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Abstract

Ž .Trimethylamine N-oxide TMAO is a natural osmolyte accumulated in cells of organisms as they adapt to
environmental stresses. In vitro, TMAO increases protein stability and forces partially unfolded structures to refold.
Its effects on the native fold are unknown. To investigate the interrelationship between protein stability, internal
dynamics and function, the influence of TMAO on the flexibility of the native fold was examined with four different
proteins by Trp phosphorescence spectroscopy. Its influence on conformational dynamics was assessed by both the
intrinsic phosphorescence lifetime, which reports on the local structure about the triplet probe, and the acrylamide
bimolecular quenching rate constant that is a measure of the average acrylamide diffusion coefficient through the
macromolecule. The results demonstrate that for apoazurin, alcohol dehydrogenase, alkaline phosphatase and
glyceraldehydes-3-phosphate dehydrogenase 1.8 M TMAO does not perturb the flexibility of these macromolecules
in a temperature range between y108C and up to near the melting temperature. This unexpected finding contrasts
with the dampening effect observed with polyols as well as with the expectations based on the preferential exclusion
of the osmolyte from the protein surface. Q 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Both prokaryotic and eukaryotic cells, when
subjected to harsh environmental conditions such
as water, salts, cold and heat stresses, adopt a
common strategy in protecting their proteins by
producing low molecular weight organic sub-

w xstances called osmolytes 1,2 . Osmolytes can be
Žgrouped into three major classes: polyols sugar

.and sugar derivatives , amino acids, methyl am-
monium compounds. Often, they are further clas-
sified as ‘compatible’ or ‘counteracting’ based on
their effect on the functional activity of proteins.
Compatible osmolytes increase protein stability
against denaturation with little or no effect on

w xtheir function 1,3]5 , whereas counteracting os-
molytes have, in addition, the ability to offset the
deleterious effects of urea on the catalytic activity
w x6]10 .

It is now generally accepted that preferential
exclusion of the osmolyte from the biopolymer
surface provides the driving force for processes,
like protein refolding and subunit association,
that reduce the water accessible surface area
Ž . w xASA of the polypeptide 7,11 . Furthermore, the
free energy of transfer of protein groups from
water to osmolyte solutions points out that, at the
molecular level, stabilization of the globular fold
is due predominantly to the solvophobic effect of

w xthe osmolyte on the peptide backbone 12]14 . Of
course, the thermodynamic equilibrium merely
yields the free energy difference between folded
and unfolded structures with no indication as to
the extent that the structure of the individual
states has been perturbed. Thus, a deeper under-
standing of the mechanism by which these natural
compounds preserve the globular fold against ad-
verse denaturing conditions requires knowledge
of specific osmolytes effects on both native and
denatured states of the protein. To date, rela-
tively little is known of osmolytes effects on folded
proteins. The osmolyte pressure to reduce the
solvent accessible surface area of proteins, is ex-
pected to translate into a decrease in both the
size of their internal cavities and in the number
of internal water molecules; a response that in
general should result in a more compact rigid

structure for the native fold. Another important
question related to possible osmolytes effects on
the native protein structure deals with their po-
tential modulation of biological function. The
close interrelationship between stability, struc-
tural flexibility and function predicts that even
subtle alterations of conformation or dynamics of
enzymatic proteins by osmolytes may have large
consequences on their catalytic efficiency and, in
turn, important implications for the cell
metabolism under osmotic stress.

This work addresses the issue of osmolyte ef-
fects on the structure of the native fold of pro-
teins by enquiring on the influence of trimeth-

Ž .ylamine N-oxide TMAO , an osmolyte with an
extraordinary ability to force thermodynamically

w xunstable proteins to fold, 13]16 , on the flexibil-
ity of these macromolecules. Internal protein dy-
namics are assessed by a sensitive spectroscopic
method based on Trp phosphorescence. Trp
residues buried within globular proteins exhibit a

