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ABSTRACT We report on a molecular dynamics (MD) simulation of carboxy-myoglobin (MbCO) embedded in a water-
trehalose system. The mean square fluctuations of protein atoms, calculated at different temperatures in the 100-300 K
range, are compared with those from a previous MD simulation on an H,O-solvated MbCO and with experimental data from
Md&ssbauer spectroscopy and incoherent elastic neutron scattering on trehalose-coated MbCO. The results show that, for
almost all the atomic classes, the amplitude of the nonharmonic motions stemming from the interconversion among the
protein’s conformational substates is reduced with respect to the H,O-solvated system, and their onset is shifted toward
higher temperature. Moreover, our simulation shows that, at 300 K, the heme performs confined diffusive motions as a whole,
leaving the underlying harmonic vibrations unaltered.

INTRODUCTION

Trehalose is a nonreducing disaccharide (see Fig. 1) foungtring, appeared, in extremely dry MbCO samples, to be the
in rather large quantities in organisms that can afford exones of a harmonic solid even at room temperature (Cor-
treme conditions, such as quite high temperature80C)  done et al., 1999). This was confirmed by the behavior of
and lack of water, in a state of suspended animation calleche density of states measured by inelastic neutron scatter-
anhydrobiosis (Crowe and Crowe, 1984; Bianchi et al.ing (Cordone et al., 1999). At variance, previous elastic
1991; Panek, 1995). It has been shown that trehalose prereutron scattering measurements on hydrated MbCO
tects biomolecules during dehydration, preserves their aqDoster et al., 1989), showed the appearance of nonhar-
tivity, and stabilizes them against the effects of adversenonic contributions to hydrogen atom motions Toe 160
ambient conditions (Crowe et al., 1996). The observationg wore recent results (Librizzi et al., 1999a, and work in
that trehalose protects biostructure from heat denat.uratioBrogreSS) showed that highly localized protein-specific mo-
put forward the relevance of studying the dynamics Oftjong detected from the thermal interconversion among A
proteins embedded in trehalose matrices. This could help I8ubstates of MbCO, are progressively hindered by decreas-
understanqmg up to Whic,h extent thg externgl matr.ix Car?ng the sample water content. The above interconversion
affect_ the |nternal'dynam|cs of proteins ar_ld, n partlcular,was barely detectable in extremely dry samples, containing
the interconversion among conformational substate%nly residual tightly bound water molecules. [MbCO A

(Frauenfelder et al., 1988). b h f tional substat di
Flash photolysis experiments on carbon-monoxy myoglo-Su states are_t_ ose conlormational substates corresponaing
bin (MbCO, see Fig. 2) embedded in a trehalose glasto thrge_specmc environments e_xperlenced by the boun.d
(trehalose-coated) showed that some part of the protei&O within the hem © pock.et. (VOJtechovgky et al., 1999);
dynamics is strongly inhibited (Hagen et al., 1995, 1996;t ey are reflected |!’1the splitting to'three different sub—baan
Gottfried et al., 1996). In particular, the escape of CO from®! the CO stretching band (Makinen et al., 1979). Their
the heme pocket at room temperature was prevented, evéhermal interconversion is not hindered in hydrated MbCO
after prolonged illumination. Cordone et al. (1998) reported(ims (Mayer, 1994)]. _ _ _ _
that in trehalose-coated MbCO the protein-specific motions Previous molecular dynamics (MD) simulations (Sakurai
(defined as the nonharmonic motions arising from thermagt &l., 1997; Liu et al., 1997; Bonanno et al., 1998; Conrad
fluctuations of a protein molecule among conformational@nd de Pablo, 1999) performed on trehalose-water systems
substates (Frauenfelder et al., 1988)), detected bgsMo have already demonstrated that trehalose remarkably mod-
bauer and by optical absorption spectroscopy, are signifilfies the hydrogen bond network and water dynamics. MD
cantly hindered. Moreover, the hydrogen atom mean-squar@mulation may also provide a better understanding of the
displacements, measured by incoherent elastic neutron scaffects of trehalose coating, by exploring the internal dy-
namics of proteins embedded in the external sugar matrix at

the molecular level. In this work we studied an MbCO
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of our simulations is in agreement with experimental find-
ings, in particular for the overall iron motions measured by
Mdossbauer spectroscopy. Moreover, we obtained insight on
the effects of trehalose on the dynamics of protein regions
that cannot be experimentally detected.

