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ABSTRACT: High-temperature molecular dynamics simulations were used to gain insight into the early
steps in the unfolding pathway of azurin, a blue copper protein wjtkbarrel structure formed by two
sheets arranged in a Greek key folding topology. The results reveal that unfolding Gfbéueel in

azurin is associated with dislocation of its uniqudnelix with respect to the protein scaffold. Exposure

of the hydrophobic core to solvent precedes complete disruption of secondary and tertiary structure, and
modifications in the region around the active site are directly connected with this event. Denaturation of
the protein initiates from the sheet coordinating the copper ion, and the other sheet maintains its topology.
Results derived from the simulation were compared with experimental data obtained with different
techniques, showing excellent agreement and providing a framework to understand the process of disruption
and formation of theg-barrel in azurin.

Understanding the process of protein folding is one of the
most challenging questions in structural biology. Details of
the mechanism appear to be elusive particularlypfsheet
proteins, because the interactions that stabilize the structure
are predominantly nonlocal in nature. Insights into the
folding/unfolding reaction can be obtained by employing a
combination of numerous experimental techniques3),
as well as using theoretical methods.

Molecular dynamics (MD)is the most realistic simulation
technique available, as it allows us to take into account the
detailed interactions between all of the protein and solvent
atoms. Although the time scale (18 to seconds) of protein
folding is not yet, or only barely, accessible with the current
computer power4), MD is a useful tool for investigating
unfolding events §). Results obtained on the engrailed
homeodomaing, 7), WW domain 8), and chymotrypsin
inhibitor 2 (9) have revealed that simulations at high
temperature accelerate the unfolding process without affect- SheetA | SheetB
ing the overall pathway. Therefore, integrating MD simula- FIGURE 1: (a) Ribbon representation of azurin with the tisheets

; ; ; jn different colors. Side chains are explicitly shown for copper
tions and (_axperlmental studies can enhance our knovVledge:igands (top), the tryptophan residue (center), and the disulfide
of the folding process.

bridge (left bottom). (b) Greek key folding motif of azurin. Strand
Azurin is a blue copper proteid@), and it is a good model 2 is split up into 2a (belonging to sheet A) and 2b (sheet B). The
for studying the thermal unfolding of &sheet protein. Itis  latter faces strand 8, closing tfiebarrel. The disulfide bridge and
small (128 amino acid residues) and ha&aarrel structure the o-helix region (which includes the loops that connect the helix
. . . c to the S-barrel) are also indicated.
(Figure 1a) arranged in two sheets with a distinctive Greek
key folding topology (Figure 1b); a short (13 residue) helix 80 °C (11). Copper ion in the active site and a single
is also present. The temperature of denaturationf,pris tryptophan residue in the hydrophobic core constitute natural
probes that can be used in experiments to monitor structural
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In this paper, we use high-temperature MD simulations assigned from a Maxwellian distribution and periodically
to study the process of thermal unfolding of azurin. In scaled until the target temperature (298 and 498 K) was
particular, we concentrated our attention on the early eventsreached. Classical MD simulations were performed in the
of the unfolding process, to compare our simulation data with NVE microcanonical ensemble, using a time step of 2 fs for
the experimental results currently available on azurin (a integrating the equations of motion.

thorough analysis of the latest steps of the process, i.e., of Each of the two simulations was carried out for 5 ns,
the unfolded state of azurin, will be presented in a forthcom- saying structures for analysis every 0.2 ps. In all calculations,
ing paper). This work showed that the succession of the the nonbonded list was updated every five steps, and the
unfolding events, occurring as a function of the simulation nonponded cutoff was 1 nm. In addition, two control
time, is fully consistent with the initial part of the experi-  simylations were performed at 298 and 498 K using the same
mental unfolding pathway, which is outlined on the basis of rgtocol and with a nonbonded cutoff of 0.8 nm.

the results that some of us (L. Sportelli and R. Guzzi) have

. . : Materials. Azurin from Pseudomonas aeruginossas
obtained on azurin over the past decade. A model is proposed . . . .
in which the disruption of thes-barrel starts from the obtained from Sigma Chemical Co. (St. Louis, MO). The

-strands that coordinate the copper ion in a region close to p“f“y was spectropho_tometrically tested, and the ab_sorbance
tﬁhe a-helix and distant from the F;slpc):tive site ’ ratio AsofAogo was higher than 0.50. The protein was
' dissolved in 10 mM phosphate buffer, pH 7.02. Optical

