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ABSTRACT Embedding protein in sugar systems of low water content enables one to investigate the protein dynamic-
structure function in matrixes whose rigidity is modulated by varying the content of residual water. Accordingly, studying the
dynamics and structure thermal evolution of a protein in sugar systems of different hydration constitutes a tool for disentangling
solvent rigidity from temperature effects. Furthermore, studies performed using different sugars may give information on how
the detailed composition of the surrounding solvent affects the internal protein dynamics and structural evolution. In this work,
we compare Fourier transform infrared spectroscopy measurements (300–20 K) on MbCO embedded in trehalose, sucrose,
maltose, raffinose, and glucose matrixes of different water content. At all the water contents investigated, the protein-solvent
coupling was tighter in trehalose than in the other sugars, thus suggesting a molecular basis for the trehalose peculiarity. These
results are in line with the observation that protein-matrix phase separation takes place in lysozyme-lactose, whereas it is
absent in lysozyme-trehalose systems; indeed, these behaviors may respectively be due to the lack or presence of suitable
water-mediated hydrogen-bond networks, which match the protein surface to the surroundings. The above processes might be
at the basis of pattern recognition in crowded living systems; indeed, hydration shells structural and dynamic matching is first
needed for successful come together of interacting biomolecules.

INTRODUCTION

Trehalose (Fig. 1 a) is a nonreducing disaccharide of glucose
present in large amounts in organisms that can survive

adverse environmental conditions such as extreme drought

and high temperatures (1–5). Furthermore, it has been ob-

served that isolated structures, such as enzymes or lipo-

somes, are preserved against stressing conditions when

embedded in trehalose matrixes (6–8). An analogous pro-

tective effect is also accomplished by other saccharides,

although trehalose is the most effective in terms of structural

and functional recovery (9).

Several studies have been performed on sugar-water

biomolecule systems by experimental (10–35) and simula-

tive techniques (36–42). This notwithstanding, the molecular

mechanisms at the basis of the trehalose peculiarity are still a

matter of study. The main hypotheses proposed are:

i. The water replacement hypothesis, according to which

stabilization occurs via the formation of hydrogen bonds

(HBs) between the sugar and the biostructure (43);

ii. The water-entrapment hypothesis, according to which,

in the dry state, trehalose rather than directly binding to

proteins traps the residual water at the biomolecule-

sugar interface by glass formation (44);

iii. The high viscosity hypothesis, according to which vis-

cosity effects cause motion inhibition (45) and hindering

of processes leading to loss of structure and denaturation.

In this respect, Green and Angell (46) suggested the

peculiarity of trehalose to be related to its rather high

glass transition temperature with respect to other glass-

forming sugars.

In the recent past, experimental (10–16,18,22–30,34,35)

and molecular dynamics (MD) (36) studies on carboxy-

myoglobin (MbCO) embedded in trehalose-water matrixes

of low water content showed that in such systems the internal

protein dynamics is sizably reduced; furthermore, it was

shown (26,28–34,37) that the content of residual water

modulates the dynamics and structural evolution of both

external matrix and protein. Such information evidenced

how embedding protein in water-sugar systems, in which

the amount of residual water is varied, could be a useful tool

to investigate the temperature dependence of the protein

dynamic-structure function relationship as a function of the

solvent rigidity, thus enabling one to disentangle rigidity

from temperature effects. In particular, a series of Fourier

transform infrared spectroscopy (FTIR) measurements were

performed on samples of MbCO embedded in nonliquid

water-trehalose matrixes in which the thermal evolution of

the stretching band of the bound CO and the thermal evol-

ution of the water-association band were contemporarily

followed (29,30,34).

As well known, the stretching band of the bound CO

molecule in MbCO is commonly split into three subbands

attributed to three different conformational substates of the

protein (taxonomic or A substates) corresponding to three

different environments experienced by the CO molecule

within the heme pocket (47,48). The relative intensity, width,
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and peak position of the three subbands depend on several

external parameters such as temperature, pH, and pressure

(47–53); accordingly, the thermal evolution of the band

shape gives information on the thermal interconversion

among taxonomic and lower hierarchy substates.

On the high frequency side of the CO stretching band

appears the so-called water-association band (see Fig.2),

which, in pure water, is attributed to a combination of the

bending mode of water molecules with intermolecular water-

water vibrations (54). Furthermore, it has been suggested

that the coupling of water-bending modes with intermolec-

ular vibrations involving nonwater H-bonding groups may

also contribute to the band (29,30,34). This makes the band

useful to get information on the structural behavior of water

in the sample under conditions of low water content in which

bulk water does not fully cover the signal.

The thermal evolution (300–20 K) of both the above bands

was put on a quantitative ground by using the spectra

distance (SD) of the normalized bands, defined as (29)

SD ¼ f+½Aðn; TÞ � Aðn; T ¼ 20KÞ�2Dng1=2
; (1)

where A(n) is the normalized absorbance at the frequency n
and Dn is the frequency resolution; such quantity represents

the deviation of the normalized spectrum at temperature T
from the spectrum at 20 K. Accordingly, the temperature

dependence of the SD relative to the CO stretching band

(SDCO) was assumed to reflect the overall thermally induced

changes of the protein structure, as experienced by the bound

CO molecule. Considering that such structural changes

imply protein internal motions, SDCO also conveys infor-

mation on the internal protein dynamics.