COMPUTATIONAL METHODS

MD simulations have been performed using the DL-PROTEIN program
(Melchionna and Cozzini, 1997). The CHARMMZ22 force field has been
used (MacKerell et al., 1998) with a CHARMM-type parameter set pro-
posed for carbohydrates for trehalose (Ha et al., 1988); the TIP3P model
was considered for the water molecules (Jorgensen et al., 1983).
FIGURE 1 Trehalose moleculBlack spheresoxygen atomsglark gray The initial coordinates for the protein were obtained from the crystal-
spheresicarbon atomslight gray sphereshydrogen atoms. lographic data of sperm whale myoglobin (Cheng and Schoenborn, 1990).
All hydrogen atoms were explicitly included; the protein, consisting of
2543 atoms, was equilibrated at 300 K in vacuo over a 40-ps simulation. A

We compared the obtained MSFs with the ones from grystalline configuration of trehalose dihydrate (Taga et al., 1972) com-

previous simulation on an jﬂ)-solvated MbCO (Venturoli, posed of eight unit cells (32 trehalose_gnd 64 trehalose-bound water
1998) and with the experimental MSFs obtained throu molecules) was generated and was equilibrated at 300 K over an 80-ps
p gr'E,imulation. The protein was placed into a rectangular cell that was filled

Mdssbauer spectroscopy and neutron scattering on MbCQith the solvent (trehalose water molecules), using the pre-equilibrated
trehalose-coated, dry samples (Cordone et al., 1998, 199%ugar-water configuration as a building block. Molecules whose atoms
The computational methods used in the simulations and#ere within a 1.8 A from any protein atom were removed, thus leaving 231

in the data analysis are described in the next section Th%ehalose and 547 J® molecules. To ensure the neutrality of the box, nine

. .water molecules were then replaced by nine chlorine counterions, leaving
temperature dependence of the MSFs for different atom'%n 89% (w/w) trehalose-water ratio. A system with such a water-trehalose

classes is discussed in Results and Discussion. The 0UtCOmgo is in a glassy state at room temperature (Green and Angell, 1989).

It is worth noting here that even in an MbCO-trehalose sample exhaus-
tively dried under nitrogen atmosphere at room temperature, an average of
two water molecules per trehalose molecule is present (Librizzi et al.,
1999b). Moreover, the inhibition of the protein’s internal dynamics, as
shown by the thermal interconversion among MbCO A substates, is largely
dependent on the amount of residual water present in nonexhaustively
dried MbCO-trehalose samples (Librizzi et al., 1999b, and work in
progress). Our water-sugar ratio, therefore, refers to a system not extremely
dry, where some localized substate interconversion can take place (Librizzi
et al., 1999a, and work in progress).

The system was equilibrated at 300 K over 110 ps at constant volume
and temperature, by coupling with a Nasermostat with a time constant
of 0.4 ps (Nosg 1984). A 70-ps simulation was further performed at
constant pressuré(= 1 kbar) and temperaturd (= 300 K) by using the
NoseHoover technique (Melchionna and Ciccotti, 1997). The coupling
constants used were 0.5 ps and 5 ps for the thermostat and the barostat,
respectively. This led to a final system density of 1.4 grfcim agreement
with simulated (Conrad and de Pablo, 1999) and experimental (Magazu
al., 1997) data on trehalose-water systems.

The simulation for data collection was performed in the microcanonical
ensemble and consisted of a 300-ps trajectory at a temperature af 302
K. At the end of the simulation the root-mean-square deviation from the
protein’s crystal structure thermalized at 300 K in vacuo was 2.4 A for all
the protein atoms, 1.8 A for the backbone atoms, and 2.2 A for the heme
FIGURE 2 Schematic view of carboxy-myoglobin. The protein consistsatoms.
of 153 amino acids, arranged in eigithelices connected by loops (here For temperatures below 300 K, equilibration runs were performed in the
represented as wires). The protein structure elements are lettered awdnonical ensemble. Each equilibration started from the last configuration
defined as follows: amino terminus NA, from amino acid 1 to amino acid obtained in the preceding run at higher temperature. The following simu-
2; helix A, from 3 to 18; corner AB, amino acid 19; helix B, from 20 to 35; lations for data collection were performed in the microcanonical ensemble:
helix C, from 36 to 42; loop CD, from 43 to 50; helix D, from 51 to 57; 1) a 180-ps trajectory at 27% 2 K; and 2) three 100-ps trajectories at
helix E, from 58 to 77; loop EF, from 78 to 85; helix F, from 86 to 94; loop 215+ 1 K, 163+ 1 K, and 104+ 1 K, respectively.

