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ABSTRACT. The effect of the pressure on the structure and stability obthalactoses-glucose binding

protein fromEscherichia coliin the absence (GGBP) and in the presence (GGBP/GIc) of glucose was
studied by Fourier transform infrared (FT-IR) spectroscopy and molecular dynamic (MD) simulations.
FT-IR spectroscopy experiments showed that the prgiediructures are more resistant thahelices
structures to pressure value increases. In addition, the infrared data indicated that the binding of glucose
stabilizes the protein structure against high pressure values, and the protein structure does not completely
unfold up to pressure values close to 9000 bar. MD simulations allow a prediction of the most probable
configuration of the protein, consistent with the increasing pressures on the two systems. The detailed
analysis of the structures at molecular level confirms that, among secondary structheg;es are

more sensitive thap-structures to the destabilizing effect of high pressure and that glucose is able to
preserve the structure of the protein in the complex. Moreover, the evidence of the different resistance of
the two domains of this protein to high pressure is investigated and explained at a molecular level, indicating
the importance of aromatic amino acid in protein stabilization.

The study of the effect of high pressure on structure,

extremely interesting to study the influence of pressure on

function, and dynamics of proteins has gained increasing protein structure and function. This information is of
interest during last years. In fact, pressure stress is provingoutstanding importance, especially when a protein is con-

itself as an invaluable tool for the exploration of biological
functions. Considerable advances in the utilization of high-
pressure techniques in food science and technolbglygve

sidered as a potential candidate for its use as a bioserjsor (
since the application of nonthermal processes as an alterna-
tive or together with conventional preservation methods can

been made, and there are some attempts to extend their usenhance their global antimicrobial effe&, (§).

to medical and pharmaceutical field®.(Moreover, one of

During past decades, a plethora of experimental approaches

the most intriguing goals of high-pressure studies is the have been used to characterize structiivection relation-

characterization of folding and unfolding processes of
proteins 8—5). In fact, pressure is generally considered as

ships of a protein submitted to a high-pressure str@ks (
Among all these approaches, Fourier transform infrared

a potential denaturant of proteins, with the great advantage(FT-IR)! spectroscopy coupled with the application of a
that it affects only the volume of the system, whereas diamond anvil cell showed very exciting developments in
temperature denaturation involves changes in both thethis field, since it enables the investigation of the protein
volume and the thermal energy. Moreover, while denaturation secondary structure even under extremely high pressure.
by pressure is generally reversible, temperature denaturatiorSeveral examples of its usefulness are reviewed, especially

often results in irreversible aggregatioB).( Thus, it is
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concerning protein aggregation, amyloid formation, and the
protein folding thermodynamics related to single structural
features 10).

On the other hand, molecular dynamics (MD) simulations
can assist the interpretation of experimental data, since they
start from a physical mechanical model of molecules and
reproduce in silico the possible changes in conformation
induced by energy and/or volume perturbations. Conforma-

1 Abbreviations: GGBPp-galactosad-glucose-binding protein in
the absence of glucose; GGBP/Glc, GGBP in the presence of 10 mM
glucose; FT-IR, Fourier transform infrared; amideamide | band in
°H,O medium; Py, pressure of protein melting; MD, molecular
dynamics.
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Ficure 1: Absorbance (A), deconvolved (B), and second-derivative
(C) spectra of GGBP and GGBP/GIc &H7.0. Continuous and

dashed lines represent the spectra of GGBP and of GGBP/Glc,
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these pre-denatured states has provided useful information
about the response of native proteins to external pressure
and, as a consequence, some clues about pressure-induced
denaturation 11).

In our previous work 12), we applied steady-state and
time-resolved fluorescence spectroscopy to investigate the
effects of moderate pressure (up to 2000 bar) on the structure
and function ob-galactose/-glucose binding protein (GGBP)
from Escherichia colithe primary receptor for a high-affinity
transport complex of the two sugars and for chemotaxis
toward glucose and galactos&3). This protein can be a
good candidate for its use as an implantable biosensor for
glucose determination, e.g. to measure glucose concentration
in the interstitial fluid of diabetic patients); as a conse-
guence it is of interest to explore the effect of nonthermal
methods, e.g. high pressure, used to sterilize devices before
their utilization.