In aqueous glycerol solutions of MbCO, the second

moment (M2) of the A0 and A1 taxonomic substates was

found to be constant for T lower than the solvent transition

temperature (Tc), and sharply increasing upon heating for

T . Tc (55). Such behavior was attributed to the interaction

of the CO vibration with large amplitude, low frequency

motions of the heme environment, which are only populated

in liquid environment, i.e., for T . Tc. In this respect, we

note that all the samples we studied never behave as liquid.

In particular, dry and very dry samples are solid glasses in

which the above low frequency motions cannot be popu-

lated, whereas humid samples behave, at room temperature,

as plasticized and amorphous (see sample preparation); this

makes low frequency motions barely populated even at room

temperature. Accordingly, the M2 values of A1 and A0 must

have a much lower increase than in liquid water glycerol solu-

tions (55); this is confirmed when fitting the CO stretching

band (data not shown). The above arguments indicate that the

coupling with low frequency motions of the heme environ-

ment has, if any, negligible effect on the high temperature

values of SDCO.

As mentioned above, the water-association band is useful

to get information on the structural behavior of the water in

the sample under conditions of low water content. Using

the same arguments as for SDCO, the thermal behavior of the

SD relative to the water-association band (SDWATER) was

assumed to convey information on the thermally induced

FIGURE 2 CO stretching band (I, 1900–2000 cm�1) and association band

of water (II, 2000–2400 cm�1) in 3T sample at 300 K. Inset shows the fitting

of the CO band in terms of three taxonomic A substates (47). Residuals are

also shown in the inset on expanded scale (3100). A Gaussian extrapolation

took into account the queue of the association band in the range 1900–2000

cm�1. The fitting of the water-association band was performed in terms of

Gaussian and/or Voigtian components, which were dependent on the sample

humidity. A Gaussian extrapolation took into account the queue of the

adjacent higher frequency bands (.2400 cm�1). Fittings gave the areas

under the absorption profiles that were used for normalization of the raw

spectra after subtraction of the extrapolation.

FIGURE 1 Structure of trehalose (a), saccharose (b), maltose (c), glucose

(d), and raffinose (e).
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rearrangements (dynamics) of the water molecules in the

matrix (29).

The thermal evolution of SDCO and SDWATER analyzed

in light of MD results (36,37,42) enabled us to infer, in

agreement with the water entrapment hypothesis (44), the

existence of water molecules at the protein interface involved

in HB networks, which anchor the protein to the surrounding

matrix (29,30,34). The existence of water molecules at the

protein-matrix interface in protein-water-trehalose systems

has been recently confirmed by Fayer and co-workers (22).

Analogous FTIR measurements were also performed in

samples of MbCO embedded in sucrose-water matrixes (30):

in such systems the CO stretching band unequivocally splits

into four subbands, thus indicating that the sucrose matrix

introduces distortions within the heme pocket, which cause

the occurrence of a fourth taxonomic substate. In full agree-

ment, MD simulations of MbCO in trehalose-water and in

sucrose-water showed some subtle differences in heme pocket

structures (42).

A comparison between the results on trehalose and sucrose

(Fig. 1 b) samples of similar water content evidenced almost

overlapping SDWATER in the whole temperature range inves-

tigated. This indicated that, in both the samples, the thermal

evolution of the sugar-water matrix is similar. At variance,

differences were observed between the two SDCO plots. Such

comparison suggested a tighter protein-matrix coupling in

trehalose-water than in sucrose-water systems, in full agree-

ment with results of MD simulations (42).

To gain a more general knowledge on the protein-matrix

coupling and on the molecular mechanisms at the basis of

the trehalose peculiarity, in this work we performed FTIR

measurements onMbCO embedded in maltose-water, glucose-

water, and raffinose-water matrixes of different water content

and analyzed the results together with the ones already reported

for trehalose-water and sucrose-water systems (29,30).

Maltose (1,4 a-D-glucopiranosyl-D-glucopyranose, Fig.
1 c) was chosen for its similarity to trehalose (1,19 a, a-D-
glucopyranosil-D-glucopyranoside). Indeed, the two disac-

charides are identical but for the binding of the second

saccharide moiety to the first unit; such binding involves the

O1 atom in trehalose, the O4 atom in maltose. Then, at

variance from trehalose, maltose is a reducing disaccharide.

Glucose (monosaccharide, Fig. 1 d) and raffinose (nonre-

ducing trisaccharide, a-galactopyranosyl-(1/6)-a-gluco-
pyranosyl-b-fructofuranoside, Fig. 1 e) were chosen to

study the effects of the sugar complexity in terms of number

of saccharide moieties.

MATERIALS AND METHODS

The shapes of both the CO stretching band and of the water-association band

depend on the overall sample composition (sugar, buffer, salts, amount of

sodium dithionite, etc.). For this reason we took particular care in preparing

samples starting from solutions of identical composition, which differed

only in the sugar employed. Furthermore, to compare the outcome of

measurements performed in different saccharide matrixes, samples were

prepared at equal monosaccharide units molar concentration, rather than at

equal sugar molar concentration.

Lyophilized ferric horse myoglobin, maltose, and glucose were pur-

chased from Sigma (St. Louis, MO) and used without further purification.