Ž .long-lived millisecond-to-second time range
Ž .room-temperature phosphorescence lifetime t0

whose magnitude depends sharply on the local
flexibility of the protein matrix around the chro-

w xmophore 17,18 . In addition, the bimolecular rate
Ž .constant kq , derived for the quenching of pro-

tein phosphorescence by acrylamide in solution,
has recently been correlated with the structural

w xflexibility of the entire macromolecule 19 . In this
report the effects of TMAO on both parameters
Ž .t and kq were determined across a wide tem-0
perature range and up to a concentration of 1.8
M, the highest that is normally found in living

w xorganisms 20 . The proteins chosen are
Ž .monomeric apoazurin Az , dimeric alcohol dehy-

Ž . Ž .drogenase LADH and alkaline phosphatase AP
and tetrameric glyceraldehydes-3-phosphate de-

Ž .hydrogenase GAPDH . Protein systems and tem-
peratures were carefully selected to satisfy the

Ž .following criteria: 1 full stability with respect to
Ž .partial unfolding and subunit dissociation; 2

phosphorescence emission from a single and
w x Ž .structurally identified Trp per subunit 17 ; 3

protein systems providing various degrees of Trp
burial within the globular structure in order to
compare the effects of TMAO between superfi-
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cial regions and deep cores of the macromolecule.
The results demonstrate that up to the tempera-
ture of thermal unfolding, TMAO influences nei-
ther the local nor the average dynamics of these
proteins, a finding that is at odds with theoretical
expectations.

2. Materials and methods

Ž .Acrylamide )99.9% electrophoresis purity
Ž .was from Bio-Rad Laboratories Richmond, CA .

The proteins, horse liver alcohol dehydrogenase
and glyceraldehydes-3-phosphate dehydrogenase,

Žfrom yeast were supplied by Boheringer Mann-
.heim, Germany . Alkaline phosphatase from Es-

cherichia coli and Trimethylamine N-oxide dihy-
drate were purchased from Sigma Chemical Co
Ž .St. Louis, MO . The latter is the highest purity
grade available and was used without further pu-
rification. Copper-free azurin from Pseudomonas
aeruginosa was a gift from Prof. Finazzi-Agro,`

Ž .University of Roma Tor Vergata, Italy . Water,
doubly distilled over quartz, was purified by using

Ža Milli-Q Plus system Millipore Corp., Bedford,
.MA . All glassware used for sample preparation

was conditioned in advance by standing for 24 h
Ž .in 10% HCl suprapur Merck, Darmstadt .

2.1. Sample preparation for phosphorescence
measurements:

Prior to phosphorescence measurements all
proteins were extensively dialyzed in Tris]HCl
Ž .10 mM, pH 7.0 . For measurements of the intrin-
sic phosphorescence lifetime it is paramount to
rid the solution of all O traces. Deoxygenation of2
protein samples was carried out by repeated cy-
cles of mild evacuation followed by inlet of pure

w xnitrogen as described before 21 . The bimolecu-
Ž .lar quenching rate constant k was obtained asq

w xdescribed before 19 from measurements of the
phosphorescence decay at various acrylamide
concentrations according to the equation:

Ž . w x Ž .1rts 1rt qk acrylamide 10 q

where t and t are the phosphorescence lifetime0
in the absence and in the presence of a given
w xacrylamide . Acrylamide quenching was not car-
ried out with AP because, at the high concentra-

Ž .tions 3]5 M needed, acrylamide tends to poly-
merize at temperatures above 408C.

2.2. Luminescence measurements

Phosphorescence decays were obtained with
pulsed excitation as provided by a frequency-dou-

Ž .bled flash-pumped dye laser UV500M Candela
tuned at 292 nm. The pulse duration was 1 ms and
the light energy per pulse was typically 1]10 mJ.
The phosphorescence signal collected at a right
angle from the excitation beam was filtered
Ž .420]460 nm band pass and detected by an R928
photomultiplier. An electronic shutter arrange-
ment protected the photomultiplier from the in-
tense fluorescence pulse and permitted the de-
layed emission to be detected 4 ms after the
excitation pulse. Alternatively, for lifetimes
shorter than 10 ms, the photomultiplier was pro-
tected from the intense fluorescence pulse by a
chopper blade that closes the emission slit during
the excitation. The time resolution of this appara-

w xtus is typically 10 ms 18 . The photocurrent was
amplified by a current to voltage converter
Ž .SR570, Stanford Research Systems , and digi-

Žtized by a computerscope system ISC-16, RC
.Electronics capable of averaging multiple sweeps.