In the current work, we present a further characterization
of the effect of high pressure on the structure of this protein
by means of FT-IR spectroscopy and MD simulations. The
results of infrared spectroscopy show the progressive loss
in secondary structures and particularly highlight that
p-structures are more resistant tharhelices to pressure
stress. Moreover, it is clearly demonstrated that the presence

respectively. The spectra were obtained from samples introducedgf glucose is able to preserve the structure of the protein

in a diamond anvil cell (Cryocell, Diacell Products, Leicester, U.K.)
maintained at 20C and 1 bar.

tional states sampled by MD simulations at high pressure
are not fully relaxed in the thermodynamic sense, but have

against denaturation.

MD simulations allow us to predict what are the molecular
features mostly affected by the pressure influence not only
in global terms but also singularly and the evolution of their

undergone only elastic relaxation. Nonetheless, the study ofperturbation at increasing pressures. This allows us to give
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Ficure 2: Deconvolved (top) and second-derivative (bottom) spectra of GGBP and of GGBP/GIc as a function of applied hydrostatic

pressure. The spectra were obtained at@0
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Table 1: Midpoint TransitionsRy;) Derived from the Curves
Obtained by Monitoring Different Parameters of Infrared Spectra as
a Function of the Applied Hydrostatic Pressure

P12in Piin
parametey GGBP (bar) GGBP/GiIc (bar)

WAl 1 3890 4210
position Al | 3863 4189
Al'/AlL 1 3780 4160
ol 3750 4170
B 3850 4250
All 3730 3805

aThe symbolst or | indicate the pressure-dependent increase or

decrease of the value of the corresponding parameter, respectively.
WAl width of amide 1 band measured &b of amide | band eight

of absorbance spectra. Position":Alposition of amide ‘'l band in
absorbance spectra. 'All: amide I'/amide Il intensity ratio in
absorbance spectra: intensity of thea-helix band in the second-
derivative spectrag: intensity of thef-sheet band in the second-
derivative spectra. All: amide Il intensity in absorbance spectra.
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FicurRe 5: Pressure-dependent changes in intensity of the residual
amide Il band. The data were obtained from absorbance spectra.

Ficure 3: Pressure-dependent changes in absorbance spectra oMATERIALS AND METHODS

GGBP and GGBP/GIc. Panels A, B, and C show the pressure-
dependent changes in width and position of amidehd, and the
pressure-dependent changes in amidanide Il intensity ratio,
respectively. The width of the amideband was calculated &t

of the amide 'l band intensity (W1/2H).
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Ficure 4: Pressure-dependent changes in the intensity-loélix
(1652 cnTt) andp-sheet (1637 cri) bands. The data were obtained

from the second-derivative spectra (Figure 2). The reported data

were multiplied by a factor of 100.

D-Glucose was purchased from Sigma. Deuterium oxide
(99.9% °H,0), 2HCI, and NaGH were purchased from
Aldrich. All other chemicals were commercial samples of
the highest purity.

Protein Purification.o-Galactoseaj-glucose binding pro-
tein from E. coli was prepared and purified according to
previously reported procedured4j. Concentrated stock
solutions of purified GGBP were dialyzed against 10 mM
Tris/HCI, pH 7.0.

Protein Determination.The method of Bradford with
bovine serum albumin as a standard was used for the
determination of the protein concentratiolb). A double
beam Cary 1E spectrophotometer (Varian, Mulgrade, Vic-
toria, Australia) was used for OD measurements.