Raffinose from Fluka (Buchs, Switzerland) was used without purification.

Ferric myoglobin was dissolved (1 3 10�3 M) in a buffered solution

(2 3 10�2 M phosphate buffer, pH 7 in water) containing 4 3 10�1 M of

monosaccharide units (i.e., 0.2 M for maltose, 0.4 M for glucose, and 0.133

M for raffinose). The solutions were equilibrated with CO and reduced by

anaerobic addition of sodium dithionite (10�1 M).

Preparation of maltose and raffinose samples

Maltose and raffinose samples were prepared following the same procedure

as for trehalose (29) and sucrose (30). Aliquots (0.1 ml) of the liquid

solutions, layered on CaF2 windows, were initially dried for;8 h under CO

atmosphere in a silica gel desiccator at room temperature, then at 353 K for

1 h at atmospheric pressure and afterward ;15 h at 353 K under vacuum.

The high temperature treatment, besides drying samples, avoided micro-

crystals formation (25) as evidenced by the low sample turbidity. Samples

were named using a number that indicates the hydration level and a letter

which stands for the sugar. Accordingly, 1M is, e.g., the driest maltose

sample and 3R the most hydrated raffinose sample; the same terminology

was previously used for trehalose and sucrose (30).

To obtain the driest samples studied (1M and 1R), the CaF2 windows on

which samples dried at 353 K were layered were put into the sample holder,

and transferred into the cryostat, where they were left open to undergo

further drying under vacuum at 353 K. Drying ended when the water

content, estimated through the area under the band at;5200 cm�1, resulted,

for maltose and raffinose, similar to the one of the driest trehalose and

sucrose samples (30). Measurements were then performed in the temperature

range 350–20 K. As below reported, it was not possible to lead the glucose

sample to analogous dryness.

In Table 1, we report the drying time, within the cryostat at high tem-

perature, needed for leading the various samples to extreme drought.

Samples 2M and 2R were prepared by exposing to room moisture (;3

min at 300 K) the samples dried;15 h at 353 K under vacuum (see above).

Samples were then transferred into the sample holder and confined by

putting a Teflon O-ring and a second CaF2 window on top of it to avoid

water release during measurements. Samples were then transferred into the

cryostat where they were left;2 h, at room temperature and pressure, before

starting measurements. This allowed diffusion of the water absorbed.

Measurements were then performed in the temperature range 300–20 K.

To obtain the most humid samples (3M and 3R), the samples dried;15 h

at 353 K under vacuum were overnight equilibrated in the presence of 60%

relative humidity at 300 K. The samples were then put into the holder

and confined by putting a Teflon O-ring and a second CaF2 window on top

of it to avoid water evaporation, and then transferred into the cryostat.

Measurements were then performed in the temperature range 300–20 K.

After hydration, samples were plastic, not dipping, remaining hard enough

to stay in a vertical position within the sample holder.

After the above treatments, all samples remained in an amorphous state as

evidenced by the very low turbidity detected by measuring the absorbance at

1900 cm�1 at 300 K (25). Measurements of optical absorption and circular

dichroism spectroscopy showed that almost full MbCO recovery was

TABLE 1 Drying times, within cryostat, of very dry samples

for the different saccharides

Sugar Drying time (h)

Maltose 1

Glucose ;70

Raffinose 1

Saccharose 3.5

Trehalose 1.5
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obtained when redissolving the samples after drying in the desiccator, before

heating at 353 K under vacuum. After the high temperature treatment, in the

raffinose-coated sample the recovery was almost complete (at the limit of the

error, as in trehalose (29)), whereas a lower recovery was obtained (;75%)

in maltose, which was even lower than for sucrose-coated samples (;85%)

(30). In this respect we note that water uptake by dried samples makes the

shape of the CO stretching band to progressively evolve toward a nontreated

protein in aqueous solution, thus indicating that damaged protein barely

contributes to the signal we analyze.

As already done for trehalose and sucrose samples (30), we performed a

qualitative essay (Barfoed essay) on both maltose and raffinose samples after

the thermal treatment; this showed that reducing monosaccharides were

absent, thus evidencing the lack of temperature-induced sugar degradation.

Preparation of glucose samples

The drying of glucose samples lasted much longer than for the other

saccharides (see Table 1). Because of this very low drying rate and of the

thermal lability of glucose, the dessication procedure was modified for this

sugar. Aliquots (0.1 ml) of MbCO-sugar solution layered on CaF2 windows

were initially dried for 10 d under CO atmosphere in silica gel desiccator.

Further drying performed as for other sugars at 353 K lead to a ;95–98%

protein lost; for this reason we dried the glucose samples under vacuum at

333 K for 12 h. After this procedure, the recovered protein was ;75%.

FTIR measurements on the driest glucose sample started after further

drying within the cryostat, where it was left open under vacuum at 333 K.

Drying ended when the water content remained constant for a suitable spell

of time (.30 min). At the end of this procedure, the water content was still

larger than for the driest samples of the other sugars. This made the driest

glucose sample more comparable with the dry (No. 2) than with the very dry

(No. 1) samples of the other sugars; for this reason, from now on we shall

refer to this sample as sample 2Ga.