FG, from 95 to 99; helix G, from 100 to 118; loop GH, from 119 to 124; Periodic boundary conditions were used (Allen and Tildesley, 1987);

helix H, from 125 to 148; carboxyl terminus HC, from amino acid 149 to van der Waals interactions have been cut off beyond a distance of 10 A.
amino acid 153. The heavy atoms of the heme gralak( gray), the iron Electrostatic interactions were calculated by the Ewald sum using the PME
atom and the CO moleculeblack are also shown, in ball-and-stick method (Essmann et al., 1995); the direct sum cutoff was 10 A, the Ewald
representation. a parameter was set to 0.32, and eight order cubic spline interpolation with
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a grid of 40*50*40 points was used. All chemical bonds were kept fixed by 04
using the SHAKE constraint algorithm (Ryckaert et al., 1977; Ciccotti and (A)
Ryckaert, 1986). The equations of motion were integrated with the Veloc-
ity Verlet scheme (Andersen, 1983; Martyna et al., 1996), with a step size
of 1 fs. Coordinate sets were saved every 200 fs for data analysis.

Each configuration§, i = 1, N} was best-fitted to the framework of the
starting structure in order to correct for the effects due to possible rigid 0.2
translations and rotations of the protein (Kneller, 1991). Letting the new
configuration 7, i = 1, N}, the MSFs were calculated from the recon-
structed configurations as the following isotropic average:

1 g
3L = 60D + (2 = N + (@D — @)?) o0
0.4
i=1,N &
<
in which the angular brackets indicate time averages. ,_'{f
All the simulations on the ED system (Venturoli, 1998) have been D g2
performed by using the DL-PROTEIN program (Melchionna and Cozzini, =
1997). The system consisted of a MbCO embedded in 1513 water mole-
cules plus nine chlorine counterions; the CHARMM22 (MacKerell et al.,
1998) parameter set was used for MbCO, and the TIP3P model (Jorgensen
et al., 1983) for water molecules. Simulations have been performed at 0.0 Azt
different temperatures in the 80—300 K range in the isobaric-isothermal _J
ensemble® = 1 bar), by using the Néskoover technique (Melchionna 0.4

and Ciccotti, 1997) with time constants of 0.4 ps and 4 ps for the thermostat
and the barostat, respectively. Periodic boundary conditions were used
(Allen and Tildesley, 1987); van der Waals interactions have been cut off

at 12 A, and electrostatic interactions were computed by using the Ewald
sums (Allen and Tildesley, 1987). All chemical bonds were kept fixed by 0.2
using the SHAKE constraint algorithm (Ryckaert et al., 1977; Ciccotti and

Ryckaert, 1986). The equations of motion were integrated with the Veloc-
ity Verlet scheme (Andersen, 1983; Martyna et al., 1996), with a step size
of 1 fs. The trajectories at different temperatures were propagated in time P g

for different lengths, from 300 ps at the highest temperature to 100 ps at the 0.0 1—mne=ee SREEE L L
lowest one; coordinate sets were saved every 200 fs for data analysis. 0 50 100 150 200 250 300
T(K)
RESULTS AND DISCUSSION FIGURE 3 Temperature dependence of the MSFs for different atomic

classes.4) All protein atoms; B) side-chain atoms;Q) backbone atoms.

In Fig. 3 are shown the MSFs, as a function of temperature?, This work; O, simulated HO-solvated MbCO (Venturoli, 1998). The
relative to 1) all MbCO atoms, 2) side-chain atoms, and 3)dotted line represents the harmon_ic behavior e>_<trapo|ated at 320 K for the
backbone atoms. As is evident from data in Fig. 3. the MSFgfgaEse system, obtained by a linear regression on the data points up to
temperature dependence deviates from the linear behavior at
temperatures higher than in simulatedQ4solvated pro-
tein; moreover, this deviation, which reflects the occurrence
of the above-mentioned protein-specific motions, is, at alisimulations well describes the MbCO harmonic behavior
temperatures, of larger extent for hydrated MbCO than footh for trehalose-coated and,®solvated protein.
trehalose-coated MbCO. These data are in agreement with The deviation from the linear behavior for the iron MSFs
experimental results (Cordone et al., 1998, 1999; Librizzi ein H,O-solvated protein appears at the same temperature as
al., 1999a), and indicate that, in trehalose, substate intein MGssbauer measurements (Parak et al., 1982). However,
conversion is considerably hindered. aboveT ~200 K, the simulations retrieve MSFs lower than

