organization
of the charged histidine residues (50, 51). In other words,
the dynamics of the protein moiety around the Trp residues
appear to be dependent on the charge distribution within the
protein.
Establishment and disruption of the hydrogen bonding are

among the most important parameters in protein dynamics
(52). So, the dual character of the H-bond (dipole and
intermolecular distance) should play a key role in these
protein fluctuation changes. The dipolar character of the
H-bonds in the protein could explain why the protein
dynamics are sensitive to the charge distribution in the
protein matrix. This could explain how the speed of the
random migration of the apolar DCA quencher molecules
into the highly organized core structure can vary with the
pH conditions. For solutions containing either ethanol or
formamide, the collisional kinetic constant value is also
strongly affected. Moreover, fluorescence emission spectra
show that mixed solvents modulate the hydrophobicity and
the polarity of the Trp vicinity. Ethanol reinforces the
hydrophobic character of this protein domain while forma-
mide increases its polarity. These effects should also result
from a new charge distribution both on and in the protein.
The increase (or decrease) in polarity and the increase (or
decrease) in mobility appear to be linked. Here, the dipolar
character of the H-bonds in the protein can also explain how
the dynamics and the polarity of the protein matrix around
the Trp residues vary in the same way. The weaker and
fewer the H-bonds are, the higher the protein mobility should
be. This relationship offers an explanation for the modula-
tion of the interconversion rates of the protein conformational
substates (38, 53) reflected in the Trp fluorescence decay
time.
Possible H-bond distance variations in the protein could

also accompany the outside medium condition changes. The
hydrogen exchange kinetic curves reveal the exchanging
protons of these internal protein H-bonds (16). Although
the kinetics of3H-1H exchange is higher in the apoMb

molecule compared to that of myoglobin (20), the protection
factor pattern in myoglobin is also largely preserved in
apoMb (16). Protected exchanging protons of apoMb are
known to be located in the B and E helixes and in the A, G,
and H helix cluster (16) where the Trp residues are also
embedded. Proton exchange on these sites depends to a large
extent on solvent accessibility and on the degree of protein
structure fluctuations (33, 54). When the protein is in the
presence of formamide, the fast exchanging time of the
protons, indicates that very labile H-bonds are present (52,
55) and that the apoMb has a more fluctuating structure.
Ethanol gives the opposite result. So, the degree of H-bond
binding within the protein would be one important parameter
in the structural flexibility (52, 55). By reorganizing the
protein’s peripheral water structure, though in opposite ways
(10, 39, 40), ethanol and formamide would modify the
H-bond network within the apoMb molecule.
Thermodynamic experiments on the stabilizing effect of

solvents on proteins have shown the role of the preferential
hydration (10). Corresponding measurements on protein
dynamics have not been performed yet. Several studies have
suggested that the dynamic properties of proteins could be
coupled to the viscous properties of the bulk solvent (56,
57). Correlations between protein and solvent movements
have also been suggested (58). Our experimental data
concerning the solvent effects on the dynamics of the apoMb
molecule point toward the contribution of the H-bonds to
protein-solvent interactions. This effect could account for
the protein flexibility variations and the relaxation variations
around the Trp residues. So the network of water molecules
around the protein (10, 59, 60) could be responsible for the
steric and dynamic changes induced by the outside protein
medium. Indeed, by changing the solvation states of the
protein surface, the external medium could redistribute the
strength and the number of the hydrogen bonds of the protein
and in turn modify the local polarities: this would also
facilitate the rearrangement of mobile parts of the protein
(48). Dynamic changes of the monomeric apoMb, induced
by either the pH or the presence of organic cosolvents, always
seem to be associated with some protein matrix variations
rather than with the viscous properties of the outside medium
(55). Thus the present work strongly suggests the role of
the preferential hydration of the protein surface on the protein
dynamics. This solvation effect may initiate the molecular
mechanism underlying the dynamic changes.
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