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a  b  s  t  r  a  c  t

The  photo-activated  adenylate  cyclase  (nPAC)  protein  from  the amoeboflagellate  Naegleria  gruberi  NEG-M
strain consists  of  a  BLUF  domain  (sensor  of  blue  light  using  flavin)  and  a cyclase  homology  domain  (CHD).
The  nPAC  thermal  stability  is  determined  by  its protein  unfolding  behavior  which  is  quantified  by  the
protein  melting  temperature  and  protein  melting  time.  The  protein  unfolding  in  nPAC  nano-clusters  in
aqueous  solution  at pH 7.5  is studied  by  light  attenuation  and  fluorescence  measurements.  The  temporal
behavior  of  protein  unfolding  (denaturation)  is  monitored  by  observation  of  spectral  changes  of  the  first
absorption  band  of  the  flavin  cofactor.  The  nPAC  unfolding  occurs  irreversible  in  a  bi-exponential  manner
(different  melting  time  constants  for  proteins  at nano-cluster  surface  and  in  nano-cluster  interior).  The
nPAC  apparent  melting  temperature  (there  half  of  the  proteins  are  unfolded)  is  determined  by light
attenuation  measurement  (light  scattering  increases  due  to coalescing  of unfolded  protein  nano-clusters)
in  the  non-absorbing  spectral  region  of  the  protein.  A measurement  standard  is  developed  employing  a
staircase  temperature  heating  and  cooling  profile.  High  thermal  stability  of  nPAC  nano-clusters  in  pH  7.5
aqueous  solution  was  found  with  an apparent  melting  temperature  of 60 ◦C.

© 2011 Elsevier B.V. All rights reserved.

rotein melting enthalpy
rotein melting entropy
ight attenuation
ight scattering
luorescence behavior
easurement standard of protein melting
emperature

. Introduction

Naegleria gruberi is a widespread free-living soil and freshwa-
er amoeboflagellate [1–4]. Different strains of N. gruberi exist
n the nature. Recently, the genome sequence of the N. gru-
eri NEG-M strain (ATCC 30224) [2] was determined and most
f the genes were annotated [5]. This amoeboflagellate contains
t least 108 cyclase genes. Four of them occur in combination
ith BLUF domains [5] (BLUF = sensor of blue-light using flavin)
aking them to putative photo-activated cyclases (PACs) which

atalyze light-controlled chemical reactions to form cyclic com-
ounds. One of these PACs, the soluble photo-activated adenylate

yclase nPAC (nPAC = Naegleria photo-activated cyclase, GenBank
ccession XP 002674372 and JF928492) causes blue-light regulated
yclic adenylyl monophosphate formation (cAMP) from adenosine

∗ Corresponding author. Tel.: +49 941 943 2107; fax: +49 941 943 2754.
E-mail address: alfons.penzkofer@physik.uni-regensburg.de (A. Penzkofer).

010-6030/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2011.09.024
triphosphate (ATP) [6].  The expression and purification of nPAC are
described in [7].  The photo-cycle dynamics of the BLUF domain of
nPAC in aqueous pH 7.5 phosphate buffer solution is presented in
detail in [7].  At room temperature nPAC in pH 7.5 buffer was  found
to be aggregated to nano-crystallites/nano-clusters (oligomeric
form) with color-center emission besides the fluorescence from
the flavin cofactor and the intrinsic fluorescence from tyrosine and
tryptophan residues [8].

Here the protein unfolding (denaturation) of nPAC is studied
in detail. The investigations were undertaken (i) to get informa-
tion on the thermal stability of this blue-light sensitive cyclase,
(ii) to study experimentally and theoretically the thermal unfold-
ing of proteins especially of irreversible denaturating proteins, and
(iii) to develop a measurement standard for the determination
of the apparent melting temperature of irreversible denaturating

proteins.

Thermal stability investigations on proteins are reviewed in
[9–13]. Regarding protein thermal stability characterization with
melting temperature and melting time determination one has to

dx.doi.org/10.1016/j.jphotochem.2011.09.024
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:alfons.penzkofer@physik.uni-regensburg.de
dx.doi.org/10.1016/j.jphotochem.2011.09.024
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istinguish between irreversible unfolding proteins and reversible
nfolding proteins:

(i) For irreversible protein unfolding the amount of unfolded
protein is time and temperature dependent. The melting tem-
perature, ϑm, where half of the proteins are unfolded depends
on the applied heating profile. One speaks of apparent melting
temperature to remind of its dependence on the measure-
ment procedure. The protein melting half-time, tm, (duration
needed to unfold half of the initially folded proteins) is well
defined at a fixed temperature. The temporal unfolding rela-
tion is given by N(t) = N(0) exp[− ln(2)t/tm] where N(t) and N(0)
are the number densities of folded proteins at times t and 0.
tm shortens with increasing temperature in an Arrhenius-type
manner.

ii) For reversible protein unfolding and refolding, there exists a
thermodynamic equilibrium between the folded und unfolded
protein states. The protein melting temperature, ϑm, is ther-
modynamic well defined as the temperature where under
steady-state conditions the number density N of native folded
proteins is equal to the number density U of unfolded pro-
teins, i.e. fraction of folded proteins, ff = N/N0 = 0.5 and fraction
of unfolded proteins, fun = U/N0 = 0.5 (N0 = N + U is total pro-
tein number density) [14–16].  At the melting temperature ϑm

– after equilibration – the rate of protein unfolding is equal
to the rate of protein refolding. The equilibrium formation
time, �m, at a fixed temperature is defined according to the
relation

N(t) − Neq = [N(0) − Neq] exp
( −t

�m

)

where Neq is the number density of unfolded proteins at equi-
librium. �m depends on the specific protein and decreases with
rising temperature.

