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Abstract

Optical spectroscopic properties of the covalently linked chromophores of biliproteins are profoundly influenced by the state of the protein. This has
been used to monitor the urea-induced denaturation of C-phycocyanin (CPC) from Mastigocladus laminosus and its subunits. Under equilibrium
conditions, absorption, fluorescence and circular dichroism of the chromophores were monitored, as well as the circular dichroism of the polypeptide.
Treatment of CPC trimers (af3); resulted first in monomerization («f3), which was followed by a complex unfolding process of the protein. Loss of
chromophore fluorescence is the next process at increasing urea concentrations; it indicates increased flexibility of the chromophore while maintaining
the native, extended conformation, and a less compact but still native-like packing of the protein in the regions sampled by the chromophores. This was
followed by relaxation of the chromophores from the energetically unfavorable extended to a cyclic-helical conformation, as reported by absorption and
CD in the visible range, indicating local loss of protein structure. Only then is the protein secondary structure lost, as reported by the far-UV CD.
Sequential processes were also seen in the subunits, where again the chromophore—protein interactions were reduced before the unfolding of the protein.
It is concluded that the bilin chromophores are intrinsic probes suitable to differentiate among different processes involved in protein denaturation.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Folding of proteins encompasses an enormous reduction of
the conformational space: from a multitude of largely unstruc-
tured macroscopic conformations in the unfolded state, the
protein is transformed to a single, sometimes few, highly struc-
tured conformer(s) that exhibit only local structural fluctuations.
Folding is cooperative, and can in the extreme be treated by a
two-state model of the folded structure and the equilibrated
ensemble of unfolded conformations. Folding intermediates
have been characterized, however, for many proteins both under
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equilibrium conditions and in kinetic experiments (see [1-4]). In
many cases, folding to the correct native conformation does not
require any cofactors, even though it is in vivo frequently
assisted by helper proteins [5,6].

Folding and unfolding of proteins can be followed by the use
of local intrinsic or extrinsic probes, more global structural
parameters can be probed by e.g. the far-UV circular dichroism
(CD) [7,8]. The majority of detailed data on protein folding and
unfolding is derived from a relatively small number of proteins,
notably globular, water-soluble proteins. In the case of heme
proteins, e.g. cytochrome ¢ (Cyc), a wealth of information has
been obtained from spectral changes of the covalently bound
heme-chromophore. High-resolution optical and Mdssbauer
spectroscopy also served to substantiate and critically evaluate
the conformational landscape of folded proteins [9—12]. Due to
the short lifetime of heme excited states, optical bands are broad,
however, and high-resolution spectra require removal or
replacement of the central Fe [13].
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Phycobiliproteins consist of a central globin domain to which
the chromophores are bound, and a two-helix domain that
mediates aggregation of «- and P-subunits [14—17]. The
cofactors are covalently bound via thioether bonds as in Cyc,
but they are, in contrast to the macrocyclic Fe-porphyrin, metal-
free linear tetrapyrroles. C-phycocyanin (CPC) carries three
phycocyanobilin (PCB) chromophores in the heterodimeric
(ap) protomer, at cysteines a-84, 3-84 and B-155 [18]. Except
for a small red shift due to the loss of one conjugated double-
bond, covalent binding to the protein does not affect per se the
spectral properties of the chromophore: the absorption, fluores-
cence and CD spectra of denatured biliproteins resemble those of
free bilins, with a flexible, cyclic-helical conformation [19,20].
However, absorption, fluorescence and CD of the chromophores
are strongly modified in the native protein. The fluorescence
yield is increased by three orders of magnitude, the absorption in
the visible range by a factor of 5—8, and the intensity of the CD
signal about doubled; there are also both batho- and hypso-
chromic shifts in the maxima spanning nearly 100 nm [21].
These properties, which prevail only in the native protein, render
the biliproteins excellent light-harvesting pigments in cyano-
bacteria, red-algae and cryptophytes [18,22—-24].