Preparation of Samples for Infrared Measuremeiitgi-
cally 2.0-2.5 mg of protein dissolved in the original buffer
used for the purification were centrifuged in a 30K Centricon
microconcentrator (Amicon) at 309Gand 4°C and con-
centrated into a volume of approximately 40. Then, 200

uL of buffer A (25 mM Hepes fH 7.0) or buffer B (25 mM

Hepes, 10 mM glucose’d 7.0) were added and the sample

a “molecular portrait” of the protein that underwent the concentrated again; the’h value corresponds to the pH-
pressure perturbation and to interpret the spectroscopic dataneter readingt 0.4 (16, 17). This procedure was repeated
in full details. The detailed analysis of amino acid interactions several times in order to replace the original buffer with
in the structure is also able to explain the different sensitivity buffer A or buffer B. In the last washing the protein sample
of the two protein domains to the negative influence of high was concentrated to approximately 6% (w/v) and used for
external pressure. the infrared measurements.
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Table 2: DSSP Analysis of the Average Structures Obtained by MD for GGBP and GGBP/GIc at Different Pressure Values

initial avg external pressure (bar) on 0.2 ns MD run
parameters 0 500 1000 2000 3000 4000 5000
GGBP
a-helice$ 414 9.7 11.3 10.3 104 12.9 11.7
p-structure$ 18.4 15.2 9.4 10.3 5.2 5.8 5.2
otherd 25.6 45.0 414 42.8 44.3 42.1 42.1
random coft 14.6 30.1 37.9 36.6 40.1 39.2 411
GGBP/Glc

a-helice$ 414 32.4 27.2 23.3 21.3 18.0 19.0
[-structure$ 19.1 18.1 19.1 18.8 16.4 13.4 14.4
other$ 25.4 27.2 30.7 30.8 33.1 37.1 37.1
random coil8 14.1 22.3 23.6 25.1 29.2 315 29.5

2 The results for pressures up to 2000 bar refer to data published in Marabotti @t ahd(are reported here to aid the comparigdviarked

as “H” in DSSP output® Marked as “E” in DSSP output.Marked as “B”, “G”, “I", “S”, and “T” in DSSP output. Structures not classified in

DSSP output.

Infrared Spectra A proper amount of the concentrated and the temperature was fixed at 298 K in all cases and
protein sample and of dry Bag@as placed in a 0.5 mm  controlled with the Berendsen’s method of bath coupling.
hole made in a 2m stainless steel gasket placed between Each MD was run for 0.2 ns, taking results of the system
two diamonds of a thermostatted diamond anvil cell (Cryo- during dynamics every 1 ps.
cell) (Diacell Products, Leicester, U.K.). Pressure inside the 1o analyze the different effects of the pressure on

anvil cell was generated by high-pressure nitrogen and gepmetry and structural features of GGBP and GGBP/GIc,
controlled by a G-01 gas-membrane control box (Diacell the conformations obtained for each pressure step were
Products, Leicester, U.K.). The hydrostatic pressure was«ayeraged” in a unique structure with the aid of Insight II
measured by the shift of the sulfate-stretching band of BaSO t|s. The program DSSRY) was then used to determine
at 983 cm* as described 18). The temperature Was the relative position and percentage of secondary structure
maintained at 20°C using an external bath circulator glements in these “average structures” obtained from the
(HAAKE F6). Infrared spectra were recorded at 2°¢m  gynamics runs. The program NACCESE) was also used
resolution by means of a Nicolet Nexus FT-IR spectrometer tg calculate the solvent accessibility of the aromatic amino

equipped with a liquid-nitrogen-cooled merctigadmium-  acids, using a probe atom of 1.40 A rolling on the van der
telluride (MCT) detector. At least 24 h before and during \yaals surface of the protein models.