All phosphorescence decays were analyzed in
terms of a sum of exponential components by a

Žnon-linear least-squares fitting algorithm Global
.Unlimited, LFD, University of Illinois . Lifetime

data used in the analysis refers to averages of two
or more sample preparations and two indepen-
dent measurements on each sample. The repro-
ducibility of phosphorescence lifetimes was typi-
cally better than 9% between different sample
preparations and approximately 3% between
repetitive measurements on the same sample.
Lifetime measurements at different temperatures
were determined on the same sample taking the
precaution of checking that at the end of the
temperature excursion it yielded the same lifetime
as the initial measurement. Decays in super cooled
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aqueous solutions, at y108C, were determined
Žafter rapid cooling the sample 100 ml volume in

.4-mm I.D. cells for 4 min in the thermostatted
sample holder, a time found to be sufficient for
thermal equilibration.

3. Results

3.1. Influence of TMAO on the intrinsic
( )phosphorescence lifetime to

The phosphorescence decay of GAPDH,
LADH, Az and AP was measured in buffer, be-
fore and after the addition of 1.8 M TMAO. An
example of raw data is given in Fig. 1a for Azurin
and Fig. 1b for GAPDH. The decays of GAPDH
and LADH are intrinsically heterogeneous and
were found to remain so even in the presence of
TMAO. These are adequately fitted in terms of
two lifetime components and data comparison
was carried out in terms of the average lifetime,
tavsSa t , a and t being the amplitude andi i i i

the lifetime of each component. At 208C, signifi-
cant effects of the osmolyte are observed exclu-
sively with GAPDH, for which the lifetime is
reduced to approximately 44% of the value in

Ž .buffer Fig. 1b . A smaller t may reflect ani

increased flexibility of the protein matrix about
Ž .the triplet probe W84 but may also be caused by

quenching reactions with trace impurities associ-
ated with the TMAO stock. A characteristic fea-
ture of quenching reactions is a linear increase in
decay rate with quencher concentration. The

Žlifetime Stern]Volmer plot 1rt s 1rt q kq0
w x .TMAO , t the unperturbed lifetime for0
GAPDH as a function of TMAO concentration is
shown in Fig. 2. The good linearity of the plot is
fully consistent with impurity quenching and
therefore the decrease of t is probably not struc-
turally based. In this respect it may be significant
that a reduction of lifetime is found only with
GAPDH, the protein with the phosphorescing
Trp residue most accessible to long-range
quenching interactions from the solvent. Another

Ž .Fig. 1. Trp phosphorescence decay from 1.4 mM Az a and
Ž .1.2 mM GAPDH b , in 10 mM Tris]HCl buffer pH 7.0

Ž . Ž .before } and after --- the addition of 1.8 M TMAO, at
208C. The plot of residuals refers a monoexponential fitting of

Ž .Az decay. The Az decay in 1.8 M TMAO Fig. 1a has been
displaced along the y-axis for a more convenient comparison.

possibility is that TMAO affect the pK of a His
group, the only potentially quenching side-chain
within 5 A8 of W84. However, the invariance of
the quenching process when the solution pH is
varied between five and nine apparently rules out
this hypothesis.

Both internal dynamics and protein stability
towards unfolding are highly temperature-depen-
dent. The typical, bell-shaped unfolding free en-
ergy change of proteins indicates that in general
the globular fold is destabilized by both high and
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Fig. 2. Influence of TMAO concentration on the phosphores-
cence lifetime of GAPDH, at 208C. Each point is the average
of at least two independent experiments and the error bars
indicate the range of t variations.

low temperature. To test whether the effects of
TMAO on protein structure are selective of a
given temperature range andror of rather struc-
turally loose, unstable states of the protein, the
influence of TMAO on the phosphorescence de-
cay was measured for each protein over a wide

Žtemperature range, from y108C super cooled
.solutions up to 408C for LADH, to 508C for

GAPDH and Az and to 708C for AP, tempera-
tures in proximity of thermal unfolding. The aver-
age lifetimes at selected temperatures are re-
ported in Table 1. The results confirm that, across
the entire temperature range, and apart from the
persistently smaller tav of GAPDH, the intrinsic
lifetime of the other proteins is, within experi-
mental error, unchanged by TMAO. It should be
noted that the approximately 20]100-fold de-
crease of t across the thermal excursion entails0

a dramatic gain in structural flexibility of these
proteins that can only derive from looser, ther-
mally expanded structures. Therefore, the intrin-
sic lifetime shows that throughout, TMAO is un-

able to compact the native fold and render it
more rigid.