By the same token, the chromophores can be seen as
sensitive probes for the state of the protein [25-31]. CPC is
reversibly unfolded with urea or guanidinium chloride. This
process can be monitored not only by far-UV spectroscopy, but
very sensitively by absorption, fluorescence and CD in the
visible range, using the native chromophore as a probe. The
situation is complicated, however, by the aggregation of the a-
and P-subunits to monomers (heterodimers, af3) and trimers
(heterohexamers, osf33), in the presence of linkers even to
higher aggregates [27]. In order to separate these effects, we
have carried out a characterization of the spectral properties of
CPC from Mastigocladus laminosus (Fischerella PCC7603) in
the trimeric, monomeric and denatured states, and of the
subunits in the native and denatured states. This basis set was
then used to follow the unfolding of the protein with urea under
equilibrium conditions. The data indicate a sequential process
by which first the rigidity of the chromophore is decreased, then
its energetically unfavorable conformation relaxed, and only in
the last step the secondary structure of the protein was lost. They
serve, at the same time, to identify spectral fingerprints by
which the aggregation state can be monitored spectroscopically.

2. Materials and methods
2.1. Phycocyanin and subunits

M. laminosus (Fischerella PCC7603) was cultivated in Castenholz Medium
[32] at 50 °C under green light, harvested after ~4 weeks with a Padberg
centrifuge; the cells were stored at —20 °C. CPC was isolated by adaptation of the
methods of [33—35]. Thawed cells were washed twice with potassium phosphate
buffer (KPB, 900 mM, pH 7) and centrifuged at 1100 *g for 10 min. The washed
cells were resuspended in the same buffer (= 1 ml/g wet cells), and broken by 2
passages through a French Press (13.8* 10° Pa). The suspension was incubated
with N,N-dimethyldodecyamin-N-oxide (LDAO, 2%, 1 h, ambient temperature)
and centrifuged twice (47,000 *g, 17 °C, 20 min; then 150,000 *g, 17 °C,
30 min). The resulting supernatant was applied to a sucrose step-gradient (15%/
25% w/v) in KPB (900 mM, pH 7) and centrifuged (300,000 *g, 17 °C, 18 h). The

phycobilisome (PBS) pellet was washed with KBP (900 mM, pH 7; 22,000 *g,
17 h), and then resuspended in distilled water for disaggregation. The resulting
phycobiliprotein solution was desalted (Sephadex G25, KPB (5 mM, pH 7)), and
fractionated over a DEAE-cellulose column (DE52, Whatman, KPB 5—-200 mM,
pH 7). Fractions were pooled according to their UV—Vis absorption spectra,
precipitated by (NH4)SO4 (70% w/v), and stored at 6 °C. For removal of linker
proteins, the suspension was centrifuged (26,000 *g, 30 min), the pellet
resuspended in distilled water, and desalted over Sephadex G25. After addition of
solid urea (4 M), the solution was kept for 1 h at room temperature,
chromatographed over a Sepharose (Amersham Pharmacia Biotech) column
(KPB, 50 mM, pH 7), and then desalted and precipitated as before. a- and -
subunits were isolated by isoelectric focusing according to [36]. Purity of the
proteins was controlled by SDS-polyacrylamide gel electrophoresis [37], gels
were stained first with Zn>* for fluorescence detection of proteins with covalently
bound bilins [38], and subsequently with Coomassie blue.

2.2. Spectroscopy

UV-Vis spectra were recorded with a model UV-2401 PC spectro-
photometer (Shimadzu, Duisburg), CD spectra with a model CD6 (Jobin
Yvon/Horiba, Miinchen) spectropolarimeter, and fluorescence spectra with a
model Spex Fluorolog 1680 (Jobin Yvon/Horiba, Miinchen).

Extinction coefficients: The extinction coefficient of native CPC was calculated
relative to the known one in acidic urea (354 mM ' cm™ ' at 660 nm [39,40].
Aliquots from a stock solution were diluted 1:9 with either KPB (50 mM, pH 7.7),
or with an acidic urea solution (9 M, pH 1.9) in KPB (50 mM), and the absorption
spectra recorded. Based on the extinction coefficient of native CPC, those in -8 M
urea were then determined by 1:9 dilution of the stock solution with the appropriate
aliquots of KPB (50 mM, pH 7.7) and the same buffer containing urea (9 M).