To ascertain whether this different behavior is due to the different

procedure used or to the kind of sugar, we dried a sample of MbCO in

trehalose following the same procedure as for sample 2Ga. The water content

of such a sample, after drying under vacuum at 333 K for ;10 h, was

comparable with that of the below reported sample 1T. The dry sample

(which will be labeled as 2Gb) and the humid, 3G, sample, are prepared

following, after drying at 333K within the desiccator, the same procedure

followed for the other sugars. Measurements were then performed in the

temperature range 300–20 K.

Water content

In our samples, the high intensity absorption bands of water are covered by

signals arising from various components; this lead us to estimate the samples

water content by measuring the area (AC) delimited by the tangent between

the two minima to the profile of the band at;5200 cm�1 (at 300 K). In this

respect, we note that, in very dry systems, the band splits in two barely

resolved subbands.

The reason for choosing this water band, rather than the water-association

band, will be discussed in the next section. The used molar absorbance for

all samples was 336 L mol�1 cm�1 (56), under the crude assumption that this

quantity is independent on the number of HBs in which water molecules are

involved. Since the amounts of myoglobin and of sugar deposited in each

sample are always the same, knowing the water content enabled us to get

information on the water/sugar and on the water/protein ratios, under the

assumption of homogeneous sample thickness, which was estimated using a

Palmer micrometer. Obviously, the water/protein ratios refer to the total

protein deposited, which may be either carbonilated or noncarbonilated.

Furthermore, the ratio is not meant to indicate the number of water

molecules directly interacting with each protein but rather the ratio between

the whole water to the whole protein present in the sample. The samples

water concentration, the water/sugar ratio, and the water/protein ratio of each

sample are reported in Table 2.

All FTIR measurements were performed on a Jasco (Tokyo, Japan) FTIR

410 spectrometer, which has a 2 cm�1 resolution. The cryostat and the

temperature control used were respectively Optistat CF-V and ITC-503,

both from Oxford Instruments (Abingdon, UK).

RESULTS AND DISCUSSION

Water-protein-sugar interactions

According to what we mentioned in the Introduction, two

‘‘subpopulations’’ of absorbers contribute to the water-asso-

ciation band; these arise from combinations of the bending

mode of water molecules either with intermolecular water-

water vibrations or with intermolecular vibrations involving a

nonwater HB-forming groups (29,30). Of course, whereas for

the latter subpopulation a single water molecule is sufficient

for producing a light absorber, this does not hold true for

the former. Therefore, the area under the association band

linearly depends on water concentration only in two extreme

cases: i), in water rich systems, when water-water interaction

dominates the band (bulk water); and ii), when only water

molecules interacting with nonwater H-bond-forming groups

contribute to the band (very dry samples). The last point

strictly holds under the assumption that all the subbands of

the water-association band share common molar absorbance.

At variance, the water combination band at ;5200 cm�1,

which is ascribed to a combination of the water molecule

bending and asymmetric stretching, is intramolecular; the

area under this band gives, therefore, a less biased estimate

of the sample water content than the water-association band

(30).

In what follows we shall exploit the different origin of the

association and of the combination band to have some hint

TABLE 2 Estimated values for the sample water concentration

and the water/sugar and water/protein ratios

Sample

Water

concentration (M) �Water/sugar �Water/protein

Trehalose 1T 0.06 0.3 10

2T 0.36 1.8 70

3T 5.4 27 1080

Saccharose 1S 0.06 0.3 10

2S 0.99 5.0 200

3S 5.7 28.5 1140

Maltose 1M 0.06 0.3 10

2M 1.5 7.5 300

3M 3.2 16 640

Glucose 2Ga 0.69 3.4 140

2Gb 1.9 9.5 380

3G 3.3 16.5 660

Raffinose 1R 0.06 0.3 10

2R 0.27 1.4 60

3R 2.4 17 680

Water concentration was calculated from the area under the combination

band (5200 cm�1) by using a molar absorptivity of 336 L mol�1 cm�1 and

an optical path of 150 mm, estimated using a Palmer micrometer.
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on the kind of interactions in which the water molecules

in our samples are involved. In Table 3 we report, for all

samples, the areas under the profile of the association band

(AA), the areas delimited by the tangent between the two

minima to the profile of the water combination band at

;5200 cm�1 (AC), and the ratio rA ¼ AA/AC. We also report,

as a reference, the same quantities for a sample of crystalline

trehalose dihydrate and a sample of pure water (29), i.e.,

samples in which only one of the above subpopulations

contributes to the association band. Since only AC is pro-

portional to the sample water content, the ratio rA gives a

rough estimate of the relevance of the interactions of water

molecules with nonwater H-bond-forming groups. In partic-

ular, to larger values of rA correspond larger fractions of

water molecules involved in interactions with nonwater

H-bond-forming groups. The high rA value found for trehalose

dihydrate, in which water-water interactions are absent, and

the low value found for pure water, where the band only

arises from water-water interactions, supports the above

suggestion.

As Tables 2 and 3 show all the driest samples, except

glucose, have similar water content. However, whereas

trehalose and maltose exhibit the same rA, a slightly lower

and a rather larger value is exhibited by sucrose and raffinose,

respectively. The behavior of such very dry samples can

be rationalized by considering that trehalose, sucrose, and

maltose are disaccharides each carrying eight hydroxyl

groups. However, in sucrose, intramolecular HBs are present

(57) thus leaving an overall lower number of sites available to

HB with the surrounding. At variance, in agreement with the

large number of coordination water molecules present in its

(pentahydrate) crystalline state (58), raffinose directly binds a

larger fraction of water molecules than the other sugars (59),

as confirmed also by the rA value for sample 2R.