data acquisition, the spectrometer was continuously purged
with dry air at a dew point of-70 °C. Typically, 256 scans RESULTS AND DISCUSSION
were averaged for each spectrum obtained at a specific
pressure. The protein samples prepared in buffer A or buffer Secondary Structure of GGBP and GGBP/Glhe effect
B were analyzed in the-18731 bar range or in the-18919 of glucose binding on the structure and thermal stability of
bar pressure range, respectively. After each pressure increask. coli GGBP was investigated previously by 3(25).
the protein solution was allowed to equilibrate for 10 min Here we report the effect of hydrostatic pressure on the
before taking the infrared spectrumi9j. Spectra were  structure of GGBP and of GGBP/Glc. The absorbance,
processed using the SPECTRUM software from Perkin- deconvolved, and second-derivative infrared spectra of the
Elmer. Second-derivative spectra were calculated over a 19-protein in the absence and in the presence of glucose are
data-point range (19 cm), and the parameters of decon- shown in Figure 1. The resolution-enhanced spectra obtained
volution were set with g value of 3.5 and a smoothing at 1 bar show the bands observed in the previous studies
length of 75. The midpoint transitiorP(,;) in the pressure- (24, 25). In particular, typicalo-helix bands are displayed
induced denaturation curves was calculated as desci@pd (  at 1658 and 1652.2 cmi (26); the former band was
Computational AnalysisThe program Insight Il (version  previously assigned to a population @fhelices with low
2000.1, 2000; Accelrys) was used throughout the calcula- exposure to the solven2®). The 1698, 1637.3, and 1627
tions. The starting points for this series of simulations are cm™* bands are due tg-sheets 26, 27) while the 1680.9
the output files from the MD simulations at 2000 bar cm™* absorption may be due to turns andfsheets 6,
previously obtained for both GGBP alone and the GGBP/ 28). Absorptions of tyrosine and of the ionized carboxyl
Glc complex (2). All conditions used in the previous group of aspartic acid are visible at 1515.2 and 1582.0'cm
investigations 12) were maintained in the present work. In  respectively 29—31). The small absorption at 1550 cfn
particular, the CVFF force field was applied during calcula- represents the amide Il (residual amide Il band) thad-Hy©
tions, and potentials and charges were set accordingly. Wemedium, underwent a marked decrease in intensity propor-
performed the MD run using the Verlet velocity algorithm, tional to the extent of exchange of amide hydrogens with
at time step of 1 fsec, with the NPT (constant temperature deuterium tH/2H) (23, 32). The intensity of the residual
and constant pressure) ensemble. Pressure was set at 3008mide Il band gives a measure of the accessibility of the
4000, and 5000 bar with the ParrinelRahman method in  solvent gH,0) to the protein: the higher the intensity, the
three subsequent simulations (the final conformation of eachlower the solvent accessibility. Hence, the residual amide I
pressure was used as input for the following simulation at band shown in the spectra reported in Figure 1 indicates that
higher pressure). The settings for the periodic boundary H,O was not completely accessible to GGBP or GGBP/
conditions were also adopted as previously descrii@d (  Glc, suggesting that part of the protein possesses a particu-
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Scheme 1: Schematic Representation of the Changes in Secondary Strurtdedikés and3-Sheets) of GGBP Subjected to
Pressure Increases up to 5000 Bar
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ao-Helices are represented as red cylinders gustheets as yellow rectangles. The sequence of GGBP &otyphimuriumis shown in one-
letter code. The position of the secondary structures was identified by DSSP analysis.

larly compact structure. As it is shown in Figure 1, the p-sheet bands suggesting the pressure-induced loss of these
presence of glucose does not affect remarkably the secondargecondary structural elements (protein denaturation). The
structure of the protein since the band intensities in the decrease in intensity of the-helix band is well visible in
1700-1600 cn? interval are similar. both deconvolved and second-derivative spectra of protein
Pressure-Induced Denaturation and Changes in the In- samples. In the GGBP spectrum recorded at 4172 bar (bold
frared SpectrumFigure 2 shows the second-derivative and line) and in the GGBP/GIc spectrum recorded at 4969 bar
deconvolved spectra of GGBP and of GGBP/GIc as a (bold line) thea-helix band is slightly visible and not visible,
function of the applied hydrostatic pressure. The increase inrespectively. At these pressures a band close to 1673,cm
pressure leads to the decrease in intensity obthelix and most likely due to turns, appears concomitantly with the
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Scheme 2: Schematic Representation of the Changes in Secondary Structdedicé¢s and3-Sheets) of GGBP/Glc Subjected
to Pressure Increases up to 50008Bar
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ao-Helices are represented as red cylinders gustheets as yellow rectangles. The sequence of GGBP &otyphimuriumis shown in one-
letter code. The position of the secondary structures was identified by DSSP analysis.