2.3. PC dissociation and denaturation under different parameters

Buffer concentration: The CPC stock solution (1.7* 10~> M) in KPB (1 mM,
pH 7) was diluted 1:10 with appropriate aliquots of KPB (1000 mM, pH 7) and
distilled water to final KBP concentrations of 1-900 mM. Spectral changes were
followed by absorption, CD and fluorescence spectroscopy.

Protein concentration: The CPC stock solution in distilled water was diluted
1:9—1:21. Spectral changes were followed by Vis-CD derivative spectroscopy.

Urea: Stock solutions of integral CPC or its subunits were diluted 1:9, but
with KPB of different concentrations (3, 50 or 300 mM, pH 7) to final urea
concentrations of 0—8 M. Spectral changes were followed by absorption, CD
and fluorescence spectroscopy.

Data were analyzed with Origin V 7.0 (OriginLab Co., Northampton). Spectra
were smoothed by multiple point averaging. The native fraction of the protein,
Hpatives during titrations with urea was then calculated according to 72,,4ve =(4o - A)/
(Ao—Ag), where A4 is the amplitude of the native protein (0 M urea), 4g is the
amplitude in 8 M urea, and 4, is the amplitude in x M urea. The amplitudes were
taken at the absorption maximum, the positive extremum of the Vis-CD at
2.~600 nm, the emission maximum at A ~635 nm, and the UV CD at 222 nm.
The resulting normalized titration curves were fitted with the logistic function: y=
(Ao—Ag)/ (1+(x/x0)"p), where x, is the inflexion point, and p the slope at the
inflexion point. The dissociation of CPCy; to CPC,p00 Was followed by Vis-CD
difference or derivative spectroscopy (see text). Secondary structure was calculated
from the UV CD spectra using CDPRO software (Version July 2001) [41-43]. The
fluorescence decrease during monomer formation was fit using the exponential
decay function y=y,+4e"* /" where y, is the offset, 4 the amplitude at the urea
concentration x x, the average of x, and # the decay constant. Free enthalpies for
folding in water, AG®,, were obtained from the titration curves according to
Schellman [44].

3. Results
3.1. Trimer—monomer equilibrium

At high phosphate concentrations, linker-free CPC is present
as trimers (a3 ); [25,45]. Dilution of the buffer to 30 mM results
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Fig. 1. Monomerization of phycocyanin trimer by reducing concentration of
buffer (A) and pigment (B). A: Ist derivative of the long-wavelength CD band of
phycocyanin (1.71 uM) in KPB (pH 7) 0of 900 MM (=), 30 mM KPB
(-e-2-2), 6.1 MM KPP (s0eeee) 3.1 MM KPP (- es-ee-ee) 1.1 mM KPP
(===== ), and of CPC,on0 in KPB (900 mM, pH 7) containing urea (4 M)
). B: Ist derivative CD spectra of phycocyanin in distilled water at
concentrations of 1.75 uM ( ), 1.3 UM (=se=-es=se), 1.06 UM
(~o-0-2),09 UM (seeeee)and 0.75 uM (- = = = = ).

only in insignificant changes, they become more distinct at
lower concentrations. There is in particular a long-wavelength
shoulder of the positive CD band (A,,x=627 nm) that is
characteristic for the trimer (see below). It disappears upon
dilution, which can be monitored with high sensitivity by
derivative spectroscopy (Figs. 1 and 2), by the increase at the
maximum (Fig. 2), and by difference spectra against the
900 mM solution (not shown). In all cases, the changes are
negligible down to 30 mM, but then increase sharply. Most
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Fig. 2. Monomerization of phycocyanin trimer by reducing buffer concentration.
CD intensity of the red maximum (H, ), and normalized amplitude (A A4/
AA) of the S-shaped CD difference spectrum (PCy; minus CPCppono) (@, 0 esese,
see inset Fig. 5) in dependence of the buffer concentration (KPB, pH 7).
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Fig. 3. Monomerization of phycocyanin trimer with urea. 1st derivative of the
long-wavelength CD band of phycocyanin (17 uM) in KPB (50 mM, pH 7)
containing urea at concentrations of 0 M ( ), 3 M (=se=-ss=-ss)
AM(===== Yand SM (- e-e-s).

spectra in the following were obtained in 50 mM KBP, where
dissociation is still negligible.