Reversible thermal unfolding and refolding of proteins were
bserved for small proteins in [9,17].  It was observed for the glob-
lar proteins bovine serum albumin, RNAase and catalase within

 certain range of pH [18], and for the hyperthermophile protein
ac7d from Sulfolobus acidocaldarius in a pH range from 0 to 10
19]. Reversible unfolding and refolding of proteins at a fixed tem-
erature are often achieved with chemical denaturants like urea
r guanidinium chloride [10,20–22].  For refolding the denaturant
oncentration may  be decreased by dialyses or dilution.

The thermal protein denaturation is mostly irreversible because
f strong tendency of unfolded proteins to aggregate, chemically
eact, or degrade [9,23].  In the case of irreversible protein denatura-
ion, there is no existence of thermodynamic equilibrium between
olded and unfolded state. There is only a thermo-kinetic process
f protein unfolding.

The nPAC protein unfolding showed up in strong increase of
ight-scattering, in loss of the vibronic structure of the flavin cofac-
or S0–S1 absorption band, in a rise of the flavin fluorescence, and in

 decrease of the native protein (tyrosine, tryptophan) fluorescence.
he nPAC protein unfolding was found to be irreversible.

The protein unfolding (both reversible and irreversible) may  be
tudied and the protein melting temperature (reversible situation)
r the apparent melting temperature (irreversible situation) may  be
etermined by any process which changes in the changeover from
he native folded protein form to the denatured unfolded form.
pplied techniques for studying protein folding and unfolding are

emperature dependent measurements of the circular dichroism

16,17,24],  the optical rotation [25,26],  the ultraviolet absorption
25,27], the fluorescence [15,28],  the dynamic light scattering [29],
he static light scattering [30,31], and the viscosity [25], or the use
f differential scanning calorimetry [17,28,32,33].
hotobiology A: Chemistry 225 (2011) 42– 51 43

Theoretical considerations of reversible protein folding
[15,16,34–36], partial reversible and irreversible protein melting
[15,28,36], and irreversible protein unfolding [16,36] have been
undertaken. Theoretical predictions of the protein melting temper-
ature from the amino acid sequence have been reported [37–39].
The denatured protein may  be thermodynamically described as a
random coil [40], while detailed spectroscopic inspection reveals
the remaining of local amino acid residue–amino acid residue
interaction and some remaining sub-structure [40–45].

Here we  determine the apparent nPAC melting temperature
from light attenuation measurements for an applied temporal tem-
perature staircase profile. The applied measurement routine is
proposed as a standard for measuring the apparent melting tem-
perature of irreversible unfolding proteins.

The time dependence of the nPAC protein unfolding on the sam-
ple temperature, ϑ, is studied by measuring temporal absorption
spectra changes of the S0–S1 absorption band of the flavin cofactor
(loss of vibrational structure of absorption band with flavin release
from binding pocket).

2. Materials and methods

The heterologous expression of nPAC in Escherichia coli
was  described previously [7].  The nPAC protein comprises a
BLUF domain (consisting of 94 amino acids) with a flavin
molecule as cofactor (composition: 70% flavin mononucleotide
FMN, 30% flavin adenine dinucleotide FAD) and of a cyclase
homology domain (CHD consisting of 177 amino acids). The
total number of amino acids of the protein is 390. The molar
mass of the apo-protein is Mpr = 43 962 g mol−1 (see GenBank
XP 002674372 and JF928492). The nPAC protein was dissolved
in pH 7.5 aqueous buffer consisting of 10 mM NaH2PO4/Na2HPO4
and 10 mM NaCl. The nPAC number density of the samples
used for the measurements was N0 ≈ 4.3 × 1016 cm−3 (concentra-
tion C0 ≈ 7.1 × 10−5 mol dm−3). The samples were stored at −80 ◦C
after expression until measurements.

Transmission measurements were carried out with a spec-
trophotometer (Cary50 from Varian). For the determination of the
apparent melting temperature a temperature controlled absorp-
tion cell (type 165-QS from Hellma, Müllheim, Germany, light path
1 mm,  volume 160 �l) connected to a thermostatic water bath
with external circulation was  used in the spectrophotometer. The
applied temporal staircase temperature profile in the transmission
measurements is shown below in Fig. 2a. For the temporal protein
unfolding studies at fixed temperatures an ultra-micro-cell (type
105-QS from Hellma, width 1.5 mm,  length 3 mm,  height 5 mm,  fill
volume 20 �l) was set in the thermostatic water bath, and it was
periodically taken out for transmission measurements.

Attenuation coefficient spectra, ˛(�, ϑ) and cross-section spec-
tra, �(�, ϑ) (� is wavelength and ϑ is temperature), were calculated
from the measured transmission spectra, T(�, ϑ), by the rela-
tions ˛(�, ϑ) =− ln[T(�, ϑ)]/� and �(�, ϑ) = ˛(�, ϑ)/N0, where �
is the sample length and N0 is the total nPAC number density.
The attenuation coefficient  ̨ (attenuation cross-section �) is com-
posed of the absorption coefficient ˛a (absorption cross-section �a)
and the scattering coefficient ˛sca (scattering cross-section �sca)
according to  ̨ = ˛a + ˛sca (� = �a + �sca). The scattering coefficient
(cross-section) increases with the transfer from the folded pro-
tein state to the unfolded protein state if the protein unfolding
is accompanied with protein aggregation. The increase of light
attenuation will be used below to determine the apparent melting∫

temperature of nPAC. The absorption strength, �̄a = [�a(�)/�] d�,
remains approximately unchanged in the process of protein denat-
uration. The shapes of the flavin and apo-protein absorption spectra
change slightly with the protein unfolding. Especially the vibronic
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Fig. 1. (a) Attenuation cross-section spectra development, �(�), of nPAC during
thermal denaturation process. Applied heating profile is shown in Fig. 2a. Mea-
surement time positions and temperatures are given in legend. (b) Absorption
cross-section spectra, �a(�), of native nPAC (solid curve) and of denatured nPAC
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dashed curve). For comparison, the absorption cross-section spectrum of FMN  in
queous solution at pH 7 is included (from [52]).

tructure of the S0–S1 absorption band of flavin is smeared out in
he unfolded state. The loss of vibronic absorption structure will
e used below to study the temporal development of the protein
nfolding at selected sample temperatures.