disappearance of the band close to 1681 c(see second-  at pressures close to 9000 bar are characterized by the bands
derivative spectra). Indeed, this latter band decreases inclose to 1637 or 1639 cm, a position which is typical for
intensity with the increase of pressure. Then, at higher the-sheet structure. Hence, this result indicates that at high
pressures up to close 9000 bar, the shape of spectra doepressure the protein samples retain, in part, fhgheets

not change significantly. At the highest pressure the second-observed at atmospheric pressure. However, the broadness
derivative and deconvolved spectra are characterized by aof the second-derivative and deconvolved spectra suggests
broad and asymmetrical band centered at about 1637 andhat the 1637 or 1639 cmi bands are due also to absorption
1639 cn1?, respectively. Inspection of the spectra at wave- of unordered structures that typically absorb close to 1640
numbers higher than the band maximum (1637 or 163%tm cm™* (26).

reveals, besides the well visible 1673 ¢rband (turns), other The spectra in Figure 2 also show that the absorption at
small shoulders suggesting the presence of residual amidel550 cnt? (residual amide Il band) decreases with the

I" componentsd-helices) and unordered structures. Although increase of pressure. In particular, the decrease of the above-
occurring, the decrease in intensity of fhsheet band with  mentioned band intensity is observed within the pressure
the increase in pressure is not as evident as in the case ointerval from 1.0 to 5000 bar, while at higher pressures the
the a-helix band (see also Figure 4). The spectra obtained band intensity remains almost stationary.
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Ficure 6: Comparison of the three-dimensional structures of GGBP (top) and GGBP/GIc (bottom) at increasing pressures. The first pictures
on the left (blue backbone) were obtained by X-ray crystallography (files 1GCG.pdb on the top, 3GBP.pdb on the bottom). The other
structures were obtained by averaging the conformations of GGBP and GGBP/Glc at pressure of 1000 bar (white backbone), 2000 bar (red
backbone), 3000 bar (green backbone), 4000 bar (cyan backbone), and 5000 bar (pink backbone). Glucose in the GGBP/GIc complexes is
represented in CPK mode. Secondary structure positions were identified by DSSP analsiices are represented as red cylinders and
pB-sheets as yellow arrows. All structures are kept in the same relative orientation with the N-terminal domain in the upper part of the
protein.

Protein denaturation may be followed by monitoring strengthening of the amide=€D---H hydrogen bond at the
different parameters of the infrared spectrus, (34). The expense of the amide=€0 bond (0). Elastic effects take
width or position of the amid€ band or the amidé/amide place within relatively low range of pressure and they are
Il intensity ratio are affected by the applied pressure as shownalways reversible and do not alter the molecular folding. On
in Figure 3. In all cases the midpoint transitidd, ) was the other hand, at pressures higher than 2900 bar (Figure
higher in GGBP/Glc than in GGBP (see Table 1), indicating 3B), the decrease in amidé band position assumes a
a protective effect of glucose against protein denaturation sigmoid-shaped function of pressudd), phenomenon that
induced by high pressures. In particulgs, resulted at about  is related to the plastic effect, i.e. unfolding and denaturation
3800 and 4200 bar for GGBP and GGBP/Glc, respectively. (9, 10) as it is shown also by Figure 2A,C.