The dissociation does not saturate at KBP concentrations
down to 1.1 mM, there is e.g. still a structured derivative
spectrum (Fig. 1A). Reduction of the buffer concentration is
therefore not sufficient to induce complete dissociation of the
trimer («3)3 to the monomer (a3). This is even true if also the
CPC concentration is reduced to 0.75 pM by dilution with
water, where the spectra become already very noisy (Fig. 1B).
In order to induce complete dissociation, increasing amounts of
urea were added to trimeric CPC in KPB (50 mM, pH 7). Under
these conditions dissociation is complete at cyea=4-5 M, if
judged from the CD derivative spectrum (Fig. 3). Since
unfolding begins at urea concentrations >4 M, a full char-
acterization of the monomer was done at 4 M urea. Both higher
and lower buffer concentrations destabilize the trimer (Fig. 4):
dissociation is complete already with 3 M urea in 3 mM KPB,
and almost complete in 300 mM KPB, while nearly 30% remain
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Fig. 4. Influence of urea and buffer concentration on the Vis-CD spectrum of
CPC. A: Difference spectra (x minus monomer) in KPB (300 mM, pH 7)
containing 0 M ( ), 1 M(-e=e=0e)2 M (-es-ee=-es)and 3 M urea
(s #=e+e). Amplitudes of the difference signal at KPB concentration of 300 mM
(B), 50 mM (C) and 3 mM (D).
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Fig. 5. Absorption, fluorescence and CD spectra of trimeric, monomeric and
denatured phycocyanin. CPCy; ( ) in KPB (50 mM, pH 7), CPCyono
(= === ) in the same buffer containing urea (4 M), and CPCyenaured (¢ * o),
in the same buffer containing urea (8 M). A: Absorption (heavy lines) and
fluorescence spectra (thin lines, Ae,, =400 nm), the fluorescence of CPCy; is
normalized to the absorption of CPCy;, the fluorescence of CPC,,,,, and
CPClenatured 18 scaled relative to the fluorescence of CPCy;. B: Vis-CD spectra.
All amplitudes refer to a single chromophore. The inset shows the CD difference
spectrum (PCy; minus CPC,on0) in the region of the long-wavelength band.

aggregated at this urea concentration in 50 mM KPB (Fig. 4),
the concentration used in all subsequent studies. It should be
noted that the spectra of monomers obtained with urea show
small, but distinct qualitative differences from those obtained in
its absence at very low CPC and buffer concentrations. The CD
maximum is red-shifted (613 vs. 610 nm in 4 M urea), and the
band is broader in 4 M urea. These differences cannot be
explained by incomplete dissociation, if judged from the CD
spectra, but rather reflect an influence of urea on the monomer
spectra [46—50]. Spectral changes induced at low urea
concentrations have been reported, too, for another CPC [30].
In the context of this work, these are second order effects,
however, which were not investigated further.

3.2. Spectral characterization of CPC

Based on the results described in the previous section,
quantitative absorption spectra, emission spectra, and quantita-
tive CD spectra were obtained for trimeric and monomeric CPC
in KPB (50 mM, pH 7) (Figs. 57, Table 1). The absorption
spectra of CPCy; and CPC,,,,,, are very similar, there is only a
slightly reduced absorbance and a minor hypsochromic shift of
the red band in the latter, both are comparable to the changes
reported for another CPC [30]. There are larger qualitative and
quantitative differences in the CD spectrum, most notably the
long-wavelength shoulder of the red band that is characteristic
for the trimer and has already been used to follow dissociation
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Fig. 6. Spectroscopic characterization of the a-subunit of phycocyanin in the
native state, Qagve (—) in KPB (50 mM, pH 7), and in the denatured state
Qldenatured (****+#) in the same buffer containing urea (8 M). A: Absorption
(heavy lines) and fluorescence spectra (thin lines, L., =400 nm), the fluorescence
of Atpative 18 normalized to the absorption of the native subunit, the fluorescence of
Oldenatured 18 Scaled relative to that of atagve. B: Vis-CD spectra.