Fluorescence emission spectra and fluorescence excitation spec-
ra were recorded with a fluorimeter (Cary Eclipse from Varian)
efore and after thermal protein denaturation. Magic angle con-
itions were applied for the fluorescence recording (vertical
olarized excitation, and orientation of the fluorescence detection
olarizer at an angle of 54.7◦ to the vertical [46]). The spectra were
orrected for the spectral sensitivity of the spectrometer and the
hoto-detector [47,48].

. Results

.1. Apparent melting temperature determination

Attenuation cross-section spectra, �(�), of nPAC measured at
ifferent temperatures and times are shown in Fig. 1a. The applied
emporal staircase temperature profile is depicted in Fig. 2a. In the
avelength range � > 520 nm absorption is negligible and the atten-
ation is solely determined by light scattering. In the wavelength
egion from 520 nm to 320 nm the absorption is caused by flavin
ofactor excitation. For � < 320 nm the amino acids, mainly trypto-
han (1 Trp per protein) and tyrosine (11 Tyr per protein), and the
avin cofactor contribute to the absorption.

For a freshly thawed nPAC sample (time t = 0, thin solid curve
n Fig. 1a) at room temperature a weak Rayleigh light scat-
ering is already present (e.g. �sca(632 nm)  = 2.16 × 10−18 cm2)
ince nPAC does not thaw to monomers but forms nano-clusters

aggregates/nano-crystallites) [8].  The vibronic structure of the
rst absorption band of flavin (400 nm < � < 500 nm)  is indicative
f holding the flavin in the BLUF domain binding pocket [7].
eating up to 50 ◦C in a time period of 30 min  did not change
hotobiology A: Chemistry 225 (2011) 42– 51

appreciably the attenuation spectrum (dashed curve in Fig. 1a,
only slight increase in scattering, no change of vibronic struc-
ture of flavin S0–S1 absorption). The thin dotted curve in Fig. 1a
belonging to ϑ = 55 ◦C and t = 40 min  shows already an appreciable
increase of light scattering (e.g. �sca(632 nm)  = 6.05 × 10−18 cm2)
and reduced vibronic structure of the first flavin absorption
band. Increasing the temperature to 60 ◦C caused a steep rise
of light scattering (e.g. �sca(632 nm,  44 min) = 2.19 × 10−17 cm2,
�sca(632 nm,  46 min) = 3.81 × 10−17 cm2, �sca(632 nm,  48 min) =
5.05 × 10−17 cm2, �sca(632 nm,  50 min) = 5.81 × 10−17 cm2) and a
smoothening of the first flavin absorption band. The increase
in scattering shows a growth of protein aggregation. The
wavelength dependence of scattering is approximately given
by �sca(�) = �sca(�0)(�0/�)� with � = 4 for Rayleigh scatter-
ing and � < 4 for Mie  scattering whereby � decreases with
aggregate radius growth [49–51].  A smoothening of the first
flavin absorption band occurred due to cofactor release from
the BLUF domain binding pocket. Further increase of the
temperature caused a moderate increase of light scattering
(e.g. �sca(632 nm,  90 min, 70 ◦C) = 7.44 × 10−17 cm2, �sca(632 nm,
110 min, 90 ◦C) = 7.98 × 10−17 cm2) indicating a moderate growth
of aggregation. Cooling down of the sample did not reduce the light
scattering showing that the protein denaturation occurred irre-
versibly (e.g. after 24 h was  �sca(632 nm,  20 ◦C) = 8.42 × 10−17 cm2,
thick dash-dotted curve in Fig. 1a).

After 26 h the nPAC sample was  transferred to a fused sil-
ica ultra-micro cell (type 105-QS from Hellma) for fluorescence
measurements. This transfer initiated apo-protein sedimentation.
Within about 3 h light attenuation due to scattering strongly
decreased. The thick dotted curve in Fig. 1a shows the attenu-
ation coefficient spectrum at t = 45 h (42 h after heat treatment,
�(632 nm,  45 h, 20 ◦C) ≈ 4.19 × 10−18 cm2).

The extracted absorption cross-section spectra, �a(�), of nPAC
before heat treatment (t = 0, solid curve) and after denaturation
(t = 45 h, dashed curve) are shown in Fig. 1b (scattering contribu-
tions from curves in Fig. 1a are subtracted). For comparison the
absorption cross-section spectrum of FMN  (flavin mononucleotide)
in aqueous pH 7 solution is also shown (dotted curve, taken from
[52]). The long-wavelength-absorption tail of flavin in native nPAC
decreases steeper than the absorption tail of released flavin after
denaturation or of FMN  in aqueous solution. For � < 320 nm the
apo-protein absorption contribution of native nPAC is clearly seen.
For the denatured nPAC (t = 45 h) the apo-protein absorption is no
longer present because of apo-protein sedimentation.