MATERIALS AND METHODS density (OD) and fluorescence measurements with a protein
concentration of 0.4 mg/mL were carried out as previously
described 30, 31). In brief, OD was performed with a Jasco
7850 spectrophotometer equipped with a Peltier-type ther-
mostated cell holder, using quartz cuvetteshwét 1 cm
optical path. Fluorescence was measured with a Perkin-Elmer
LS 50B spectrofluorometer equipped with a Peltier temper-
ature programmer PTP-1. The excitation wavelength was 295

Molecular Dynamics Simulation$4D simulations were
performed using an in-house version of the program ENCAD
(20), and the force field parameters and protocols have been
describedZ1, 22). An all-atom representation was employed
for both the protein and solvent. The crystal structuré) (
of azurin (4AZU entry in the Protein Data Bank) was used
as the starting structure for the simulations. Side chain nm. while the excitation and emission bandwidths were 6
protonation states were adapted to mimic neutral pH, with and 4 nm, respectively
Asp and Glu residues negatively charged and Arg, Lys, and ' 4 _

His positively charged. In particular, His46 and His117 were ~ CD measurements in the far-UV region were performed
protonated at N since the N atoms are metal ligands. The With a Jasco 810 spectropolarimeter equipped with a Peltier
coordination of the Cu ion in the thermal unfolded state of Systém using quartz cuvettes of 0.1 cm optical path. The
azurin is still not clear, though some hypotheses have been@zurin concentration was 0.3 mg/mL. Differential scanning
suggested under aerobic conditioa,(23). In the absence ~ calorimetry was performed on a VP-DSC (MicroCal Inc.)

of molecular oxygen, which corresponds to the simulation ON @ sample extensively degassed using a ThermoVac unit.

ligands in the unfolded state has been ma8). However, obtain a reproducible baseline before the protein scan. The
experiment clearly indicates that three ligand atonags:& protein concentration was 0.25 mg/mL.
Nhis117 and Syet121, cOmprise the coordination triad in the In all experiments the temperature was scanned from 30

chemically unfolded state of azurir4—26). Thus, this to 90 °C at a scan rate of 0.5C/min.

reference model was adopted, and the Cu atom was attached

to the three ligands by constraining the bonds to their RESULTS AND DISCUSSION

crystallographic values. Strong charge transfer between Cu ] ] )

and Sye112(27) was modeled by setting a partial charge of ~ MD simulations of azurin were performed for 5 ns at 298
+0.5 e on the metal ion and0.5 e on the (deprotonated) and 498 K under the same conditions with the water density

sulfur atom (2). The following van der Waals parameters S€t t0 the experimental values. The room temperature
were used for Cu: atomic radiug = 0.128 nm and a  Simulation was provided as a control, and it was used for

Lennard-Jones energy minimum of 0.2trkdl atr = 0.24 comparison as needed. At 298 K the protein remained
nm. nativelike, with C positional root mean square deviations
Residual strain in the crystal structure was relieved by 500 (RMSD) of 0.30+ 0.02 nm (Figure 2, gray line) with respect
cycles of conjugate gradient minimization performed in O the crystal structure. Visual inspection of protein snapshots
vacuo. The protein was then solvated in a triclinic box (data not shown) at different simulation times showed that
extending at least 0.8 nm in all directions, resulting in a fully réarrangements were primarily localized to turns and loops,
hydrated system containing 3621 water molecules. Periodic!-€-, the most mobile regions, whereas the rest of the structure
boundary conditions were employed to avoid edge effects. 'emained compact. In particular, thiebarrel maintained its
The volume of the box was adjusted to accommodate the ©0P0l0gy and packing throughout the simulation. In contrast,
water density to the experimental value for the temperature at 498 K the RMSD of the Cpositions (Figure 2, black
of interest: 0.997 gm~3 at 298 K and 0.829-gm3 at 498 line) indicated that the unfolding process took place in less
K (28, 29). The solvent was then equilibrated by performing than 1 ns, since atomic deviation values of 1 nm are
1000 cycles of water minimization, followed by 1000 steps inconsistent with a fully folded structure.
of MD and another 1000 cycles of minimization. Finally, Secondary Structurdnsight into the first steps of the
the whole system was equilibrated by minimizing the protein unfolding process was obtained from the analysis of the
for 1000 cycles and the protein plus solvent for 1000 cycles. protein secondary structure as a function of time. At room
After these preparation steps, initial atomic velocities were temperature the native hydrogen bond (HB) network was
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FiGurRe 2: Root mean square deviations of @rotein atoms from FIGURE 4: Solvent-accessible surface area (SASA) of the Trp48
the crystal structure, at 298 K (gray line) and 498 K (black line), residue, at 298 K (gray line) and 498 K (black line), as a function
as a function of simulation time. of simulation time.