3.2. Effects of TMAO on acrylamide quenching of
protein phosphorescence

In addition to t , an alternative and comple-0
mentary way to assess the flexibility of globular
proteins is by monitoring the diffusion of small
quenching molecules through the protein matrix
to the site of the chromophore. In particular,
quenching of protein phosphorescence by acryl-
amide was shown to be a sensitive indicator of
their flexibility, the bimolecular quenching rate
constant, kq, derived from the lifetime Stern-

Ž w x.Volmer plot 1rts1rt qkq acrylamide pro-0
viding a measure of the average acrylamide dif-

w xfusion coefficient inside the macromolecule 19 .
The addition of acrylamide to protein solutions

reduces the phosphorescence lifetime of each
protein examined. In these experiments the acryl-
amide concentration was increased until the

Fig. 3. Lifetime Stern]Volmer plots for the quenching of
LADH phosphorescence by acrylamide, at selected tempera-

Ž . Ž .tures, with `, I,^ and without v, B, ' 1.8 M TMAO.
Each point is the average of at least two independent experi-
ments and the error bars indicate the range of t variations.
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Table 1
Influence of TMAO on the intrinsic, average phosphorescence lifetime and on the acrylamide bimolecular phosphorescence
quenching rate constant of Az, LADH, GAPDH and AP, at selected temperatures

y1Ž . Ž . Ž .Protein TMAO T 8C t s k s , M0 q
Ž .M

AP 0 y10 4.03
1.8 y10 3.96
0 20 2.02
1.8 20 2.10
0 70 0.054
1.8 70 0.053

Az 0 y10 3.43 1.2
1.8 y10 3.52 1.5

10 20 0.63 1.9=10
11.8 20 0.62 1.9=10
20 50 0.050 2.5=10
21.8 50 0.051 2.4=10

3LADH 0 y10 2.5 2.1=10
31.8 y10 2.4 2.0=10
40 20 0.59 1.0=10
41.8 20 0.60 1.1=10
40 40 0.11 2.6=10
41.8 40 0.11 2.7=10

2GAPDH 0 y10 0.734 2.1=10
21.8 y10 0.320 1.9=10
20 20 0.308 5.9=10
21.8 20 0.135 5.9=10
30 50 0.077 2.7=10
31.8 50 0.036 2.7=10

lifetime decreased at least ten-fold. The decay of
GAPDH and LADH, which are intrinsically het-
erogeneous, was found to remain so even when
the quencher considerably reduces the average t.
A non-uniform decay reflects the presence of
more than one stable conformation of the macro-
molecule, each with its distinct lifetime and acryl-
amide quenching constant, because in each pro-
tein the phosphorescence at ambient temperature

w xis due to a single Trp residue per subunit 17 . For
convenience, the lifetime Stern-Volmer plots were
all constructed from the average lifetime ob-
tained, in general, from a biexponential fitting of
phosphorescence decays. Thus, the value of kq
derived from the gradient of these plots is an
average quantity.

Representative lifetime Stern]Volmer plots for
LADH, in buffer and in the presence of 1.8 M
acrylamide, at selected temperatures, are shown
in Fig. 3. It is evident from the figure that, whereas
the slope of the plot increases sharply with tem-
perature, implying a considerable gain in struc-
tural flexibility, the addition of TMAO has negli-
gible effects on the quenching process at any
temperature investigated. This behavior is com-
mon also to Az and GAPDH, the other two
proteins examined. As can be seen from a com-
parison of kq values collected in Table 1, TMAO
effects are negligible throughout. The general
conclusion is that over the wide temperature range
of this study TMAO does not influence acryl-
amide migration through these proteins and, con-
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sequently, that it does not attenuate the fre-
quency of the relatively large amplitude structural
fluctuations that permit its diffusion through the
protein matrix, a finding in full accord with the
intrinsic lifetime. Lastly, the observation that
TMAO does not enhance acrylamide quenching
of GAPDH supports the hypothesis that the re-
duction caused to the lifetime derives from impu-
rity quenching rather than from a loosening of
the structure.