Similar results were obtained by plotting the intensity of  The decrease in intensity of the residual amide Il band
a-helix (1652 cm?) and 3-sheet (1637 cnt) bands as a  (Figure 2) may be ascribed to furth&/?H exchange that
function of pressure (Figure 4, and Table 1). Hence, we canmay be caused by protein denaturation and/or to changes in
say that a remarkable loss of secondary structural elementghe protein tertiary/quaternary structuBs(34). In the case
occurs at about 3800 and 4200 bar for GGBP and GGBP/of GGBP/GIc it should be mentioned that changes in the
Glc, respectively, but residual secondary structures are still glucose binding equilibrium may alter the flexibility of the
present in the samples at the highest pressure (Figure 2)polypeptide chain allowing a deeper contact of the solvent
Figure 3B shows the onset of drastic decrease in anmiide | (°H,0).

band position at about 2900 bar for both GGBP and GGBP/ The pressure-dependent decrease in intensity of the
Glc. In the 12900 bar range the amidé band position residual amide Il band (Figure 5A and Table 1) is very
decreases linearly with the increase in pressure, the decreassimilar in GGBP and GGBP/GIc, the values Bf, being
being more marked in GGBP than in GGBP/Glc. This equal to 3730 and 3805 bar, respectively. These pressure
phenomenon is a general feature of proteins under pressureyalues are also similar to tHy, values that reflect GGBP
and it is due to the elastic effe®,(10). Elastic effects are  denaturation (Table 1). Hence, these data suggest that in
connected to changes in the length of chemical bonds, theGGBP the decrease in intensity of the residual amide Il band
hydration of a protein molecule, and reductions in size of is concomitant with protein denaturation. On the other hand,
molecular cavities9). As pressure causes “compression” of in GGBP/GlIc theP,,, of protein denaturation is at about 4200
chemical bonds, the decrease in amideand position in bar, while theP,, for the decrease in intensity of the residual
proteins takes place as a consequence of the pressure-inducegimide 1l band is about 3800 bar. This result suggests that
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GGBP/GIc may undergo significant changes in tertiary
structure followed by denaturation. A similar behavior has
been already observed in studies of proteins under reducing
conditions and exposed to high values of pressug. (

Molecular Dynamics SimulationEollowing our previous
work (12), we pursued the analysis of the effect of high
pressure on the conformation and dynamics of GGBP in the
absence and in the presence of glucose. The protein use(
for MD simulations was that frorBalmonella typhimurium
for which the structures of both unliganded and complexed
proteins 85, 36) are available in the PDB databas&/)

This protein shares about 95% sequence identity with GGBP
from E. coli, and in particular the glucose-binding site is
conserved between the two proteins. Using these two
systems, it was possible to run the dynamic simulations for
both systems exactly under the same conditions; while using
the complex fromE. coli, we would be forced to perturb
the system with the deletion of glucose and a deep
minimization prior the dynamics, thus altering the starting
parameters. Furthermore, we were able to compare the result:
obtained in this work with those previously analyzed for the
protein subjected to moderate pressurg).(

DSSP analysis on the average structures of GGBP and
GGBP/Glc obtained after the MD simulations at high
pressures, shown in Table 2, confirms the experimental
findings that the effects of the pressure stress are different
between the two systems. For example, the percentage o
residues in random coil conformation rises up as the pressure GURE 7: Aromatic amino acids in GGBP. The picture shows the
mcreellses, but this phenomenon is more pronounced "? GGB structurél distribution of Phe (dark gray), Tyr (Iig%t gray), and Trp
than in the GGBP/Glc complex. The DSSP analysis also (white) in the N-terminal and C-terminal domains of GGBP. The
reveals the increment of the presence of “noncanonical” aromatic residues are represented in ball and stick mode.
secondary structures, like bend conformations or H-bonded
turns, following the increase of external pressure. Also in particular, the centrai-sheet in the N-terminal domain
this case, this effect is more pronounced in GGBP than in appears to be conserved in all proteins and in all conditions.
the GGBP/Glc complex. This confirms that the presence of On the contrary, the centrAtsheet in the C-terminal domain
the ligand in the binding cavity of GGBP is able to preserve in GGBP is disrupted at external pressure around 3000 bar,
more efficiently the global architecture of the protein and to whereas in the GGBP/GIlc complex it resists at higher
contrast the loss of secondary structures in the presence opressures, although some strands that compose it are lost.
a pressure stress. Again, it is possible to note that-helices composing the