Fig. 4 A shows the simulated data for the overall motionthe experimental ones, 0.04 And 0.07 &, respectively, at
of the iron atom of MbCO, both yD-solvated and embed- 300 K; Kuczera et al. (1990), in a simulation of MBCO in
ded in trehalose; analogous data obtained frofissbauer vacuo, obtained a value 0.06 for the analogous quantity
spectroscopy (Cordone et al., 1998; Parak et al., 1982) ar@t 325 K). The disagreement between experimental and
also reported, for comparison. Data in FigAdshow the simulated data, attributed by Parak and Knapp (1984) to too
agreement between experimental and simulated MSFs in ttghort simulation times, cannot be resolved because the time
linear regime (which, in trehalose, extends upt270 K).  scale of the iron motions probed by Ekbauer spectros-
This agreement indicates that the force field used in theopy (~10 8 s) is, in any case, still unattainable.
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0.08 simulations of trehalose-coated and of hydrated MbCO at
(A) 300 K in Table 1.
. The MSFs shown in Fig. 8 indicate that, in the har-
» monic regime (up to 277 K), the different subsystems of the
heme move within different potential wells. This is shown
by the different slopes of the linear harmonic behavior.
Instead, the deviation from the linear behavior at 300 K has
similar amplitude for all the above subsystems. This sug-
gests that the heme group, including the iron, performs as a
whole large-scale motions (called diffusive motions in a
limited space or else confined diffusive motions (Parak et
al., 1982)), leaving the underlying harmonic vibrations un-
altered. This finding agrees with the conclusions recently
reported by Parak et al. (1999), who suggested that protein
molecules in different conformational substates have similar
. normal modes, and that normal mode vibrations are still
/ present at room temperature when confined diffusive mo-
, tions of large portions of the protein take place.
Va Melchers et al. (1996), on the basis of a normal mode
';'._: analysis and in agreement with experimental results,
showed that the fluctuations of the iron relative to the heme
center of mass, for hydrated MbCO, are30 times lower
0.00 L ‘ P than those obtained for the overall iron motion. Accord-
0 50 100 150 200 250 300 ingly, the analogous MSFs resulting from our simulation are
T(K) reduced by a similar factor at all investigated temperatures;

_ we do not report them here because they are within our
FIGURE 4 Temperature dependence of the MSFs of the iron atom an%tatistical noise

of the heme heavy atomsA) Iron atom: @, this work; O, simulated .
H,O-solvated MbCO (Venturoli, 1998 and 4, data from Mssbauer Fig. 5 A shows the MSFs, averaged over all the not
spectroscopy on deoxy-Mb crystals (Parak et al., 1982) and trehaloseexchangeable hydrogen atoms, obtained from simulation.

coated MbCO (Cordone et al., 1998), respectively; we recall that the slop@\s js evident, a large deviation from the linear behavior is

of the DW factors versus is, in myoglobin, independent of the charge and ; . e
ligation state (Frolov et al., 1997). The dotted line has been drawn with théDresem even in the trehalose sample; however, itis smaller

same slope as the one reported in Cordone et al. (1998) for the experimei\ﬁban in SimU|at_ed BD-solvated MbCO. In \{ieW Of. thg
tal Mossbauer dataBj @, iron atom; M, porphyrin nitrogen atoms4, sizeable reduction of the large-scale, confined diffusive

porphyrin heavy atoms¢ , heavy atoms of the peripheral substituents, this motions observed in treha|ose, the above deviation from the

work. The dotted lines represent the harmonic behavior, obtained by : : : _

linear regression on the data points up to 277 K, extrapolated at 320 K.ﬁnear regime 1s eXpGCteq hot to involve _the backbone hy
drogen atoms. Rather, it should only involve the more
mobile side-chain ones belonging to the external part of

Fig. 4B shows the MSFs, obtained in our simulation, for résiduals. Fig. 5B shows the remarkable difference in
1) the nitrogen atoms of the porphyrin ring, 2) all heavy Mobility between the backbone and the side-chain hydrogen
atoms of the porphyrin ring (nitrogen and carbon atoms)atoms. For the atomic fluctuations of the former our simu-
and 3) all heavy atoms of the peripheral substituents. Unlation retrieves the same behavior as in neutron scattering
fortunately, analogous data (except Tor= 300 K) from the (Cordone et al., 1999). We think it is worth mentioning that
simulation of the HO-solvated protein are not available to the above neutron scattering data on trehalose coated MbCO
us. For a better comparison, the MSFs relative to overaltefer to all the hydrogen atoms of the protein and not, as is
iron motion are also reported in Fig. B. To show the usual in neutron experiments, to only the not exchangeable
effects of trehalose we report the values obtained in th@nes.