Hydrated type 3 samples exhibit low rA values, thus

indicating that water-water interactions mostly dominate the

water-association band; as it will be clear when analyzing the

thermal behavior of the SD, this does not imply that similar

water molecules networks surround the protein.

As Tables 2 and 3 show the water content in the driest

glucose sample is one order of magnitude larger than in the

driest samples of the other saccharides. Such large water

content is paralleled by a rather low rA value, which ap-

proaches the one in pure water and, at variance from the other

saccharides, is almost constant at all the hydration levels. This

indicates that, in glucose, water-water interactions dominate

the water-association band. To understand whether such

behavior is peculiar of monosaccharide samples, we analyzed

a sample of MbCO embedded in a water-fructose matrix;

such a sample behaved as the glucose sample. Based on this

observation and on the low rA value, we inferred that in

monosaccharide matrixes interactions among sugar mole-

cules barely led to water extrusion and formation of extended

structures, which involve protein sugar and residual water

(25). This at variance from dry oligosaccharides, wherein

rigid matrixes should originate from the propagation of

structures in which water and sugar molecules cross-connect

the whole system, thus giving matrixes whose rigidity is

modulated by the content of residual water.

CO stretching bands

In Fig. 3 are shown the normalized CO stretching bands at

20 and 300 K, for all the samples studied. We deal with

normalized spectra since we are interested in changes of the

absorption profile, which reflect heme pocket conformational

rearrangements.

As evident, infrared spectra of the bound CO depend on the

sugar employed and on the sample water content. As already

reported (30), a fourth substate appears in sucrose that cannot

be considered as the formerly reported A2 substate at �1942

cm�1 (47), since its peak frequency is;1925 cm�1. The same

substate appears also in raffinose, although of lower intensity

than in sucrose. Since raffinose is a sugar composed by a

sucrose molecule that binds a galactose moiety to the O6 of

the glucose subunit, we suggest that this substate arises from

heme pocket structural modifications induced by sucrose-like

units. We attribute the lower intensity of the fourth substate to

the lower relative weight of sucrose-like moieties in raffinose

than in sucrose samples.

We considered also the possibility that such spectral

alteration could arise from the furanoside moiety present in

both the sugars: indeed, the lower flexibility of the penta-

atomic with respect to the exa-atomic ring (60) might con-

strain the protein structure in a new substate. CO stretching

bands measured in MbCO embedded in fructose-water and

ribose-water matrixes did not show the above features (data

TABLE 3 Areas underlying the association band (AA); areas

underlying the combination band (AC); ratio rA ¼ AA/AC

Sugar AA AC rA

Trehalose 1T 5.5 0.2 27.5

2T 7.6 1.2 6.5

3T 31.5 18 1.8

Saccharose 1S 3.9 0.2 19.5

2S 9.6 3.3 2.9

3S 35.1 19 1.8

Maltose 1M 5.5 0.2 27.5

2M 19 5.3 3.6

3M 25.7 10.6 2.4

Glucose 2Ga 4.4 2.3 1.9

2Gb 14.1 6.4 2.2

3G 23.4 11 2.1

Raffinose 1R 13.6 0.2 68

2R 18.2 0.9 20

3R 29.3 11.4 2.6

Trehalose dihydrate 21.9 0.3 73

Pure water 313.8 173.6 1.8

Data relative to trehalose dihydrate powders are obtained by reflectance

measurements.
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not reported), ruling out the suggestion that interaction of the

protein with furanoside moieties could cause the appearance

of the fourth substate. Maltose and trehalose samples have

very similar CO spectra, differing only for a slightly lower

population of the A0 substate in maltose with respect to

trehalose.

At variance from the other sugar systems, the shape of the

CO stretching bands exhibits, in all glucose samples, a very

low dependence on residual water and looks most like those

in humid samples of the other saccharides. In particular, even

in sample 2Ga the CO band is more similar to the one in

aqueous solution than in the 2S or 2M samples, which still

have larger water content than 2Ga sample. This behavior is

in line with the observation that hard amorphous matrixes do

not form in monosaccharide-containing samples.

Water-association bands

Normalized absorption profiles of the water-association band

at 20 and 300 K are shown in Fig. 4. Again, we deal with

normalized spectra since we are interested in variations of

the band shape, which contain information on structural

FIGURE 3 Normalized spectra of the CO stretch-

ing band at 20 K (solid lines) and 300 K (dashed

lines) for each sample. Results are very well re-

producible, within a few percent.
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rearrangements of the water dipoles network, irrespective of

the temperature-induced variations of the band oscillator strength.

Each sugar shows a typical shape arising from a different

population of the different subbands’ components; this is par-

ticularly evident in very dry samples. Rather similar profiles

are instead evident in humid samples; this is expected since,

as also indicated by the rA values, the water association band

in such samples is mostly dominated by water-water inter-

actions. Notwithstanding the large differences in shape among

the water-association band in the different samples, a con-

stant set of five subbands fits the bands in all the samples we

studied (data not shown).