experimental technique to monitor the disruption of the
structure of azurin in aqueous solution under unfolding
conditions. In Figure 4, solvent-accessible surface area
(SASA) of the Trp48 side chain is reported as a function of
simulation time. The curves show that at room temperature
this residue remains buried in the protein core (gray line).
At high temperature Trp48 becomes exposed to the solvent
in the time interval 0.20.3 ns (black line). This result
indicates that, at this stage, the unfolding process progresses
by weakening the packing of the hydrophobic core. Water
molecules penetrate into the protein scaffold, breaking the
native tertiary contacts by competing to form HB and

% Secondary Structure

THRSHRe) _ destabilizing the apolar interactions between residues. How-
FicURe 3: Percentage af (gray line) ands (black line) secondary  ever, melting of the secondary structure (Figure 3) is yet to
structure at 498 K as a function of simulation time. be completed when the tryptophan side chain becomes

retained during the simulation (data not shown). Figure 3 exposed to the solvent. As a consequence, hydration of the
shows the percentage af and 8 structure in the first azurin core occurs while most of tifiestrands maintain their
nanosecond of simulation at 498 K. The amount/bf  native conformations.
structure, whose presence determines the folding topology Analysis of the native contacts between residues at
of azurin, shows a clear decrease in the time intervé0.6 different simulation times is able to elucidate structural details
ns (black line). Two rough plateaus can be observed in the of the protein during the denaturation process. The overall
curve at about 0:40.2 and 0.2-0.3 ns, indicating transient  results (data not shown) allow us to identify a defined
dynamic conformations in which the protein moves further mechanism for the exposition to the solvent of Trp48. In
along the folding reaction coordinate without a substantial fact, in the first stages of the process the protein barrel was
modification of the residual HB network arrangement of the mostly preserved. Even though thestrands tended to lose
main chain. In correspondence with the plateau at+0.3 their nativelike twist, the peculiar face-to-face coordination
ns, half of theB structure was still present (Figure 3, black of the twof-sheets was maintained. In contrast, the region
line), as well as most of the-helical structure (gray line).  formed by thea-helix and the following loop (which is
Disruption of the natives-structure assembly of azurin is approximately parallel to the helix and connects it to one of
not yet completed even after 0.5 ns, as-28% of the initial the two3-sheets; Figure 1a) moved away from the protein
amount is still present. Total melting of this residual structure scaffold. This continuous movement propagated to the two
requires the protein to explore many more conformations, adjacent strands 4 and 5 (Figure 1b) but not to the rest of
and a slow reduction is observed with time until full the fp-structure. In particular, Trp48 in the middle of the
disappearance at 1 ns-Helical structure, on the other hand, strand 4 pulled away from thé-barrel at this stage of the
seems to be more resistant to denaturation and dynamicallyunfolding process. As a consequence of the separation of
forms and disappears throughout the simulation in many the o-helix from the rest of the protein, the side chain of
different unfolded structures of azurin (B. Rizzuti and V. Trp48 was extracted from inside the hydrophobic core,
Daggett, unpublished results). allowing water molecules to penetrate into the protein
Breakdown of the Hydrophobic Coré key residue to scaffold. Thus, exposure to the solvent of Trp48 preceded
monitor the unfolding of azurin both in simulation and in not only the melting of much of the secondary structure but
experiments is Trp48, which constitutes a natural probe to also the complete disruption of the tertiary structure. This
verify the exposure of the hydrophobic core. This residue is event substantially contributes to disruption of the native
the only tryptophan in azurin, and in the native state it is topology.
buried in the interior region of the protein, shielded from  The Unfolding Procesd.he overall sequence of the early
the solvent. Therefore, fluorescence can be used as arevents in the simulated unfolding pathway of azurin is
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Ficure 5: Snapshots of azurin structure at different simulation times at 498 K, representing the unfolding trajectory of the protein.