(see above). As shown by the difference spectrum (inset Fig. 5),
it is part of an S-shaped signal that is superimposed, in the
trimer, on the featureless band of the monomer. The «-84 and
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Fig. 7. Spectroscopic characterization of the 3-subunit of phycocyanin in the native
state, Prative ( ) in KPB (50 mM, pH 7), and in the denatured state, 3genatured
(e« + « ) in the same buffer containing urea (8§ M). A: Absorption (heavy lines) and
fluorescence spectra (thin lines, A.,,=400 nm), the fluorescence of Ppave 1S
normalized to the absorption of 3 ,ve, the fluorescence of B genarured 1 Scaled relative
to that of Bpasive- B: Vis-CD spectra. All amplitudes refer to a single chromophore.
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Table 1
Spectral characteristics of integral CPC and the a- and B-subunits in the native and urea-unfolded states
Protein Absorption Vis-CD Emission
Maximumy;g Maximumy,,, Positive extremum Negative extremum
'Imax [Ill’l’l] £ [M71 cm- 1] 'Imax [1’11’1’1] £ [M71 cm- 1] Q (AVis/Anuv) 'Imax [nm] AE [M71 Cmil] lmin [nm] AE M= 1 em=1] /’Lmax [nm]
PCyi? 616618 97.300 361 14.300 6.8 600-602 81 342-345  —65 643-650
PCrono” 611-613 90.700 362 15.300 6.0 601/602 88 341/342 —65 642—-647
PClenatured  604/605 16.200 354-357 39.100 0.4 605/606 33 358-360 —35 _
Qnative 619 117.300 375 16.800 7.0 619 93 341 =53 639
Qdenatured 602-599 16.100 355/356 37.000 0.4 606 18 359 -23 _
B native 604/605 97.300 354/356 18.300 53 583 71 353 —43 644
B denatured 608/609 11.300 353/354 37.200 0.5 602 35 357 —40 _

All spectra in KPB (50 mM, pH 7), the spectra are shown in Figs. 5-7. All quantitative values refer to a single chromophore.
? The difference maxima of the CD spectra (monomer minus trimer) are located at 613 (+) and 637 nm (-).

(3-84 chromophores of adjacent monomers approach each other
in the trimer at a center-to-center distance of ~20 A [14]. We
take the S-shaped band as an indication for weak excitonic
coupling between these chromophores in the trimer that is lost
after dissociation [51].

Large quantitative differences between CPCy; and CPC o0
are also seen in the emission spectra; the fluorescence intensity
is reduced by 37% in the latter, with a concomitant blue shift
(AZ~2nm) (Fig. 5, Table 1). A major factor for fluorescence in
linear tetrapyrroles is the extent of conformational freedom:
when the latter is high, the fluorescence is low, and vice versa
[21,52,53]. The reduced fluorescence yield therefore indicates
an increased conformational freedom in the monomer, where
the chromophore becomes partly exposed to the solvent. An
additional factor might be local structural changes of the protein
near the chromophore(s) that do not significantly affect the
secondary structure (see below, analysis of the far-UV CD).

The third set of spectra shown in Fig. 5 was obtained in § M
urea. The loss of the far-UV CD signal, and of secondary
structure, saturates at ¢, > 7 M (see below), this is in agreement
with previous studies [19,54] that CPC from various cyano-
bacteria, including M. laminosus, is fully denatured at 8 M
urea. Pronounced changes of all spectra are seen under these
conditions, as compared to the native state, that have been
discussed already in some detail [21]. They include a nearly
complete loss of fluorescence, a strong absorption decrease in
the red spectral region, a moderate absorption increase in the
near-UV region, and a ~50% reduction of the chromophore-
related CD bands.

