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Two Conformations of Native
Pseudomonas aeruginosa Apoazurin in Solution
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Abstract
published results indicated that this problem could be resolved by hypothesizing two native conformations coexisting in solution.

The mechanism of complex unfolding process of Pseudomonas aeruginosa apoazurin is an arguing problem. Recent

Urea-induced unfolding of apoazurin was investigated further using intrinsinc fluorescence and CD spectra. Equilibrium unfolding
curves in urea could be depicted with an apparent two-state transition, but a biphase kinetic process. The fast unfolding process is
finished within a few seconds as monitored by stopped-flow fluorescence intensity, whereas the slow process requires several hours for
unfolding at high concentration of urea at room temperature. The m, values for the fast and slow phases are 2.24 and 2.45 kJ-mol™- M
respectively. The difference between their unfolding activation energy is 22 kJ-mol™. The time-resolved fluorescence emission spectra
as well as the circular dichroism spectra just after manual mixing of protein and denaturant could be simulated by superposition of the
spectra of the native and fully unfolded protein with the same coefficient of 0.37. This strongly suggests the three-state mechanism with
a partially unfolded intermediate on its pathway is inadequate. The hypothesis of two native conformations coexistence is a reasonable

selection.

Key words

Azurin is a blue copper protein, functioning in
electron-transfer chains of plants and bacteria. Its
high-resolution crystal structures exist for holo,
apo, metal-substituted and some mutant forms! 7,
However, only for Pseudomonas aeruginosa apoazurin
two distinct crystalline forms were observed, which
co-crystallized in the ratio 1 © 1 as hetero-dimers in the
tetramer of the asymmetric unit™. Form 1 closely
resembles the holo-protein lacking copper, which is
considered as evidence for the rack mechanism of
metal uptake 7,
differences in the region near the metal binding site,
which is induced by the incorporation of a water
molecule into this site. The results are of large shifts of
His117 and its adjacent residues Phel14, Proll5 and
Glyl16 as well as a conformational change of the side
residue  Metl3.
rearrangements were also observed in His46 and its
surrounding peptide structure (residues 8 to 10). Local
conformational isomerization in solution has also been

Form 2 shows conformational

chain in the nearby Similar

investigated by time-resolved phosphorescence at
different pH values!™. The non-exponential decay of
the unique Trp48 phosphorescence was ascribed to at

Pseudomonas aeruginosa apoazurin, unfolding, fluorescence spectrum, circular dichroism (CD)

least two conformations of the protein with different
structural rigidities in the vicinity of the Trp residue,
suggested to arise from the
protonization/deprotonization of His 35. Recently
Hansen et al.! further reported that the complex of
urea-induced unfolding of apoazurin might be due to
the heteroconformations.

which  were

The irreversibility of  denaturant-induced
unfolding of P. aeruginosa apoazurin hindered the
thorough investigation of its complex unfolding
mechanism, i.e. an intermediate pathway or a multiple
conformers-coexisting two-state pathway. In a
previous report?, detailed thermodynamic and kinetic
analysis for an apoazurin mutant M121L, of which the
folding process was fully reversible in urea solution,
provided the unambiguous evidence supporting a
multiple conformation-coexisting model. DSC

measurement reported later provided further support
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for that hypothesis?". There are two conformations, N,
and N,, with different thermal stabilities. Low stability
conformation has a relatively low mole enthalpy and
low unfolding transition temperature, and high stability
conformation has a relatively high mole enthalpy and
high thermal unfolding transition temperature. pH
change could move the conformation distribution. In
this report, intrinsic fluorescence spectra and circular
dichroism(CD) spectra were employed to characterize
the parallel unfolding mechanism of apoazurin.

1 Materials and methods

1.1 Materials

P. aeruginosa azurin was expressed in E. coli
strain HMS174 (DE3)® and was purified as described
previously®?l. Protein purity was checked by SDS page,
using 15% polyacrylamide gels,
apoprotein was prepared by dialyzing the sample
against 100 mmol/L thiourea (Sigma)®! in 50 mmol/L
sodium phosphate buffer pH 5.1 for 12 h after it was
reduced by 10 mmol/L ascorbate (Merck). The
chemical agents of sodium acetate (supper pure) and

respectively. The

glycine were from Merck. Its purity was checked by
UV spectra at 625 nm. Protein concentration was

determined by absorption using an extinction

coefficient A;:): 6.31.