The temporal development of the light scattering due to sample
heating and cooling at the fixed wavelength of � = 700 nm is shown
in Fig. 2. In part (a) the applied temporal temperature profile ϑ(t) is
depicted, part (b) shows the measured attenuation cross-sections
�(700 nm,  t), and part (c) shows the attenuation cross-section
derivative ∂�sca(700 nm,  t)/∂t. The sample was heated up in steps
to 60 ◦C where a strong rise in light scattering occurred due to
aggregation of unfolded (melted) protein. Then the temperature
was  decreased to 55 ◦C to check the reversibility. It turned out that
the light scattering (aggregation) continued to increase slightly,
which showed that the unfolding of nPAC was an irreversible
process. Following, the temperature was increased stepwise to
90 ◦C. Thereby the light-scattering continued to increase moder-
ately due to moderate cluster growth by aggregation. During the
next stepwise cooling down to room temperature the light scatter-
ing still increased slightly. The light attenuation behavior at 20 ◦C
was  observed over a period of 20 h (data not shown). In this time
period the light attenuation remained unchanged. The change of

the light-scattering versus time, ∂�sca(700 nm,  t)/∂t, for the applied
temperature profile of Fig. 2a shows a peak at t = 45 min  where
ϑ = 60 ◦C. This temperature is the apparent melting temperature
ϑm of nPAC for the applied heating profile. It should be noticed
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Fig. 2. (a) Applied heating and cooling staircase profile in nPAC denaturation pro-
cess. (b) Temporal development of scattering cross-section at 700 nm in the nPAC
d
s

t
d
o
u

p
d
f
d

F
a

enaturation process. (c) Time derivative, ∂�sca(700 nm)/∂t of scattering cross-
ection in nPAC denaturation process.

hat the temperature ϑm associated with the maximum of ∂�sca/∂t
epends on the shape of the applied temperature profile (maximum
f ∂�sca/∂t would occur at lower temperature for slower heating
p).

The scattering cross-section, �sca(700 nm), versus sample tem-
erature for the applied temporal temperature profile of Fig. 2a is
epicted in Fig. 3. The main protein unfolding in the time interval

rom 42 min  to 50 min  at ϑ = 60 ◦C is clearly seen. During cooling
own of the nPAC sample the light scattering did not decrease

ig. 3. Plot of scattering cross-section �sca(700 nm) of nPAC versus temperature of
pplied temperature profile of Fig. 2a.
Fig. 4. Fluorescence quantum distributions, EF(�), of nPAC before denaturation (a)
and  after denaturation (b) for fluorescence excitation at �exc = 270 nm.

showing the irreversible unfolding of nPAC in the heating process
(no decrease of degree of aggregation in the cooling process).

The fluorescence emission behavior of nPAC is shown in Fig. 4.
The fluorescence quantum distribution EF(�) is depicted, which is
defined as the ratio of the total intrinsic spectral density of emitted
photons, dnph,em(�)/d�, to the total number of absorbed photons,
nph,abs, at the excitation wavelength �exc [47,53,54].  The fluores-
cence excitation occurred at �exc = 270 nm.

In Fig. 4a EF(�) of native nPAC is shown before heat treat-
ment (t = 0). The corresponding fluorescence quantum yield,
	F =

∫
EF(�) d�, is 	F(t = 0) ≈ 0.042 with a contribution of 0.0365

from the apo-protein (mainly Tyr) and a contribution of 0.0055
from the flavin.

In Fig. 4b EF(�) of denatured nPAC is shown at time t = 45 h.
The total fluorescence quantum yield increased to 	F ≈ 0.173.
The apo-protein fluorescence contribution decreased strongly to
	F,apo-protein ≈ 0.005 due to apo-protein sedimentation out of the
excitation and detection volume. The fluorescence maximum
of the denatured nPAC apo-protein occurred at � ≈ 319 nm.  A
small fluorescence contribution from lumichrome is observed
(emission in region 400 nm to 470 nm,  quantum yield con-
tribution 	F,lumichrome ≈ 0.002). It was  formed by the heat
treatment. The dominant fluorescence quantum yield contribution
of 	F,flavin ≈ 0.165 comes from the flavin released from the BLUF
domain binding pocket. The flavin composition in native nPAC was
70% FMN  and 30% FAD (flavin adenine dinucleotide). The fluores-
cence quantum yields of FMN  and FAD in neutral aqueous solution
are 	F(FMN) ≈ 0.23 [52] and 	F(FAD) ≈ 0.033 [55].

Normalized fluorescence excitation spectra, E′
ex(�), [48] of

native nPAC (t = 0) and denatured nPAC (t = 35 h) are shown in
Fig. 5a and b, respectively. For native nPAC (Fig. 5a) fluorescence
detection at �det = 540 nm,  345 nm, and 310 nm resulted in the flu-
orescence excitation quantum distributions of flavin, tryptophan,
and tyrosine, respectively. For denatured nPAC (Fig. 5b) fluores-
cence detection at �det = 540 nm gave the fluorescence excitation

quantum distribution of released flavin in the aqueous pH 7.5 buffer
solution. Fluorescence detection at 440 nm revealed the fluores-
cence excitation quantum distribution of lumichrome [56]. The
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Fig. 6. Temporal development of nPAC protein unfolding. The absorption coeffi-
cient ratio 
a,456 nm versus heating time is depicted. The sample temperatures are (a)

◦ ◦ ◦
ig. 5. Fluorescence excitation spectra, E′
ex(�), of nPAC at selected fluorescence

etection wavelengths, �det, before denaturation (a) and after denaturation (b).
pplied heating profile is shown in Fig. 2a.

uorescence excitation spectrum obtained in the case of fluores-
ence detection at 340 nm is thought belong to the denatured nPAC
po-protein in solution.