summarized in Figure 5, where snapshots of the protein atobserved for the region encompassing residues6abto
intervals of 0.1 ns are shown. In the first part of the trajectory partially re-form the nativer-helix, thus fluctuating between
(Figure 5, 6-0.5 ns), modifications were evident in the afolded and unfolded state. The formation of small, dynamic
tertiary structure of azurin as a consequence of the flappinghydrophobic clusters involving residues belonging to the
of the a-helix with respect to the rest of the protein. native hydrophobic core was observed. This behavior,
Simulations performed with different cutoffs for the non- together with the presence of the disulfide bond that strongly
bonded interactions (see Molecular Dynamics Simulations constrains the protein structure in the N-terminus, contributes
in the Materials and Methods section) and two additional to prevent a sharp increase irt MSD (Figure 2, black
runs with different initial atomic velocities all confirmed the line). However, the complete loss of natigestructure and
same pathway for the disruption of tifebarrel in azurin. topology allowed azurin to sample a wider conformational
Therefore, on the basis of our simulation results, the Greek space. The protein was highly dynamic, with a continuous
key motif in 5-sheet B (Figure 1b) should form its native loss and formation of non-native tertiary contacts.
tertiary contacts only in the final steps of folding. It is Comparison with Experimenthe results obtained in our
possible that formation of thjg-sheet is determined by short- simulations can be compared with the description of the
range rather than long-range interactions, including perhapsunfolding process suggested by experiment. During the past
the Cu ligands in the termingthairpin 32). The Greek key  years some of us (R. Guzzi and L. Sportelli) have employed
motif contained in3-sheet A (Figure 1b), on the contrary, several techniques to elucidate the thermal behavior of native
appears to be much more stable compared to the other sheetizurin: optical density (OD), fluorescence, differential
In fact, the topology of strands-13 and 2b-8 was basically ~ scanning calorimetry (DSC), far-UV circular dichroism (CD),
retained in the first nanosecond of simulation. In this respect, and electron paramagnetic resonance (EPR). Such a variety
the unique disulfide bridge of azurin that connects the of experimental data allows us to define a sequence of events
N-terminal portion of strands 1 and 3 seems to play a major describing the unfolding process as the temperature increases.
role (33) by constraining the protein structure and preventing  According to the experiments, exposure of Trp48, which
extensive exploration of conformational space. is observed at an early stage in the simulations, constitutes
After displacement of thex-helix with respect to the  the first event during the unfolding process of azurin. In fact,
proteing-barrel, the subsequent part of the unfolding process reduction of fluorescence intensity dt = 308 nm is
(Figure 5, 0.5-1 ns) was characterized by massive penetra- registered between 78 and 8C (351-353 K) (31). The
tion of water molecules into the protein scaffold. Tight fluorescence signal in azurin is due to Trp48, which is located
interdigitation of side chains was lost, and tfestrands in the hydrophobic core of the protein. Exposure of Trp48
completely lost their nativelike twist. However, as a conse- to the agueous solvent with high dielectric constant causes
quence of some hydrophobic clustering between the two loss of the signal at 308 nm (Figure 6a, solid line) and a
[-sheets, the gross topology was retained. Retention of groscorresponding increase of emission at 357 nm (Figure 6a,
topology has been seen in MD simulations and confirmed dashed line). In the same temperature interval;88°C,
in experiments also on barnas#&d). Long-range ordering  the OD signal (Figure 6b) due to the €B8c¢ys112 Charge
in a semicompact state may be a feature common to othertransfer transition begins to disappead,(35). This effect
proteins, as it would contribute to solve the Levinthal paradox could not be directly reproduced in our MD simulation, given
by narrowing the conformational search in the folding the approximations in the modeling of the active site
process §). (classical mechanics is used to describe the motion of atoms,
Finally, an unordered conformation of the protein chain with constrained Culigand bond distances). However,
was observed in the last part of the MD simulation (Figure modifications in the CtScys112c00rdination were ascribed
5, unfolded state), with highly dynamic tertiary interactions to structural rearrangement of the protein mat8g)( This
and some fluctuating helical structure. A propension was is also supported by evidence tha}s:.is a Cu ligand even
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1.0 of temperature. An accurate determination of the percentages
a of secondary structure is difficult because of the various
contributions to the CD spectrum (twists of tfiesheets,
length of thea-helices, presence of aromatic side chains,
etc.) @7), and various methods can lead to different estimates
(39). In Figure 6d the trend is reported for the main peaks
N O IO T, PO | in the CD spectra: the positive band at 195 nm (dotted line)
o5k i b distinctive of g-sheets 89), the negative band at 200 nm
N (dashed line) indicating a random coil conformati@i)(
N and the negative band at 222 nm (solid line) corresponding
to then — s* transition that characterizas-helices. The
curves indicate that a large degree of secondary structure is
—— T T T T retained in azurin up to 88C. Consistent with experiment,
our MD simulations show that solvation of the Trp48 side
chain begins before full disruption of the tertiary structure,
and it is completed before a total melting of the secondary
N structure. In particular, most of tifebarrel of azurin is still
N intact when the solvent starts to penetrate the protein core.
11 Finally, full unfolding of the protein structure occurs in
ST the range of 8686 °C (353-359 K), where far-Uv CD
S W data show a general melting of the secondary structure. As
shown in Figure 6dj structures dissolve (dotted line), and
a corresponding decrease is observed in the curve represent-
ing the negative band at 200 nm (dashed line), indicating
: . . , that the percentage of random coil increases. In the same
65 70 75 80 85 90 temperature range, strong heat absorption is registered in the
Temperature (°C) DSC curve (Figure 6¢) with a peak at 84@, as further
Ficure 6: Unfolding of the azurin structure as a function of €Vidence of the disruption of the-barrel of azurin. Com-