1.2 Fluorescence measurements

Fluorescence emission spectra were measured in
1 cm cells using a Spex Fluoromax spectrophotometer.
Emission spectra were excited at 280 nm and recorded
from 300 to 400 nm with an increment of 1 nm and a
response time of 1s. Excitation and emission slits of
5 nm each were employed during all spectra
measurements. The slow unfolding kinetics was also
monitored in the Spex Fluoromax spectrophotometer
using manual mixing in a 3 ml cuvette and spectral
line width of 2.6 nm.

The fast unfolding kinetics was monitored with a
SFM-3 stopped-flow from Bio-Logic. The samples
were excited at 280 nm and the emission above
305 nm was detected using a wavelength cut-off filter.
A dead-time of 10.8 ms resulted from the conditions
selected.

1.3 Circular dichroism measurements

CD measurements were performed using a Jobin
Yvon CD6 spectropolarimeter. Spectra were averaged
over 5 scans each made in the range from 190 to
260 nm. A 0.01 cm cuvette was employed and the
spectra were corrected for the buffer signal. Ellipticity

readings were converted into mean residue ellipticity
values, [@]yge, by the formula
[Ohw=o (1)
where @ is the
millidegrees, M is the molecular mass of the apoazurin
(13 929 Dalton), ¢ is the concentration in mg-ml™, d is
the path-length of the cuvette in cm, and n, = 128 is the
number of amino acid residues of azurin.

measured ellipticity in

Slow unfolding kinetics was monitored at 219 nm
in a 1 mm cuvette. The dead-time for manual mixing
was about 60 s.

1.4 Data analysis

The digitized kinetic traces for the fast and slow
unfolding processes were analyzed with equations (2)
and (3), respectively.

Fe(FoFre)exp(=kyt)+Fi ()

F(Fy=FramF)exp(-kyt)+F. 3)

where F, F;. and F,. are, respectively, the signal at

time ¢, and the signals of the final states for the fast and

slow processes. F; is the initial signal at time of zero.

k.rand k is the unfolding kinetic constants for the fast
and slow processes, respectively.

The free energies of activation for the unfolding
(A¢'") were calculated using transition state theory
according to Eyring
kT _AG, (0) @
h RT
where k, is the Boltzmann constant, 7 is the absolute

In k, (H,0) = In&

temperature in Kelvin, i is the Planck constant, R is
the gas constant, and « is the transmission factor which
is arbitrarily set to unity.

Plots of
denaturant are linear in the post transition region,
Ink,(H,0) could be linear extrapolated to the zero
concentration of denaturant according to

Ink, versus the concentrations of

Ink,=1n k, (H,O) + m, [denaturant] ®)]
2 Results
2.1 Urea-induced isothermal unfolding of

apoazurin

Azurin contains one tryptophan, Trp 48, deeply
buried in a hydrophobic core with maximum emission
intensity at 308 nm in its native state. When the protein
is unfolded, the maximum emission wavelength moves
to 355 nm. Figure 1 shows urea unfolding curves,
which were determined at pH 5.1. The transition at
20°C after 48 h incubation time could be analyzed as
one single sigmoidal transition with the midpoint of
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urea concentration of about 5.7 mol/L (Figure 1).
Refolding of the urea-denatured apoazurin is very
slow. It took 26 days to accomplish complete refolding
only at low urea concentrations (data not shown). The
samples unfolded at 20°C were incubated for 24 h at
40°C and measured again. The result is also shown in
Figure 1. In this case, a transition midpoint of
at high

temperature, apoazurin becomes less stable than at

4.1 mol/L urea was observed. Obviously,

room temperature.

Relative fluorescence change

c(urea)/(mol-L™)

Fig. 1 Urea denaturation curves of apoazurin detected by
fluorescence at 308 nm

Protein concentration was 0.005 g/L in 20 mmol/L NaOAc-HOAc,

1 mmol/L EDTA, pH 5.1 buffer solution. Excitation: 280 nm, cell: 1 cm

optical path length. The slits for excitation and emission were both 5 nm.