.2. Temperature dependent temporal protein unfolding

The temporal development of the nPAC protein unfolding at
elected temperatures was determined from changes of the shape
f the S0–S1 flavin cofactor absorption band due to flavin release
rom the BLUF domain binding pocket. The vibronic structure
f the first absorption band of non-covalently bound flavin is
meared out by flavin release. The samples were thermostated
o fixed temperatures and absorption spectra were recorded
eriodically. As a parameter of the absorption spectra change the
bsorption coefficient ratio, 
a,456 nm = ˛a(456 nm)/˛a,lin(456 nm)
as used, where ˛a(456 nm)  is the measured absorption coef-
cient at 456 nm and ˛a,lin(456 nm)  is the linear interpolated
bsorption coefficient at 456 nm using the absorption peaks
t 442 nm and 466 nm.  This linear interpolated value is given
y ˛a,lin(456 nm)  = ˛a(442 nm)  + [(˛a(466 nm) − ˛a(442 nm))/
466 − 442)](456 − 442).

In Fig. 6 
a,456 nm is displayed versus heating time th for the sam-
le temperatures ϑ = 30 ◦C (a), 40 ◦C (b), and 50 ◦C (c). The inset in
ig. 6c shows part of the S0–S1 absorption spectrum of flavin in
PAC at th = 0 to illustrate ˛a(456 nm), ˛a(442 nm), ˛a(466 nm), and
a,lin(456 nm). The curves in Fig. 6a–c are nonlinear regression fits

o the experimental points using the functional dependence

a,456 nm(th) = 
a,456 nm(0) + �
a,456 nm

{
x1

[
1 − exp

(
−th

�m,1

)]

+ x2

[
1 − exp

(
−th

�m,2

)]}
(1)
here 
a,456 nm(0) is the absorption coefficient ratio of the unheated
ample (protein folded), �
a,456 nm = 
a,456 nm(∞) − 
a,456 nm(0)
s the difference in the absorption coefficient ratio between the
eated sample at th = ∞ (protein unfolded) and the unheated
ϑ  = 30 C, (b) ϑ = 40 C, and (c) ϑ = 50 C. The curves are fitted to the data points using
Eq. (1).  The inset in (c) shows the flavin cofactor absorption coefficient spectrum,
˛a(�), before sample heating (th = 0).

sample at th = 0 (protein folded), x1 is the mole-fraction of
nPAC protein molecules which unfold quickly with melting
time constant �m,1 (nPAC molecules forming the surface of
the nPAC nano-clusters), and x2 is the mole-fraction of nPAC
protein molecules which unfold slowly with melting time
constant �m,2 (nPAC molecules forming the interior of the
nPAC nano-clusters). The corresponding melting half-times
are tm,1 = ln(2)�m,1, and tm,2 = ln(2)�m,2. The obtained melt-
ing times are tm,1(30 ◦C) = 4.2 ± 1.4 h, tm,2(30 ◦C) = 330 ± 40 h,
tm,1(40 ◦C) = 0.5 ± 0.2 h, tm,2(40 ◦C) = 34.5 ± 5 h, tm,1(50 ◦C) =
3.7 ± 1 min, and tm,2(50 ◦C) = 2.1 ± 0.4 h. The ± values are estimated
uncertainties of the fitted tm,1 and tm,2 values.

The experimental melting times, tm,1 and tm,2, as a function of
temperature, ϑ, are shown in Fig. 7a as circles and dots. An exponen-
tial rise of tm,1 and tm,2 with decreasing ϑ is observed. A description
of the temperature dependence of the melting times is developed
in the discussion part and the theoretical fit curves are determined
there.

The two  dashed-line connected triangles in Fig. 7a show the
time positions, tm,sca, of maximum change of light scattering,
∂�sca(700 nm)/∂t|max, at ϑ = 50 ◦C and 60 ◦C due to protein aggre-
gation. They represent the nPAC nano-cluster melting half-times
determined by light-scattering studies.

4. Discussion

The applied staircase temperature profile of nPAC heating
resulted in fast protein unfolding at about 60 ◦C showing up in
strong increase of light scattering due to aggregation (coalescing
of nano-clusters), smoothening of the S0–S1 flavin absorption band
and increase of the flavin fluorescence due to flavin cofactor release.

In the following the protein aggregation is described by analy-
sis of the nPAC light scattering, and the kinetics of irreversible
protein unfolding is described with a thermal driven transition-
state-crossing reaction process. For comparison a short description
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Fig. 7. (a) Melting half-times, tm, of nPAC nano-clusters in pH 7.5 aqueous solu-
tion as a function of temperature, ϑ. Markers show experimental results, curves are
calculated fits (Eq. (11)). Circles: melting times, tm,1, of nPAC protein molecules at
nano-cluster surface. Dots: melting times, tm,2, of nPAC protein molecules in nano-
cluster interior. Triangles: melting times, tm,sca, of nPAC nano-clusters determined
by  light scattering (time positions of maximum ∂�sca(700 nm,  t)/∂t). (b) Gibbs free
energy of protein unfolding �Guf for nPAC molecules at nano-cluster surface (solid
curve) and in nano-cluster interior (dashed curve).

Table 1
Parameters of nPAC concerning protein unfolding.

Parameter Value Comments

Mpr 43962 g mol−1


pr ≈1.412 g cm−3 Typical value [56]
Naa 390
Vm,f ≈51.7 nm3 Eq. (2)
am,f ≈2.31 nm Eq. (2)
Vm,gy,uf ≈1678 nm3 Eq. (3)
am,gy,uf ≈7.35 nm Eq. (3)
am,uf ≈10.4 nm am,uf = 21/2am,gy,uf

Vm,uf ≈4750 nm3 Vm,uf = (4�/3)a3
m,uf

npr(700 nm)  ≈1.587 Typical value [58]
�R,m ≈1.77 × 10−21 cm2 Eq. (5b)
ϑm ≈60 ◦C Fig. (3), heating profile dependent
tm,1(20 ◦C) ≈42 h Fit curve in Fig. 7a
tm,2(20 ◦C) ≈250 d Fit curve in Fig. 7a
�Huf,1 ≈40.4 kcal mol−1 Fig. 7a and fit to Eq. (11)
�Suf,1 ≈54.88 cal K−1 mol−1 Fig. 7a and fit to Eq. (11)
�Huf,2 ≈48.26 kcal mol−1 Fig. 7a and fit to Eq. (11)
�Suf,2 ≈71.85 cal K−1 mol−1 Fig. 7a and fit to Eq. (11)