3.3. Steady-state spectra of subunits

PC consists of two subunits that were separated by isoelectric
focusing [36]. The a-subunit carries a single chromophore at
cysteine-84, the B-subunit two chromophores at cysteines-84
and -155. Full sets of spectra for the native and denatured «-
subunit are shown in Fig. 6, they have been obtained in KPB
(50 mM, pH 7) in the absence of urea, and in the presence of
8 M urea, respectively. The same set of spectra of the 3-subunit
is given in Fig. 7. The general features of the native vs. the
denatured spectra are similar among the subunits and to those of
monomeric vs. denatured CPC. Upon denaturation, there is

always a large decrease of the red absorption, a moderate
increase of the near-UV absorption, a reduction of the Vis-CD
band, and a loss of fluorescence as well as of the far-UV CD.
Notable differences of the a- vs. the 3-subunit are a red shift
and a narrowing of the long-wavelength absorption, fluores-
cence and CD bands of the former, and a larger decrease of
absorption of this band upon denaturation. A particular
difference is the structured CD of the long-wavelength band
of the B-subunit (Fig. 7), that is absent in the a-subunit (Fig. 6),
this feature has been reported before [55,56]. While the three
chromophores share extended geometries, the detailed con-
formations are different, in particular that of the one at cysteine-
155 [14-17], thus giving rise to different spectra [56,57].
Residual secondary structure at 8 M urea has been reported for
the B-subunit of an R-phycocyanin, as evidenced by residual
fluorescence [31], this is absent in all samples studied here, and
may reflect different protein stabilities.

3.4. Unfolding with urea

Using the spectra of the native and denatured CPC samples
as a base, the spectral changes were followed during stepwise
addition of urea using selected spectral features as probes. In the
case of integral CPC, only that part is shown where ¢yea>3 M,
corresponding to unfolding of the monomer. For the subunits,
the data are shown from c,..,=2-8 M, to avoid interference
from (dissociation) processes at lower concentrations ([31], see
also Discussion). The “characteristic traits” monitored in Fig. 8
were the amplitudes of the absorption, fluorescence and CD
signals of the red band, and of the far-UV CD signal at 222 nm.
In each case, these amplitudes were normalized, and the data
points were then fitted by a sigmoidal function (see Materials
and methods). The fit parameters are summarized in Table 2. In
each of the three proteins, the changes seen for the chromophore
occur at lower concentrations of urea than the changes of the
secondary structure of the protein (far-UV CD), this effect is
most pronounced in integral CPC. Secondary structure analysis
[41] of the latter indicates a decrease from the original 60%
a-helix, maintained up to ~5 M urea, to zero during this tran-
sition (Fig. 9). With the exception of the 3-subunit, there are also
distinct differences among the spectral traits of the chromo-
phores, viz. absorption, fluorescence and CD. In integral CPC,
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Fig. 8. Unfolding of CPC,,on0 (top), a-CPC (center) and B-CPC (bottom) in
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fluorescence (M, eeeeee) and CD (¥, = = = = = ) of the long-wavelength band,
and of the far-UV CD (@, - » - « - ¢). Symbols indicate measured values, and
lines the sigmoidal fits.

the fluorescence decreases already at lower urea concentrations
than the absorption and CD, whereas the CD change precedes
the fluorescence and CD in the a-subunit. In the latter, the
transitions are particularly broad, indicating sample heteroge-
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Fig. 9. Influence of urea on the secondary structure of CPC in KPB (50 mM,
pH 7). Fraction of a-helix (H, ) and of random structure (@, seesee), as
analyzed by SELCON [39-41]. Symbols indicate experimental values, and lines
the sigmoidal fits.