Circles show the results after 48 h incubation at 20°C, triangles that after

incubation at 40°C for another 24 h.

2.2 Unfolding Kkinetics monitored by fluorescence

Isothermal apoazurin unfolding kinetics in urea is
characterized by a fast phase,
change within the manual mixture time, and a very
slow phase for the other 37% signal change when

sharing 63% signal

monitored by manual mixing fluorescence emission
intensity at 308 nm (see below). The significant
difference in rate constants makes it possible to follow
separately the time-resolved fluorescence emission
spectrum. Figure 2 shows the fluorescence spectrum at
that moment when conformation N, has just unfolded
(fast unfolding species, 63% of total protein) and N,,
the slow unfolding species, is still native. The spectra
of the native and fully denatured protein are also
shown in that graph. One remarkable characteristic of
these spectra is the occurrence of an iso-emission point

at about 347 nm, which can be considered as an
indication of the occurrence of a two-state transition.
“Two-state transition” means that during
the equilibrium unfolding only 2 species, native and
unfolded protein, occur. Another interesting feature is
the following.

The term

The time-resolved fluorescence
emission spectrum can be reconstructed from the
and fully unfolded
superposition of two time-independent fluorescence

native spectra by linear

spectra, using a weighting factor 0.37 for the
conformation of the slow folding species N, in its
native state and a factor of 0.63 for the fraction in the
native state of the fast-unfolding species N,. Only one
assumption enters the simulation: The fluorescence
spectra of both the native and unfolded states of N, and
N, are identical. This assumption implies that the
difference in native state conformations of N, and N,
has no influence on the fluorescence spectrum of the
protein. If one accepts this reasonable assumption, the
fluorescence results on the unfolding kinetics suggest
that apoazurin does not form characteristic unfolding
intermediates but exhibits two-state unfolding of two
native conformations.

Fluorescence intensity/10° cps

300 320 340 360 380 400

A/nm

Fig. 2 Simulation of the time-resolved fluorescence
spectrum of apoazurin in 8 mol/L urea at 20°C
Lines /, 2 and 3 are respectively the fluorescence spectra of native
apoazurin, time-resolved in 8 mol/L urea just after unfolding of the fast
species and of fully unfolded apoazurin in 8 mol/L urea. The simulated
spectrum (circles) was calculated using 0.37 x[native spectrum]+0.63 x
[unfolded spectrum]. Here [spectrum] represents the data set of the
fluorescence intensity versus wavelength, and the coefficients 0.37 and
0.63 refer to the fractions of conformation N, and N,, respectively, as
observed in the kinetic unfolding measurement. Protein concentration
was 0.005 g/L in 20 mmol/L NaOAc-HOAc, 1 mmol/L EDTA buffer
solution at pH 5.1. Fluorescence was at 280 nm and the emission spectra
were recorded from 300 nm to 400 nm. The slits for excitation and

emission were both set to 5 nm.
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The wunfolding rate constants of the two
hetero-conformations were also analyzed. The panel A
in Figure 3 shows the fast process at 20°C . The total
change in
8.075 mol/L urea at wavelengths above 305 nm was

monitored as a function of time. The data could be

fluorescence emission intensity in

fitted to a single exponential equation with an
unfolding rate constant of k.= 0.65 s™. The effect of
urea concentration on the unfolding rate constants is
shown in Figure 4. It is evident that the plot of Ink,;
versus urea concentration is a straight line with the
slope, m,g, of (2.24+0.16) kJ -mol™'-M™. Thus £, can
be calculated at any given urea concentration.

Extrapolation to zero urea concentration according to

equation. (4) yields the £k if value in water as
(3.4 £1.3) x10* s L.
activation energy was calculated as 91 kJ-mol".