MD simulations also correlate well with experimental external part of theuf barrel in both domains are the first
results in showing that-helices appear to be less resistant structures to be perturbed by the increasing external pressure.
than -sheets to the pressure stress in both systems. Inin GGBP alone, at a pressure higher than 2000 bar they are
Schemes 1 and 2 we have summarized the variation inpresent almost exclusively in the N-terminal domain, whereas
guantity and in position along the sequence of each secondaryn GGBP/Glc they are partially conserved also in the
structure present in GGBP and GGBP/Glc, respectively, at C-terminal domain.
increasing pressure values. It is possible to note that The structure of biological macromolecules is stabilized
pB-structures are generally preserved. On the contrary, mainly by three kinds of interactions, namely ionic, hydro-
o-helices appear to be disrupted or modified in length in phobic, and hydrogen bonding. Hydrostatic pressure affects
both systems. The different sensitivity of these two secondary these interactions in different ways. In particular, hydropho-
structures to the pressure stress is probably linked to thebic interactions are unfavorably affected at elevated pressure
different resistance to mechanical deformation related to their (38, 39) and ionic interactions are weakened by high pressure
shape and to the spatial distribution of the H-bonds that due to electrostriction: each separated charge arranges water
stabilize them. in its vicinity more densely than bulk water and thus the

Figure 6 shows the comparison of the tertiary structures overall volume change favors the dissociation of ionic
of GGBP and GGBP/GIc at increasing pressure values.interaction under pressure38). Since the formation of
Looking at the different stages of protein perturbation hydrogen bonds in biomacromolecules is connected to a
induced by high pressure, we can deduce that the globalnegligibly small reaction volume which may be positive or
structure of GGBP is markedly perturbed at pressure lower negative, depending on the systed8)( hydrogen bonds are
than 4000 bar. On the contrary, the structure of GGBP/GIc less sensitive to pressur@g{ 40) than hydrophobic or ionic
complex, even around 5000 bar, is sufficiently organized and interactions. On the other hand, hydrophobic interactions
preserved. In both systems the N-terminal domain retains between aromatics in the protein core are even reinforced
more secondary structures than the C-terminal one. Inby pressure40). The importance of interactions between

C-ter domain

N-ter domain
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Table 3: Percentage of Solvent Exposure of the Aromatic Amino Acids at Different Pressures, Calculated by NACCESS (All Atom Mode) for
GGBP and GGBP/Gfc

external pressure (bar)
initi al 500 1000 2000 3000 4000 5000
system GGBP GGBP/Glc GGBP GGBP/Glc GGBP GGBP/Glc GGBP GGBP/Glc GGBP GGBP/Glc GGBP GGBP/Glc GGBP GGBP/Glc
N-Terminal Domain

Tyr 10 3.6 2.8 4.4 1.2 4.4 13.2 19.0 8.5 12.8 3.0 5.4 0.6 9.3 2.9
Tyrl2 248 23.9 441 69.4 61.4 441 86.1 44.3 86.5 42.0 87.6 435 84.5 39.0
Phe 16 8.0 7.4 30.9 0 5.9 2.3 13.7 9.2 9.6 7.2 6.1 5.9 10.8 3.9
Phe 89 0.1 0.3 3.9 2.2 5.3 2.7 3.4 0.5 1.0 0.2 1.5 0.1 1.2 0.2
Phe 90 2.0 2.1 4.7 2.9 10.6 3.7 7.0 2.1 8.9 0.8 6.8 0.5 5.0 0.2
Tyr102 6.7 4.9 6.1 36.6 11.9 411 20.6 87.8 19.7 100 20.7 100 23.0 100
Tyr106 14.7 16.3 6.8 2.6 17.9 5.4 7.7 10.4 3.7 8.4 2.6 9.1 3.3 9.3
Tyr107 2.1 2.3 1.4 0.2 0.8 0 2.3 0.5 2.8 0.3 2.0 0.2 2.5 0.4
Phe 266 5.0 6.1 28.2 54 10.6 20.3 15.3 21.0 12.8 214 6.3 15.8 8.3 18.8

Trp284 214 198 592 232 471 175 485 168 613 173 630 172 694  17.2
C-Terminal Domain