0.04 -

o
o
S

MSFs (A2)

o

(=]

oo
T

0.04

TABLE 1 Room temperature MSFs (in 17\2) of the heme heavy atoms

Porphyrin Nitrogen Porphyrin Heavy Peripheral Substituents
System Iron Atom Atoms Atoms Heavy Atoms
MD on trehalose-coated MbCO (this work) 0.027 0.032 0.039 0.067
MD on H,O-solvated MbCO (Venturoli, 1998) 0.039 0.043 0.053 0.123
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0.50 the above experimental findings, by ascribing some specific
(A) function in the rebinding kinetics to the motion of the heme
hydrogen atoms, as, e.g., in the domed-to-planar heme tran-
0.25 sition. This phenomenology has been also explained, with a
' different theoretical approach, in the work of Sastry and
Agmon (1997).
Fig. 6 shows the MSFs averaged over all the atoms of the
0.00 * I —— — loops CD (from amino acid 43 to amino acid 50) and EF
0.50 B) (from 78 to 85) and of the helix C (from 36 to 42), D (from
‘5.: 51 to 57), E (from 58 to 77), and F (from 86 to 94). Again,
& 0.25
7]
=
; 0.4 - (A)
0.00 L——Lee oAl S
0.50 0.2 H
€)
0.0 ‘
0.25 - 0.4 - (B)
0.00 L . T— L ! . !

0 5 100 150 200 250 300
T (K)

0.4 - (C)

FIGURE 5 Temperature dependence of the MSFs averaged over the
nonexchangeable hydrogen atom&) éll hydrogen atoms®, this work; 0.2

O, simulated HO-solvated MbCO (Venturoli, 1998)Bf @, side-chain and <
M, backbone hydrogen atoms, this wofk; side-chain and], backbone s
hydrogen atoms, simulated,8-solvated MbCO (Venturoli, 1998)$, o 00 =
data (all the hydrogen atoms) from neutron diffusion on trehalose-coated "‘}', 0.4 - (D)
MbCO (Cordone et al., 1999)Cj Heme hydrogen atom@®, this work;O, =
simulated BO-solvated MbCO (Venturoli, 1998). o2
Fig. 5C shows the MSFs averaged on the heme hydrogen 0.0 ‘
atoms; interestingly, in this case the data obtained from 0.4 4 (E)
simulation are larger in trehalose than in,®tsolvated
protein at all the temperatures investigated. The fact that 0.2 1
these quantities are larger in trehalose even at low temper-
ature suggests that, in the two systems, the heme hydrogen 0.0 _
atoms sample different potential surfaces. This, in turn, 04 | (F)
might be related to different heme configurations.
It is known from experimental results on the kinetics of
CO rebinding in MbCO in trehalose glasses (Hagen et al., 0.2 -
1995, 1996) and in sucrose-water solutions (Kleinert et al., 00 L ‘ o4
1998; Lichtenegger et al., 1999) that _whlle the CO entry = 50 100 150 200 250 300
from and release to the outer solvent is blocked (Hagen et T (K)

al., 1995, 1996) or slowed down (Kleinert et al., 1998), the

internal binding step becomes faster in_ the sugar-watefiGURE 6 Temperature dependence of the MSFs averaged over loops
systems than in the glycerol-water solutions (Post et al.and helix atoms®, This work; O, simulated HO-solvated MbCO (Ven-
1993). Our simulations indicate at the same time that alturoli, 1998). The secondary structure elements are defined as folléjvs: (
though, in general, large-scale motions of the protein aréoop CD (from amino acid 43 to amino acid 50B)(loop EF (from 78 to

- . . 85); (C) helix C (from 36 to 42); D) helix D (from 51 to 57); E) helix E
considerably reduced in the presence of the sugar matmffrom 5810 77); F) helix F (from 86 to 94). The cross jpanel Frepresents

the heme hydrogen atoms have a greater mobility than in th@e 300 k Dw factor obtained by averaging on the time interval 30180 ps
protein-water system. This result therefore might explainin which no jumps appear in the time series shown in Fig. 7.