Correspondingly the unfolding

Figure 3b shows the slow unfolding kinetics by
employing manual mixing in 8.5 mol/L urea, 20°C .
Within the dead-time of mixing, 63% of expected

(2)
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Fig. 3 Unfolding Kinetics of apoazurin at pH 5.1, 20°C
(a) The fast unfolding process in 8.075 mol/L urea as detected by
stopped-flow fluorescence with the filter-cutting off below 305 nm. The
protein concentration was 0.014 g/L. (b) The slow process detected by
fluorescence at 308 nm in 8.5 mol/L urea. The protein concentration was
0.005 g/L.

fluorescence intensity change at 308 nm has occurred.
The data for the slow transition could also be fitted to a
single exponential equation with a first order rate
constant of 1.94 x 10 * s .
concentration on the slow unfolding rate constant was

The effect of urea

also measured, as seen in Figure 4. As for the slow
reaction, Ink,, depends linearly on urea concentration
with a slope of m,, (2.45 +0.04) kJ -mol * -M .
Increasing the urea concentration leads also in this
case to an increase in the unfolding rate constant. This
finding suggests that the slow unfolding phase N, is
caused by direct unfolding of a separate conformation,
not by the conversion of N, to N,. Its unfolding rate

constant in water is 3.7 x10 ® s ..

Correspondingly
the unfolding activation energy was determined as
113.5 kJ -mol™. The parameters for both of the fast

and slow processes are tabulated in Table 1.

70 0.5
75k -0.0
-8.01 --0.5

Eg -85 --1.0 g
-9.0 - =15
95| -1-2.0

-10.0 w | ! -25
6 7 8 9 10

c(urea)/(mol-L™)

Fig. 4 Unfolding rate constants of apoazurin versus urea
concentrations at pH 5.1, 20°C monitored by fluorescence
(filled) and CD (hollow) , respectively
Squares indicate the fast unfolding process, and circles the slow process.
The protein concentration was of 0.005 g/L for fluorescence
measurements involving manual mixing, 0.014 g/L for stopped-flow
fluorescence measurements, and 0.12 g/L for CD measurement (see
Figure 6). The data were linearly fitted to equation (5).

Table 1. Kinetic parameters for the fast and slow unfolding

of wt apoazurin

m, k. (H,0) AG (H,0)
(kJ-mol™-M™) (s (kJ-mol™)
Fast phase 2.24+0.16 (3.4£1.3)x10*  91.18+1.21
Slow phase  2.45+0.04 (3.7£0.4)x10*  113.45+0.45
(T=20C)
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2.3 Unfolding kinetics monitored by CD

Because fluorescence monitors in some cases
only the local conformational change, the change in
CD signal change at 219 nm was also be followed,
which probes the change in secondary structure.
Within the dead time of manual mixing, the large

_2000 . v . - ey}
S -4000
=
Q
&n
-;8/ -6000 |-
E
o)
—SOOOT Native state
] 1 1 1 1 1 1
=
=
=
5]
M 1

t/h

Fig. 5 Slow unfolding kinetics of apoazurin monitored by
CD at 219 nm in 8 mol/L urea at 20°C

The protein and denaturant were manually mixed and CD signal was

determined using a cuvette with a 1 mm light path. The dead time of

manual mixing was about 60 s.
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Fig. 6 Simulation of the time-resolved CD spectrum in
8 mol/L urea

The native (line /), time-resolved (line 2) just after manual mixing with
denaturant and fully unfolded (line 3) CD spectra in 8 mol/L urea were
measured separately. The intermediate spectrum during the unfolding
process can be simulated using the equation 0.37 X[native spectrum]+
0.63 x[unfolded spectrum]. Here [spectrum] represents the data set of a
CD spectrum taken at time ¢, and the coefficients 0.63 and 0.37 are,
respectively, the fractions of the conformation N, and N,, that resulted
from fitting of the kinetic unfolding curve to two synchronous first order

processes. The protein concentration was 0.12 g/L in 20 mmol/L
NaOAC-HOAc, 1 mmol/L EDTA buffer at pH 5.1.

signal increase was observed, which was then followed
by a rather slow signal increase, suggesting biphasic
unfolding process (Figure 5). In analogy to the
treatment of the fluorescence data, the CD spectrum
observed just after the end of the fast unfolding process
in 8 mol/L urea could be simulated using the same
weighting factor of 0.37 for N, in the native state. The
simulation is in excellent agreement with the measured
spectrum as shown in Figure 6. Again we assume the
same CD spectra for N; and N, in the native and the
unfolded states, respectively. The dependence of the
CD-based rate constant on urea concentration is also
shown in Figure 4. It is evident that only the slow
process is monitored by CD. The slope of the line
connecting the three data points is somewhat lower
than that observed with fluorescence measurements.
However, the absolute values of the rate constants are
in fair agreement with those measured by fluorescence.