neity, and/or lower cooperativity than in the B-subunit and
Cpcmono~

Free enthalpy changes for protein folding in water (AG®°,)
were obtained from the individual titration curves assuming the
linear relationship AG®u,=AG°ta*cye, [44], where the
AG°e, are obtained from the equilibrium concentrations of
native and unfolded CPC at the different ¢, For the o-
subunit, the AG®,, for a folding range from —30.3 (absorption
monitored) to —18.9 kJ/mol (Vis-CD monitored), the values for
the B-subunit are in the same range; the folding enthalpies of the
monomer are consistently larger (Table 3). The latter can be
compared to values of AG®,, of —10 to —36.6 kJ/mol for a series
of CPC from cyanobacteria of various ecotypes [58]. Those
from thermophilic cyanobacteria were in the upper range;
M. laminosus belongs to this ecotype. Much smaller AG°,, were
obtained for the trimer. They are not included in Table 3,
however, because the multi-step titration curve clearly violates
the assumption of a two-state model.

4. Discussion
4.1. Monomer—trimer equilibrium

The unfolding of multimeric proteins has been investigated
under equilibrium conditions by titration with urea or guanidi-

nium chloride [47]. Multi-step processes have generally been
observed, in favorable cases dissociation of the subunits and

Table 2
Sigmoidal fit parameters for urea titration curves monitored with different spectral parameters, shown in Fig. 8
Protein CPCriono a-subunit 3-subunit
Fit parameter Xo P P Xo P

Curea [M] Curea [M]
Vis-CDnax 5.44+0.06 19.7+2.1 4.83+0.16 5.41+0.96 5.04+0.11 14.0+£5.6
Absorptionyis_max 5.53+0.05 25.1+2.6 5.05+0.05 9.68+0.85 5.12+0.05 15.1+£2.5
Emission,y 4.99+0.05 13.9+2.6 5.07+0.08 10.1£1.6 5.13+0.08 11.7+£2.3
UV CD22 nm 6.54+0.05 16.0+1.3 5.88+0.29 6.31+1.7 5.42+0.07 24.0+3.5

See Materials and methods for details of fitting.
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Table 3
Extrapolated free energy of folding in water, AG®°y,, of monomeric CPC, and of
the a- and B-subunits

Absorption Fluorescence Vis-CD UV CD
a-subunit 30.3+3.1 32.2+2.8 18.9+£2.0 21.5€2.8
{3-subunit 28.2+3.1 31.3+£3.2 19.9+6.9 22.3+5.3
Monomer 42.0+13.1 33.7+£2.8 (50.1) 359+2.8

Values were extrapolated from the urea titration curves, assuming a 2-state
model [44].

unfolding can be separated [3,59,60]. Such a process seems to be
valid in phycocyanin, where the first process at ¢, <4 M shows
the spectral fingerprints of dissociation, evidenced in particular
by the loss of the exciton couplet in CD, with no indication of a
concomitant loss of secondary structure (Fig. 9). While disulfide
bonds are absent in CPC [14—17], the case is complicated by the
presence of monomers (o) that can further aggregate to trimers,
hexamers and dodecamers [61]. Aggregation studies with CPC
from M. laminosus that was freed of linker proteins gave trimers
as largest aggregates [62,03]; all CPC samples used in the
present study had been freed from linkers [64]. Trimers are
therefore considered in the following as largest aggregates, and
the changes at c,..,<4 M assigned to their dissociation. The
clearest spectral fingerprint for this dissociation process is the
loss of the S-shaped exciton couplet in the CD spectrum (Figs. 1
and 5). Aggregation of monomers to trimers brings chromo-
phores a-84 and (3-84 on different monomers in close proximity
(center-to-center distance of 20-22 A), where weak excitonic
coupling is expected [25,57,65—67].

Dissociation of biliproteins is favored at low ionic strength of
the buffer (see [18,27,68—71]). However, while our trimer
spectra saturate at buffer concentrations =50 mM, no pure
monomer spectra could be obtained even in dilute solution in
water, as judged from the presence of a residual S-shaped CD-
feature which only vanishes in the presence of urea. Very high
buffer concentrations also seem to destabilize the aggregates, as
indicated by the dissociation studies shown in Fig. 4 with urea at
different buffer concentrations.