Abbreviations: Mpr, molar mass of nPAC apo-protein; 
pr, mass density of protein;
Naa, number of amino acids per nPAC protein; Vm,f, volume of folded nPAC monomer;
am,f, radius of folded nPAC monomer; Vm,gy,uf, gyration volume of unfolded nPAC
monomer; am,gy,uf, gyration radius of unfolded nPAC monomer; am,uf, radius of
unfolded nPAC monomer; Vm,uf, volume of unfolded nPAC monomer; npr, refractive
index of protein; �R,m, monomeric Rayleigh scattering cross-section of nPAC; ϑm,
apparent melting temperature of nPAC; tm,1, melting time of nPAC molecules at clus-
ter  surface; tm,2, melting time of nPAC molecules in cluster interior; �Huf,1, enthalpy
of  nPAC protein unfolding at cluster surface; �Suf,1, entropy of nPAC protein unfold-
i
�

o
r
t
s

sca m R,m
ng  at cluster surface; �Huf,2, enthalpy of nPAC protein unfolding in cluster interior;
Suf,2, entropy of nPAC protein unfolding in cluster interior.

f the thermodynamics of reversible protein unfolding and

efolding is included. Some parameters of nPAC involved in the
hermal denaturation and determined in the present denaturation
tudies are collected in Table 1.
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4.1. Protein aggregation during melting temperature
measurement procedure

The protein unfolding increases the protein size in the change
from a tightly packed globule structure to a random coil structure.
The volume of a native folded protein monomer molecule is given
by

Vm,f =
(

4�

3

)
a3

m,f = Mpr

NA
pr
(2)

where am,f is the folded protein monomer radius assuming glob-
ular (spherical) shape, Mpr is the protein molar mass, NA is the
Avogadro constant, and 
pr is the protein mass density. The param-
eters of nPAC are Mpr = 43 962 g mol−1 (molar mass of cofactor is
neglected) and 
pr ≈ 1.412 g cm−3 (typical value for proteins [57])
giving Vm,f ≈ 51.7 nm3 and am,f ≈ 2.31 nm.

The gyration volume of an unfolded (random coil) nPAC (protein
monomer) molecule is given by [42,58]

Vm,gy,uf =
(

4�

3

)
a3

m,gy,uf ≈
(

4�

3

)
(R0N


aa)3 (3)

where am,gy,uf is the unfolded molecule gyration radius,
R0 ≈ 0.208 ± 0.019 nm is a characteristic amino acid length,
Naa is the number of amino acids per protein, and 
 = 0.598 ± 0.029
is an exponential scaling factor. nPAC consists of 390 amino acids
giving an unfolded gyration radius of am,gy,uf = R0N


aa ≈ 7.35 nm
and a gyration volume of Vm,gy,uf ≈ 1678 nm3. The gyration radius

is defined as am,gy = (Im/Am)1/2 = [
∫ am

0
r22�rdr/(�a2

m)]
1/2 =

2−1/2am where Im is the second moment of area and Am is
the area. The unfolded monomeric nPAC radius is therefore
am,uf = 21/2am,gy,uf ≈ 10.4 nm and the corresponding volume
Vm,uf ≈ 4750 nm3.

The cluster volume of native folded nPAC with degree of aggre-
gation ˇm (ˇm = average number of proteins per cluster) is

Vag,f = ˇmVm,f (4a)

and the cluster radius is

aag,f = ˇ1/3
m am,f (4b)

The cluster volume of an unfolded nPAC with sufficiently large
degree of aggregation ˇm is thought to be

Vag,uf ≈ ˇmVm,gy,uf (4c)

and the corresponding aggregate radius is thought to be

aag,uf ≈ ˇ1/3
m am,gy,uf (4d)

In Eqs. (4c) and (4d) the unfolded monomer gyration volume and
the unfolded monomer gyration radius are used in an approximate
manner for the full unfolded cluster volume and the full unfolded
cluster radius instead of the total unfolded monomer volume and
radius since the random-coil unfolded proteins are entangled and
intermixed lowering their size. In Fig. 8a a folded protein monomer,
in Fig. 8b a random-coil unfolded protein monomer, and in Fig. 8c a
random-coil unfolded protein aggregate (trimer) are sketched for
illustration of the discussed situation.

The scattering cross-section, �sca, of a single protein molecule
in a cluster consisting of ˇm protein molecules (ˇm is degree of
aggregation) is given by [49]

� = ˇ M̃� (5a)
with the total Mie  scattering function, M̃,  and the single monomeric
protein molecule Rayleigh scattering cross-section, �R,m, (�R,m
is the same for folded and unfolded protein) which is given
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s
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s
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s

)2

(5b)

hereby ns is the refractive index of the solvent (water buffer)
t wavelength �, and npr the refractive index of the protein at
avelength �. At � = 700 nm (see Figs. 2 and 3) the refractive

ndices are ns = 1.330 and npr ≈ 1.587 [59], and Eq. (5b) gives
R,m ≈ 1.77 × 10−21 cm2 for the monomer Rayleigh scattering
ross-section of nPAC in aqueous solution.