3 Discussion

The complex unfolding of P. aeruginosa
apoazurin had been documented extensive. One
opinion is that this complex is a representation of the
three-state unfolding pathway with a kinetic and/or
stable intermediate, which was arbitrarily ascribed to
unfolding of the a-helix subdomain, comprising of
28 aminio acids®*»%), Clearly if it were correct, the
secondary structure of the intermediate should contain
only B-sheet structure, which could only provide a
CD peak with the

wavelength at 215 nm, not at 219 nm. In a previous

weak negative maximum
report using apoazurin mutant MI121L ™1 the
incorrectness of the three-state unfolding mechanism
In this
report, both the fluorescence emission spectrum and
CD spectrum of the state with first phase unfolding just
finished could be
combination of the native and fully unfolded spectra

with an intermediate has been analysized.

reconstructed by a linear

with the same coefficients. Clearly the complex
unfolding of P. aeruginosa apoazurin can’t be ascribed
to the existence of a partially folded intermediate on it
unfolding pathway. As it has been done in the previous
papers * 211 the two species are not due to the metal
contamination. Only the two conformation coexistence
hypothesis is adequate. With this concept in mind,
many conflicted experimental results reported before
could be interpreted well very.

This study also provides the
information of each conformation. The hypothesis of

structural
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the same fluorescence emission spectra and CD
spectra for both conformations indicated that the 3D
structures for each conformation are very similar to
each other. The m,values, which are considered as the
changes of the solvent access surface areas of the
unfolding transition states ), are also very close to
each other, indicating that the transition state for each
conformation is very similar. The difference is mainly
on the unfolding activation energy barrels, which could
be estimated as 22 kJ-mol™. This information provides
clues to correlate the native conformations of
apoazurin with the crystalline structures.

There were two apoazurin forms co-crystallized.
In form 2 there were four hydrogen bonds among the
incorporated water molecule and residues of Gly* O,
His* N3, Cys'"? Sy and His'"” N3, which ligate to
copper in the holoprotein. From energy view hydrogen
stability than
hydrophobic interaction, as its high energy is, at least
in part balanced by the new hydrogen bond in its
unfolding state. However in the transition state, where
the hydrogen bonds caused by solvent hydration have
not formed, the

bond has less effect on protein

hydrogen bonds among the
incorporated water and amino acid residues should
strongly increase the unfolding activation energy.
Hence it is rational to correlate the less stable
and the stable
conformation N, as apoform 2. This correlation could
interpret the published data ™! well. Although the

hydrogen bond effect is addressed here, it does not

conformation N, as apoform 1

mean that it is the sole factor to make the large
difference between their unfolding activation energy.
The large arrangement of some residues, e.g. His117
etc, can also move its transition state. Unfortunately it
is not clear whether they increase or decrease the
transition state energy.

The fact of the argument on unfolding mechanism
for so long reflects the importance of forming some
methodologies to distinguish between intermediate
model and multiple conformation coexistence models.
For denaturant-induced unfolding process, one
characteristic of the two-state transition is that the
spectra in different denaturant concentrations share an
isosbestic or isodichroic point®. Another version for
this understanding is that the spectrum in each state
can be simulated by linear summation using the native
and fully unfolded protein spectra. If protein unfolds
with two step transition while the middle state has its
characteristic spectrum, the unfolding mechanism with

an intermediate on/off its pathway can be drawn

firmly;  otherwise, the possibility of multiple
conformation mechanism must be considered. From
kinetic view if unfolding gives more than one
relaxation phase, the time-resolved spectrum should be
recorded. If this time-resolved spectrum can be
simulated from that of native and denatured state,
similarly, parallel unfolding mechanism caused by

multiple conformation coexistence should be checked.
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