Spectra distances

Figs. 5–7 show the SD (see Eq. 1) of the water-association

bands (SDWATER) and of the CO stretching bands (SDCO),

referred to the spectrum at 20 K, for all the sugar analyzed.

As mentioned in the Introduction, the thermal evolution of

SDCO is assumed to reflect the overall thermally induced

structural changes of the protein, as experienced by the

bound CO molecule. Since changes in the conformation of a

protein arise from movements between different minima of

the energy landscape, it follows that structural changes in the

protein are strictly related to the amplitude of nonharmonic,

FIGURE 4 Normalized spectra of the water-

association band at 20 K (solid lines) and 300 K

(dashed lines) for each sample. Results are very

well reproducible, within a few percent.
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atomic mean-square displacements (MSDs). Accordingly, it

has been assumed (34) that the temperature dependence of

SDWATER, which reflects the thermally induced rearrange-

ments of the water molecules in the matrix (29), parallels the

motional freedom of water molecules.

The internal dynamics of a protein is tightly coupled to the

dynamics of its hydration shell (61). In particular, it has been

suggested (61–63) that water translational motions, which

allow complete exchange of protein-bound water molecules

by translational displacement, is necessary for large-scale

fluctuations involving displacements of the protein sur-

face, as e.g., interconversion among high tier substates and

structural relaxations (16,28–30,34). At variance, it appears

that exchange of protein-water HBs by water rotational/

librational motions (61–63) is not sufficient to permit large-

scale internal motions but still allows interconversion among

low tiers conformational substates. Therefore one can infer

that SDCO, besides giving information on the heme pocket

thermal readjustments, also gives indirect information on the

mobility of the water molecules at the protein-matrix in-

terface. Then the correlation between SDCO and SDWATER,

besides giving information on the protein-matrix coupling,

also conveys information on the coupling between water

molecules at the protein interface and the distant, bulk water

molecules.

In a recent article, Sokolov and co-workers (64) reported

on the internal dynamics of tRNA and lysozyme in dry

(freeze-dried) samples and in samples of the same biomol-

ecules, which after having been freeze-dried were hydrated

in the presence of 98% relative humidity to 0.59 g of D2O/g

tRNA and 0.45 g of D2O/g protein, respectively. The

comparison between the results relative to lysozyme and to

tRNA enabled the authors to conclude that in freeze-dried

lysozyme nonharmonic internal motions (perhaps related

to the methyl groups dynamics) are present; such motions

starting from very low temperature and monotonically in-

creasing up to 300 K. At variance, wet protein behave as dry

protein only up to �200 K: above such temperature, due to

the transition of solid-like to liquid-like dynamics of the

hydration water, a sharp MSD increase is observed stemming

from large-scale motions, which involve displacements of

the protein surface. Such behavior parallels the results by

Tobias and co-workers (65), who reported the MSDs of

methyl protons from MD simulation on hydrated RNase and

on dry RNase powders (0.42 and 0.05 g of D2O per g of

protein, respectively (66)).

It has been long ago reported that water molecules bound

to protein charged or polar groups exhibit rather large

binding energy (67); this makes it extremely difficult to

reduce the hydration of a protein below ;0.05 g of H2O/g

protein. Therefore, one expects the water content of the dry

(freeze dried) lysozyme sample, studied in Caliskan et al.

(64), to be comparable to that of the simulated dry RNase

powder (65). One can therefore conceive that the observed

low tier motions originate from exchange of protein-water

HBs via the rotational/librational motions of such water

molecules. In what follows, we shall analyze the SDs shown

in Figs. 4–6 in light of the data reported in Caliskan et al. (64)

and Curtis et al. (65) under the obvious assumption that the

thermal behavior of the nonharmonic mean-squared fluctuations

FIGURE 5 (Left to right) Water-asso-

ciation band spectra distance (SDWATER)

referred to the spectrum measured at

20 K versus temperature; CO stretching

band spectra distance (SDCO) versus

temperature; plot of the SDCO versus

the SDWATER. Data refer to the very dry

samples. The very good reproducibility

of the data points obtained when cycling

the temperature indicated that data points

are takenunder thermal equilibrium (data

not shown; see, e.g., Giuffrida et al.

(29,30)).Note the scale differenceamong

Figs. 5–7.

FIGURE 6 As in Fig. 5, for dry

samples.

Protein-Solvent Coupling in MbCO 975

Biophysical Journal 91(3) 968–980



of internal protein motions parallels the thermally induced

interconversion among conformational substates.

In very dry samples (Fig. 5) in which residual water

molecules are expected to be essentially bonded via four

HBs (37), both SDCO and SDWATER are almost vanishing up

to ;200 K for all sugars. This indicates lack of structural

changes both in the protein and in the matrix and implies

that, within our sensitivity, only harmonic atomic motions

are present, both in the matrix and in the protein. Above

;200 K a very small increase is evident for both SDCO and

SDWATER, stemming from interconversion among very low

tiers substates, perhaps related to the onset of rotational/

librational motions of the tightly bound water molecules

at high temperature. We also report in Fig. 4, for the sake of

comparison, the data relative to sample 2Ga, which as ex-

pected, exhibit larger SD values (see also below).