The development of the nPAC scattering cross-section �sca

f Fig. 2b is caused by aggregation (increase of ˇm) due to
oalescing of unfolded protein clusters in the protein melting pro-
ess. The corresponding development of the aggregation factor,
mM̃ = �sca/�R,m, is depicted in Fig. 9a. The in vitro native protein
ggregation factor is of the order of ˇmM̃ ≈ 500. During protein
nfolding (protein melting) at ϑm = 60 ◦C in the time interval from
2 min  to 50 min  the aggregation factor increased up to ˇmM̃ ≈
6 300. In heating up to 90 ◦C (t = 110 min) the aggregation factor

ncreased to ˇmM̃ ≈ 37 000. In the cooling down process to 20 ◦C
he aggregation slowly continued to increase to ˇmM̃ ≈ 39,  000
t = 210 min).

The total Mie  scattering function M̃  decreases with aggre-
ate radius (destructive interference reduces light scattering). The
ependence of M̃ on the aggregate (cluster) radius aag is shown by
he solid curve in Fig. 10.  The functional dependence of M̃(aag) is
iven in [49] (Eq.(16) there). The aggregate volume, Vag, increases
ith the degree of aggregation according to Vag = (4�/3)a3

ag =
mVm = ˇm(4�/3)a3

m. For the folded protein it is ˇm,f = (aag/am,f)3,
nd for the unfolded (random coil) protein it is ˇm,uf = (aag/am,gy,uf)3.
hese degrees of aggregation of folded and unfolded nPAC versus
luster radius aag are included in Fig. 10.

The dependence of M̃ on the aggregation factor, ˇmM̃ =

sca/�R,m, for the folded nPAC and the unfolded nPAC is shown

n Fig. 11a. It is obtained by re-plotting of M̃(rag), ˇm,f(rag), and
m,uf(rag) from Fig. 10.  In Fig. 11b the degrees of aggregation, ˇm,f
nd ˇm,uf, of nPAC versus the aggregation factor, ˇmM̃ = �sca/�R,m,
 protein monomer, and (c) random-coil unfolded protein aggregate (trimer).

are shown. At a fixed value of �sca/�R,m the corresponding degree
of aggregation of unfolded nPAC is larger than of folded nPAC since
the aggregate size of the unfolded protein is larger and therefore M̃
smaller (more effective destructive interference).

Knowing the dependence of ˇm(ˇmM̃) = ˇm(�sca/�R,m) from
Fig. 11b the dependence of development of ˇm in the nPAC ther-
mal  unfolding process gets accessible from Figs. 9a and 11b. It is
depicted in Fig. 9b. In the heating process up to 90 ◦C and the cool-
ing process back to room temperature the degree of aggregation
increased from initial ˇm,f ≈ 500 to final ˇm,uf ≈ 8 × 106. The aver-
Fig. 9. Development of (a) aggregation factor, ˇmM̃ = �sca/�R,m, and (b) of degree
of  aggregation (number of protein molecules in cluster), ˇm, versus time for tem-
perature profile of Fig. 2a.
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Fig. 10. Dependence of total Mie  scattering function M̃ (solid curve), of degree of
aggregation ˇm,f of folded nPAC (dashed curve), and of degree of aggregation ˇm,uf

of unfolded nPAC (dash-dotted curve) on the aggregate (cluster) radius aag. The M̃
curve  applies to wavelength of � = 700 nm and solvent refractive index of ns = 1.330.

Fig. 11. Total Mie  scattering function M̃ (a) and degree of aggregation ˇm (b) for
f
a

4

c
f
a

N

olded nPAC (dashed curves) and unfolded nPAC (solid curves) as a function of the
ggregation factor ˇmM̃ = �sca/�R,m at wavelength of � = 700 nm.

.2. Thermodynamics of reversible protein unfolding

In the case of reversible protein unfolding under steady-state
onditions there exists a thermodynamic equilibrium between the
olded native state N and the unfolded state U [15,28,32–34,36,40]

ccording to the equilibrium reaction

kuf�
kf

U (R1)
hotobiology A: Chemistry 225 (2011) 42– 51 49

with the N and U number density relation

dN

dt
= −kufN + kfU = −dU

dt
= 0 (6)

giving the unfolding equilibrium constant

Kuf = U

N
= kuf

kf
= exp

(
− �Guf

NAkBϑ

)
= exp

(
−�Huf − ϑ�Suf

NAkBϑ

)

= fuf

1 − fuf
(7)

kuf is the uni-molecular rate-constant of protein unfolding, and kf is
the uni-molecular rate-constant of protein refolding. fuf is the mole-
fraction of unfolded proteins, and ff = 1 − fuf is the mole-fraction of
folded proteins. �Guf is the Gibbs free energy, �Huf the enthalpy,
and �Suf the entropy of protein unfolding. NA is the Avogadro con-
stant, kB is the Boltzmann constant, and ϑ is the temperature in
Kelvin. The protein melting temperature, ϑm, is defined by the con-
dition Kuf = [U]/[N] = 1, which implies �Guf = 0 and ϑm = �Huf/�Suf
[34,60].

Reversible protein unfolding rarely occurs [9,17–19]. It may  be
observed when the proteins are present in monomeric folded form
in the solution under investigation. In this case only very weak
monomeric protein Rayleigh scattering takes place and does not
change by unfolding of the protein. The speed of steady-state for-
mation is protein and solvent dependent and increases with rising
temperature. Correspondingly the time duration of steady state for-
mation depends on the special protein and decreases with rising
temperature.

4.3. Dynamics of irreversible protein unfolding

In our case, the native folded nPAC in aqueous solution at pH
7.5 was  packed to nano-crystallites/nano-clusters. The thermal
protein unfolding in the nano-clusters to random-coils entangled
the individual random-coil protein molecules in the clusters to an
intermixed random-coil cluster which was  not able to disentangle
to folded protein molecules packed in nano-crystallites/nano-
clusters by decreasing the temperature. The thermal protein
unfolding in the protein melting process was irreversible. The pro-
tein molecule unfolding started at the nano-cluster surface with
faster rate due to free space to expand and due to interaction with
the solvent, and it evolved to the interior with slower rate. The clus-
ters of unfolded nPAC coalesced to larger clusters of micrometer
size.