temperature, as monitored with different experimental techniques: parison between the CD spect&0) obtained after heating
(a) fluorescence, intensity at (solid lingy= 308 nm and (dashed  wild-type azurin up to 80C and after the DSC transition

line) 2 = 357 nm; (b) OD, normalized absorbancelat 625 nm; demonstrates that in this temperature interval the protein loses

(c) DSC, heat capacity; (d) CD, band at (dotted line) 195 nm, : :
distinctive ofg-sheet, (dashed line) 200 nm, distinctive of unordered its secondary and tertiary structures that characterize the

conformations (negative band, decrease in the curve indicatesnative folding topology. Itis likely that it is only at this stage
increase of random coil percentage), and (solid line) 222 nm, that the protein has enough energy to overcome the energy
distinctive _ofa-helix (negative bgind, increase in the curve indicates barrier separating the native and denatured states. Above the
decrease in the amount of helical structure). DSC transition temperature, experimental information is

lacking.

in the unfolded state of azurire4, 32, 25). Furthermore,
EPR spectroscopyl(, 35 reveals that the active site CONCLUSIONS
undergoes a conformational transition in the coordination of ~ Comparison with experiment is fundamental to validation
the Cu ion, which is another consequence of the reorganiza-of unfolding simulations at high temperature. In turn,
tion of the tertiary structure3g). Our simulations indicate  simulations can reveal details of the unfolding process that
that the exposure of the hydrophobic core occurs simulta- are unobtainable by experimental techniques. In this work,
neously with alteration of the three-dimensional structure of the events characterizing the first steps of the unfolding
the protein in the region around the active site. In fact, the pathway of azurin were monitored in MD as a function of
two Cu ligand residues Gly45 and His46 are located at the simulation time and compared with the sequence of unfolding
beginning of-strand 4 (Figure 1b), close to Trp48. Full events occurring as a function of increasing temperature, as
extraction of Trp48 from the protein barrel necessarily indicated by the experiments. The agreement between the
requires displacement of these two residues with respect tosimulation results and the experimental data is good. A
the terminajs-hairpin formed by strands—8, which contains  picture emerges in which the unfolding of azurin begins with
the other three Cu ligands. melting of some of the secondary structure, accompanied

At 80 °C (353 K) there is complete exposure of Trp48 to by alterations in the tertiary structure in the region of the
the solvent. The fluorescence curves approach their plateau$elix. Disruption of the native topology of thé-barrel is
(minimum value forA = 308 nm and maximum fok = driven by dislocation of thex-helix with respect to the
357 nm), and the OD curve shows its midpoint (Figure 6a,b). protein scaffold. As a consequence, exposure to the solvent
These results indicate that, at this temperature, the hydro-of the protein hydrophobic core and further disruptions of
phobic core of azurin is disrupted. On the other hand, the the tertiary structure around the active site occur. Both of
C, profile (Figure 6c¢) obtained by DSCL{) shows a low these effects are also detected in experiments that use as
heat absorption below 8GC, suggesting that the protein is molecular probes, respectively, the tryptophan residue (fluo-
at least partially intact. CD measurements were performedrescence) and the copper ion (EPR and OD). Only after this
on native azurin in the amide region (9260 nm) to stage can the protein further progress toward the unfolded
monitor the melting of the secondary structure as a function state, as also observed experimentally by DSC and CD.
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