Trp127 3.1 9.5 16.0 4.9 3.0 0.5 2.0 0.9 1.7 0.5 0.5 0.4 1.7 0.4
Trp 133 16.4 18.3 2.9 15.6 37.2 8.1 38.3 5.0 37.8 4.7 35.2 3.1 33.8 2.8
Tyr143 3.2 3.2 13.9 8.4 5.9 8.7 26.4 17.5 24.2 11.3 21.3 10.9 23.1 11.2
Tyr161 33.8 27.7 61.4 35.7 26.6 48.8 44.9 74.9 51.1 78.4 61.5 79.6 53.1 66.1
Trp 183 10.4 9.7 26.1 0.7 15.5 11 38.8 8.7 31.7 7.5 27.0 8.2 36.6 8.5
Trp 195 13.0 13.5 47.4 17.6 13.0 6.8 27.3 374 27.2 27.9 21.7 23.9 259 24.8
Phe233 0 0 0.1 0.6 1.7 0.3 0 2.6 0 2.5 0 0.4 0 0.2
Tyr295 4.4 4.0 12.7 3.1 5.1 7.1 9.4 6.8 8.9 0.9 4.9 0.4 9.4 0

Phe306 314 263 613 325 610 978 715 505  60.7 442 619 371 59.0 34.9

aThe results were calculated on the crystallographic structures at the initial stage and on the average structures for the other pressures. Data at
500, 1000, and 2000 bar refer to the structures presented in Marabotti @t ahd are reported here to aid the comparison.

aromatic side chains for the protein piezostability was with previous reports38, 39, 41, 42). Nevertheless, for
demonstrated in Sso7d, a DNA-binding protein fr&@ul- GGBP the exposure of aromatic residues is always lower in
folobus solfataricug41). Sso7d is rich irg-sheets and has  the N-terminal domain with respect to the C-terminal domain,
an aromatic cluster consisting of several interacting residues,whereas it is more or less the same in GGBP/Glc. This
and Phe31l is located in the core of the cluster itself. The observation parallels the above-reported data that the central
single mutation F31A abolished the interactions of F31 with S-sheet of the C-terminal domain is completely lost at high
the other aromatics and caused a dramatic loss in piezostapressure in GGBP, but partially conserved in GGBP/Glc.
bility of the protein 41, 42). These findings and the fact that interactions of aromatic
In an attempt to explain the higher resistance of the side chains are important for the stability of the protein at
N-terminal than the C-terminal domain toward high pressures high pressure suggest that the higher piezostability of the
we inspected the structure of GGBP and the amino acid N-terminal than the C-terminal of GGBP is probably due to
composition of the two domains. We found that in the a higher number of aromatic side chains in the former domain
N-terminal domain are present four Phe (Phe 16, 89, 90, 266),that may undergo interactions.
five Tyr (Tyr 10, 12, 102, 106, 107), and one Trp (Trp 284),
while in the C-terminal domain are present two Phe (Phe CONCLUSIONS
233, 306), three Tyr (Tyr 143, 161, 295), and four Trp (Trp  FT-IR spectroscopy together with MD simulations allowed
127, 133, 183, 195). Despite the similar quantity of aromatic us to obtain a detailed portrait of the effect of pressure on
residues in the two domains, in the N-terminal domain of the protein structure. In fact, the simulation experiments were
GGBP several residues (namely Phe 89, Phe 90, Tyr 102,performed to predict how the pressure impacts on each single
Tyr 106, Tyr 107, and Trp 284) are clustered together in the structural element of the protein, thus suggesting a precise
core of the domain itself. On the contrary, the aromatic amino molecular interpretation of the single events, leading to global
acids in the C-terminal domain are not forming clusters, but conformational changes that are experimentally detectable
are “spread” in several parts of the domain architecture by means of the spectroscopic measurements.
(Figure 7). The same is true for GGBP/GlIc (data not shown).
Moreover, an analysis performed by NACCESS on the sol- ACKNOWLEDGMENT
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