Biophysical Journal 80(2) 931-938



936 Cottone et al.

the trehalose system shows, in general, lower mobility thame., within a time interval in which, according to Fig. 7, no

the H,0O-solvated protein. Analogous behavior is obtainedconformational transition takes place. As is evident, the

for the other loops and helices present in myoglobin (dataesulting amplitude of MSFs agrees with the one shown for
not reported). Data in Fig. 6 fully agree with the datathe other helices and loops.

relative to the backbone motions (see Fig)3and confirm

that the sugar largely hinders the large-scale functionagONCLUSIONS

motions involved in CO diffusion within the protein. The ) ) )

rather large MSFs at 300 K evident for the (otherwiseThe reported MD simulation on MbCO embedded in a

extremely rigid) F helix (see Fig. B), can be rationalized trehqlgse—wa}ter matrix |nd!cates that_ the so-called protein-

by analyzing the time series shown in Fig. 7. These timeSPecific motions are considerably hindered for almost all
series refer to the position of the atoms of the methylenétomic classes. This result is in line W|th.recent MD simu-

group in position 3 of the amino acid proline 88 (which Ia.tlon data on an MbCO-water system (Vitkup et al., 2009),

belongs to the F helix), for both the trehalose angDH with water moleculgs kepf[ at a Iqwer temperature with

solvated system. As Fig. 7 shows, the fluctuations of thd®SPect to the protein to mimic a “high viscosity” solvent.
atomic motions are largely reduced in the trehalose sample; Moreover, we have been able to characterize the behavior
however, several step transitions occur along the 300-pef the system by quantities not always experimentally
trajectory at 300 K in the trehalose system, which corre-0bservable:

sponds to rapid jumps of the atoms between different positiond.. In the harmonic regime, the different regions of the heme
This behavior reflects the occurrence of conformational move within different potential wells. This is shown by

interconversions (Ichiye and Karplus, 1987) that give the the temperature dependence of the MSFs of the heme

main contribution to the MSFs averaged on all the atoms of heavy atoms up to 270 K; however, at least in trehalose,

the F helix, calculated by time averaging on the whole at 300 K the heme, including the iron, performs as a

300-ps trajectory. In Fig. 6 we also report the MSFs whole confined diffusive motions, leaving the underly-

obtained by time-averaging only in the window 30-180 ps, ing harmonic motions unchanged. As mentioned above,
this result fully agrees with recent findings reported by
Parak et al. (1999);

2. In trehalose, the MSFs of the heme hydrogen atoms
exhibit a larger amplitude than in the,8-protein sys-
tem at all the temperatures investigated. This suggests
that in trehalose the heme might assume a different
configuration with respect to the water-protein system.
Furthermore, this result might explain the findings from
flash photolysis experiments on MbCO trehalose-coated
(Hagen et al., 1995, 1996) and in sucrose-water solutions
(Kleinert et al., 1998; Lichtenegger et al., 1999), accord-
ing to which the ligand rebinding kinetics become faster
in trehalose with respect to aqueous solutions (Post et al.,
1993);

3. The motional freedom of the loop and helix structures is
largely reduced in trehalose with respect to thgOH
solvated protein. Loop structures are the most flexible
regions in the protein (Elber and Karplus, 1987), which
mostly regulate the large-scale, confined diffusive mo-
tions needed for the protein function, and in particular
for ligand diffusion. The above lack of confined diffu-
sive motions is in line with the analogous finding relative
to the overall iron motion. Moreover, it agrees with the
experimental finding that, for MbCO embedded in a

r(A)

r(A)

r(A)

12 - . s trehalose glass, the CO molecule does not escape from
0 100 200 300 the protein at room temperature even following pro-
Time (ps) longed illumination (Hagen et al., 1995, 1996; Gottfried

et al., 1996). This finding has been found to hold true

FIGURE 7 Time series of the position of the atoms belonging to the . . .
P gng also in most humid MbCO trehalose samples or in dry

methylene group in position 3 of the amino acid proline 88. ¢arbon

atom; B) and ) hydrogen atomsDark gray: this work; light gray:
simulated HO-solvated MbCO (Venturoli, 1998).
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samples re-humidified overnight in the presence of 75%
relative humidity (Librizzi et al., 1999b).
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