The dynamics of irreversible protein unfolding may  be described
by the reaction [36]

Ni

Kuf,i−→Ui (R2)

where the index i = 1 stands for surface nPAC molecules and i = 2
stands for interior nPAC molecules. The time derivatives of the
number densities, Ni, of native folded protein is given by

dNi

dt
= −kuf,iNi (8)

The solution of Eq. (8) is:

Ni(t) = N0xi exp(−kuf,it) = N0xi exp

(
−t

�uf,i

)
(9)
where x1 is the fraction of nPAC molecules at the nano-cluster
surface, x2 is the fraction of nPAC molecules at the nano-cluster
interior. kuf,i are the rate constants of protein unfolding, and �uf,i
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re the time constants of protein unfolding. The rate constants of
rotein unfolding are approximately given by

uf,i = k0 exp

(
− �Guf,i

NAkBϑ

)
≈ kBϑ

h
exp

(
−�Huf,i − ϑ�Suf,i

NAkBϑ

)
(10)

here h is the Planck constant, kB is the Boltzmann constant, and
0 is the pre-exponential factor. In Eq. (10) the relation k0 ≈ kBϑ/h
=6.1 × 1012 s−1 at ϑ = 293 K) is used for the pre-exponential fac-
or (attempt frequency of transition state barrier crossing) of the
rrhenius type relation of transition state crossing [61]. k0h is the
verage energy of the vibration that leads to the unfolding at the
ransition state. This energy at temperature ϑ is the thermal energy
Bϑ of the transition state crossing vibrational mode. It should be
oted the Gibbs free energy �Guf,i depends only slightly (logarith-
ically) on the pre-exponential factor.
The rate constant of unfolding of protein species i is related to

he melting time or half-life, tm,i [60] of unfolding 50% of protein
pecies i by (see Eq. (9))

m,i = ln(2)
kuf,i

= ln(2)�uf,i ≈ h  ln(2)
kBϑ

exp

(
�Huf,i − ϑ�Suf,i

NAkBϑ

)
(11)

n the experiments tm,i was determined (see Fig. 7a). A fit of Eq.
11) to the experimental melting times tm,i(ϑ) gives values for the
nthalpy �Huf,i and the entropy �Suf,i of protein unfolding. Analyt-
cal formulae for the thermodynamic parameters, �Huf,i and �Suf,i,
re

Huf,i = ϑ1ϑ2

ϑ1 − ϑ2
NAkB ln

(
tm,i(ϑ2)ϑ2

tm,i(ϑ1)ϑ1

)
(12a)

Suf,i = NAkB

ϑ1 − ϑ2

[
ϑ1 ln

(
h

kBϑ1tm,i(ϑ1)

)

−ϑ2 ln

(
h

kBϑ2tm,i(ϑ2)

)]
(12b)

he best fitting enthalpy and entropy values to the tempera-
ure dependence of the melting times in Fig. 7a are �Huf,1 ≈
69.09 kJ mol−1 (40.4 kcal mol−1) and �Suf,1 ≈ 229.73 J K−1 mol−1

54.88 cal mol−1) for nPAC melting at the nano-cluster sur-
ace, and �Huf,2 ≈ 202 kJ mol−1 (48.26 kcal mol−1) and �Suf,2 ≈
00.75 J K−1 mol−1 (71.85 cal mol−1) for nPAC melting in the nano-
luster interior. The functions �Guf,1(ϑ) and �Guf,2(ϑ) for nPAC are
hown in Fig. 7b.

The nano-crystallite/nano-cluster form of thawed nPAC gives
hese proteins a very high thermal stability. As seen from the curves
n Fig. 7a at 20 ◦C the nPAC molecule unfolding at the cluster surface
as a half-time of tm,1 ≈ 42 h while the complete protein unfold-

ng in the cluster has a half-time of tm,2 ≈ 6000 h = 250 d. The BLUF
omain photo-cycle dynamics of nPAC could be conveniently stud-

ed at room temperature in [7] because of the slow nPAC protein
elting time in the nano-clusters.

. Conclusions

The thermal protein unfolding of nPAC in aqueous solution at pH
.5 was studied by stepwise sample heating and recording of trans-
ission spectra (steps of 10 ◦C every 10 min  in intervals of small

ransmission changes and steps of 5 ◦C every 10 min  in intervals
f strong transmission change). The light attenuation in the non-
bsorption region of the protein was applied for the determination

f the apparent protein melting temperature ϑm.

Since nPAC dissolved only to oligomeric nano-clusters the pro-
ein unfolding occurred in an irreversible manner and the time
onstant of nPAC unfolding at the cluster surface was  shorter than

[
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in the cluster interior. The nano-clustering made nPAC thermally
very stable. The unfolded random-coil-like nano-clusters coalesced
to micro-clusters with strong increase of light scattering. In the
denaturation (unfolding) process the flavin cofactor of nPAC was
released from its binding pocket with strong increase of fluores-
cence emission.

While for reversible unfolding proteins a melting temperature,
ϑm, is well defined by the temperature where under steady-state
conditions the fraction of unfolded proteins is 50% (there the rates
of unfolding and refolding are equal), this is not the case for irre-
versible unfolding proteins. For irreversible unfolding proteins only
an apparent melting temperature is measurable which depends on
the applied temperature heating profile. In this paper a heating
and cooling temperature profile has been applied and the protein
denaturation was followed by light attenuation measurements.
The applied measurement scheme may be applied as a general
measurement standard of melting temperature determination of
irreversible denaturating proteins or DNA samples.
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