In dry samples (Fig. 6), both SDCO and SDWATER exhibit a

linear behavior, which starts from very low temperature for

trehalose, sucrose, and raffinose; the values lying between

those measured in the very dry and in the, below reported,

humid samples. A sizable change of slope at T ; 200 K is

present only for the 2Gb sample, which is consistent with its

large water content. The rather monotonic increase of both

SDWATER and SDCO for trehalose, sucrose, and raffinose

suggests that, in such samples, only low tier processes can

take place in the protein interior, coupled to rotational/

vibrational fluctuations of water molecules. At variance from

very dry systems, such internal processes are present, in dry

samples, even at very low temperature, as for dry lysozyme

(64) and dry RNase powders (65).

Themaltose sample deserves a further comment. Indeed this

sample exhibits, among type 2 samples, the lowest SDCO and

SDWATER, notwithstanding its larger water content, as com-

pared to other sugars. Furthermore, only for this sugar the

SDWATER for dry and extra dry samples overlap in the whole

temperature range, whereas slight differences are present, only

at high temperature, among the two SDCO. The peculiar

behavior ofSDWATER for drymaltose samples canbeexplained

on the basis of recent MD simulations results (68), which

suggest that maltose-water solutions are inhomogeneous

systems in which maltose molecules cluster. Such clustering

could bedue to thedipolemomentof this disaccharide,which is

quite larger than for the other saccharides. Dipole moment

values calculated from the crystallographic structures of

saccharides at the BLYP/6-31G** level are as follows:

trehalose, 1.5D; sucrose, 2.5D; maltose, 5.2D; glucose, 1.4D

for theb-anomer, 2.5 D for thea-anomer; raffinose, 4.3 D. It is

therefore conceivable that the water molecules remain blocked

at such clusters to the same extent as in a very dry system. The

less constrainedwatermolecules at the protein surface could be

responsible for the slight differences between SDCO and

SDWATER observed at high temperature.

In the humid sample (Fig. 6), SDWATER for the trehalose,

sucrose, maltose, and glucose samples almost overlap in the

whole temperature range investigated. Furthermore, they

exhibit a rather linear evolution (similar to the one exhibited

by dry samples) which starts at;50 K, followed by a change

of slope for T.;200 K. Such behavior suggests that below

200 K, water molecules are involved in rigid HB networks,

which hinder their translational motions only allowing

rotational/librational fluctuations. Above ;200 K, due to

the release of the HB networks, water molecule translations

are allowed over the whole sample, which is reflected in the

SDWATER change of slope. At variance from other sugars, in

raffinose SDWATER exhibits a linear behavior from cryogenic

to room temperature; such a behavior could arise from the

large fraction of water molecules directly bound to the sugar

(see Table 3 and the relative discussion). This, conceivably,

makes the water-sugar interactions to fully regulate the water

molecules motional freedom, thus avoiding the formation of

an extended HB network governed by water-water interac-

tions, which collapse at ;200 K.

For humid samples, the SDCO plots are rather linear up to

;200 K and change slope above such temperature for all

sugars, including raffinose. The low temperature behavior

indicates that below ;200 K the hindering of translational

motions, evidenced by SDWATER, involves also the water

molecules at the protein-matrix interface. Furthermore, the

different SDCO plots are not overlapping over the whole

temperature range, in line with the different protein-water-

sugar structures observed by MD simulation in different

sugar systems ((42) and G. Cottone, S. Guiffrida, and L.

Cordone, unpublished). One can then infer that water

rotational/librational motions at the protein interface are

peculiar for each sugar system and produce different protein

internal processes, as evidenced by SDCO.

At higher temperature, after the collapse of the HB

network (evidenced by SDWATER for all sugars but raffinose)

FIGURE 7 As in Fig. 5, for humid

samples.
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translational displacement of protein-bound water also

enables large-scale substates interconversion and protein

structural relaxations. These motions, which are reflected in

the deviation of SDCO from the linear behavior, involve

displacements of the protein surfaces (16,29,30,34) and have

been suggested to be driven by fluctuations of the dielectric

constant of the medium (69), which implies water molecules

translational freedom. Large-scale substates interconversion

is already evidenced in the raw CO spectra of humid sam-

ples, shown in Fig. 3.

The peculiar behavior of raffinose, for which the change

of slope is present in SDCO and absent in SDWATER, can be

rationalized by considering that the onset of large-scale heme

pocket fluctuations (reflected in SDCO) is indicative of trans-

lational motions at the protein interface, which, in view of

the behavior of SDWATER, does not extend to the whole bulk

matrix (see the above discussion on dry samples). Since, in

humid samples, the water molecules in the neighbor of the

protein are only a fraction of the overall water molecules,

their relative weight on SDWATER may be, plausibly, covered

by signal arising from water molecules far from the protein

surface. Such an effect is expected to play a relevant role only

in raffinose where SDWATER seems to be mostly governed by

water-sugar interactions.

The different protein-matrix coupling is better evidenced

in the correlation plots in Figs. 5–7. In particular, in the humid

trehalose sample, the protein is well matched to the whole

matrix. Indeed, in this sample the slope of the correlation plot

is unitary over the whole temperature range investigated; this

suggests a long-range correlation between the water at the

protein interface and the bulk water, which propagates over

the whole sample (29). In this respect, we point out that the

correlation plot gives information both on the protein-matrix

coupling and on the coupling between the water at the pro-

tein interface and in the distant (bulk) water. We note that the

correlation plots for glucose shows larger slopes with respect

to other sugars, also in the driest sample; one can, therefore,

speculate the poor preservation properties of glucose to arise

from the softness of the matrix and the scarce protein-matrix

coupling.