4. Conclusions

The purpose of this investigation was to unveil
possible perturbations of the native fold of globu-
lar proteins by TMAO at the highest concentra-
tions found in the cytoplasm under extreme con-
ditions. Changes in the globular fold could be

Ž .induced by: 1 Structural adjustments aimed at
reducing the solvent exposed surface area. These
include compaction of internal cavities, with-
drawal of internal water molecules and a shift to

Ž .conformations with a smaller surface area. 2
Direct interaction between TMAO and protein
groups. Whereas the effects of TMAO binding on
the protein structure are not predictable, both the
reduction in free volume and of internal hydra-
tion would necessarily lead to a more compact
and rigid structure. Moreover, as the size of the
protein increases with thermal expansion of its
cavities, the structure compacting effect of the
osmolyte would be expected to be greater at
higher temperature, an effect analogous to that
observed with the application of hydrostatic pres-

w xsure 22,23 . Employing a natural probe that ex-
hibits unparalleled sensitivity for subtle changes

w xin protein structurerdynamics 17,24 , this study
has examined the effects of 1.8 M TMAO on the
internal dynamics of four proteins both locally, at

Ž .the site of the probe t , and over extended0
Ž .regions of the macromolecule kq . The choice of

protein systems was aimed at exploring possible
correlations between osmolyte effects and struc-

Ž .tural features of the biopolymer such as: 1 The
depth dependence of osmolyte pressure by vary-
ing the thickness of the protein spacer separating

˚Žthe probe from the aqueous interface 4.5 A for
˚ ˚w x w xLADH 25 , 5.0 A for GAPDH 26 , 8 A for Az

˚w x w x. Ž .27 and 11.5 A for AP 28 . 2 The actual
flexibility of the macromolecule, as can be in-
ferred from the wide range of phosphorescence

Ž .lifetimes 0.036 s-t -4.03 s and of acrylamide0
Ž y1 4 y1quenching constants 1.2 s -k -2.710 Mq

y1 . Ž .s . 3 The role of the quaternary structure by
comparing dimeric LADH and AP or tetrameric
GAPDH to monomeric Az. Except for the intrin-
sic lifetime of GAPDH, all phosphorescence mea-
surements reported here, however, consistently
demonstrate that up to 1.8 M TMAO does not
affect the internal dynamics of these proteins
even up to temperatures close to thermal denatu-
ration. From what has been said above this find-
ing is rather unexpected. Moreover, it also con-
trasts with the distinct dampening of large ampli-
tude structural fluctuations observed for other

w xosmolytes such as sucrose on RNase A 5 and
w x Žglycerol on myoglobin and lysozyme 29]31 in-

.ferred from HrD exchange studies as well as by
Ž .glycerol on 3 Az, LADH and AP of the proteins
Žof this study inferred from the phosphorescence

. w xlifetime 32 . Evidently, a major difference
between TMAO and these polyols is that the
latter are viscogenic compounds and, therefore,
there is the possibility that the decreased flexibil-
ity of the protein be due to the coupling of

w xprotein motions to solvent viscosity 33]35 .
In conclusion, the above results emphasize that

at physiological concentrations TMAO does not
perturb the dynamics of the native protein fold.
This could be a peculiar feature of this osmolyte
that was selected for preserving the catalytic ef-
ficiency of enzymes in conditions of osmotic stress.
Such inability of TMAO to compact globular pro-
teins is, however, at odds with the expectations
based on a preferential exclusion mechanism. The
different behavior of polyols raises the possibility
that the mechanism of protein stabilization by
different osmolytes may not be universal. Finally,
as the structure of the folded state is not de-
tectably affected by TMAO its remarkable
stabilizing action against protein unfolding must
be attributed predominantly to a selective solvo-
phobic effect on the open, denatured state.
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