Several studies devoted to the dependence of protein

internal dynamics on hydration in the absence of sugar

(67,70–74) evidenced that many proteins need 100–500

water molecules (67,70) to restore their normal dynamics

and function. In this respect we note that our measurements

do not enable us to infer the number of water molecules

interacting with each proteins, within the saccharide matrixes

(see Table 2 and relative discussion). Further, we stress that

the same mechanisms of protein-water interactions as in the

absence of sugar cannot be invoked to explain our data in

sugar matrixes. Rather, our dry systems are to be compared

to the protein/fixed-solvent system studied by Vitkup et al.

by MD simulations (75), in which the protein fluctuations

were found smaller than those in the room temperature sol-

vent, whereas the local motions occurring without distortion

of the protein surface were still present. Moreover, MD

simulations performed on MbCO-trehalose-water systems

(37) at 89% sugar/[sugar 1 water] w/w and 50% sugar/

[sugar1water] w/w (which respectively correspond to 2 and

20 water molecules/sugar molecule) showed that the protein

dynamics is sizably hindered, in the hundreds of picoseconds

timescale, in the 89% w/w system (in which ;90 water

molecules and ;80 sugar hydroxyl groups are hydrogen

bonded to the protein), whereas it is not hindered in the softer

50% w/w system (where ;270 water molecules and ;30

hydroxyl groups bound the protein).

CONCLUSIONS

FTIR experiments have been performed on samples of

MbCO embedded in matrixes of different sugars and content

of residual water. A suitable analysis based on the thermal

behavior of the SD relative to both the stretching band of the

ligand CO molecule (SDCO) and the water-association band

(SDWATER) (29,30,34) showed that the thermal evolution

of sugar-water matrix barely depends on the particular sac-

charide, whereas the sample water content regulates the

amplitude of protein internal motions in a way which is

peculiar for each sugar. General features that can be inferred

from our FTIR data are:

i. In very dry samples having a water/sugar mole ratio of

;0.3, only very low scale motions are allowed, even at

room temperature. In this respect, we point out that room

temperature flash photolysis measurements (34) in a very

dry trehalose sample pointed out the lack of diffusion of

the flashed off CO even in the distal heme pocket side.

ii. In samples of low water/sugar mole ratio (in the range

;2�10, dry samples), only low scale motions as the

ones involving rotations and librations of water mole-

cules (in the matrix) and interconversion among low tier

protein conformational substates, take place even at

room temperature. In full agreement, flash photolysis

measurements (28,34), performed at room temperature

in trehalose samples of similar water content, showed

that the recombination of CO molecules takes place in a

nonrelaxing protein in which large-scale interconver-

sions are hindered. Furthermore, in such samples the

HB network, which couples the protein surface to the

surrounding matrix, can be temporarily destroyed by

continuous illumination (light-induced relaxation) (35).

iii. In samples having a large water/sugar mole ratio (in

the range ;16�28), large-scale motions, as the ones

involving protein relaxation and interconversion among

taxonomic A substates, take place at room temperature;

in such samples water molecules translations at the

protein interface are allowed at high temperature. In full

agreement, previously reported flash photolysis mea-

surements (28,34), performed at room temperature, had

shown that in humid MbCO-trehalose samples the
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flashed off CO molecule can diffuse within the heme

pocket and that the protein can relax. Furthermore, in

humid samples, continuous illumination has no effect on

the (soft) HB network, which couples the protein to the

surroundings (35).

In previous works (30,42), we suggested that the better

efficiency as bioprotectant of trehalose with respect to su-

crose could be ascribed to the tighter protein-matrix coupling

in trehalose with respect to sucrose, since the appearance of

damages on biological structures will more involve structural

variations of the surrounding matrix. The results in the study

presented here enable us to extend this suggestion also to

other sugars and enable us to better rationalize why car-

bohydrates having most similar hydrogen-bonding capability

exhibit different efficiency in preserving biomaterials. Fur-

thermore, the protein-matrix coupling is in line with the lack

of ‘‘phase separation’’ between protein and external sugar

matrix in trehalose with respect to lactose, found in lysozyme-

sugar systems (76); we suggest that this effect arises from a

mismatch between the protein and the sugar-water structures

at the protein interface. A similar effect has recently been

observed for the reaction center complex purified from

Rhodobacter sphaeroides, which can be embedded in solid

water-trehalose matrixes (31–33), while it undergoes phase

separation in sucrose-water systems (Venturoli and co-

workers, unpublished.

We believe that the sizable dependence on sample com-

position of the structural (and dynamic) coupling between a

protein and its surrounding should play a most relevant role in

pattern recognitions among biomolecules in crowded living

system. In this respect, we note that, as shown in the correlation

plot (SDCOversusSDWATER) in thehumid trehalose sample, the

thermal evolution of thewaterHBnetwork parallels the thermal

evolution of the heme pocket; this suggests the coupling to be

long-range under favorable conditions of the protein surround-

ings. Accordingly, we expect that suitable dynamic-structure

matching between the ‘‘hydration clouds’’ of approaching

molecules will lead to successful come together.
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