While the CD monitors well the loss of trimers, (af3)s, at
Curea=4 M, none of the spectroscopic methods used is capable
of monitoring the dissociation of monomers, af3, into the
isolated subunits (see [31] for an alternative). Steady-state
absorption, fluorescence and CD spectra of the subunits of CPC
[26] and the related phycoerythrocyanin [54] add up to the
spectra of the respective monomers. Evidence for the lack of
dissociation into subunits comes, however, from preparative
studies: both isoelectric focusing [36], and chromatography
[40,72,73], require 8 M urea to isolate subunits. We therefore
conclude that in the range of 0—4 M urea, at a buffer con-
centration of 50 mM, the predominant process is the dissocia-
tion of trimers into monomers.

The other major spectral change seen in this process is the
drop of fluorescence; the absorption shows only a minor shift.
Since the absorption is very sensitive to conformational changes
of the chromophores, which in turn are strongly coupled to the
conformation of the protein, the mean secondary structure must
remain unchanged during the process.

Dissociation can then be seen as a process that neither affects
significantly the protein nor the chromophore structure. The
only parameter that cannot be rationalized on this basis is the
reduction in fluorescence (Fig. 5, Table 1). In bile pigments,
restricted conformational dynamics is a major factor for the high
fluorescence [36,53,74], it has also been implicated in the high
fluorescence of native CPC [21,29]. Its reduction upon
dissociation then indicates that the chromophore gains con-
formational freedom. This is not accompanied by a change in
conformational equilibrium structure, as judged from the minor
changes in the absorption and, besides the loss of the exciton
couplet, in the CD spectra. The a-84 chromophore, from which
a large fraction of the fluorescence originates [25,54], is in the
contact zone between monomers and involved in inter-
monomer H-bonds in CPCy; [14—17]. At least in part, these
contacts then seem to contribute to the (functionally important)
reduced conformational freedom.

Aggregation also occurs with isolated subunits. Biliprotein
subunits dimerize readily, and monomers can only be stabilized
transiently [77]. In the B-subunit, monomerization is accom-
panied by a change on the long-wavelength side of the VIS-CD
band [75] and in fluorescence polarization [76]. None of the
four parameters tested indicates, however, a multi-step unfold-
ing with dissociation that precedes unfolding (Fig. 8), with the
possible exception of fluorescence of the a-subunit. Aggrega-
tion most likely involves the N-terminal X- and Y-helices
protruding from the globin-type structure, which are also
responsible for subunit aggregation to monomers (=hetero-
dimers) [75]. There is relatively little quantitative information
on the subject. Judged from a recent study with R-phycocyanin
R-subunit [31], homo aggregation is weaker and dissociation
occurs already at ¢y, <2 M. In summary, these data indicate
that at the onset of unfolding, CPC is present as a heterodimer
(ap), and the subunits as homodimers (a, or (3,).

4.2. Unfolding

In 8 M urea, the subunits of CPC are separated [36] and the
protein is unfolded [19] (see Fig. 9). The spectral changes
observed during the treatment with urea at concentrations
between 4 and 8 M then reflect two processes, dissociation of
subunits and unfolding. The individual curves for the four
spectral signatures, Vis absorption, fluorescence and CD, and
UV CD, could all be fitted well by a single-step sigmoidal
function (Fig. 8). These differ, however, in the urea concentra-
tions at the transition points: that of the far-UV CD signal,
which reflects the secondary structure of the protein, is at
considerably higher urea concentrations than those of signals
related to the native chromophore, and the latter also differ
among the different spectral signatures.

Absorption, fluorescence and CD monitor different proper-
ties of the chromophore: loss of fluorescence is caused by
increased conformational dynamics of the chromophore,
irrespective of its conformation [21,74,78,79], while vice
versa absorption and CD are sensitive to conformational
changes and are less affected by conformational dynamics as
long as the average conformation is retained [53,55,80]. Using
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these criteria, the loss of fluorescence at the lowest urea con-
centrations relates to increased conformational dynamics of the
chromophores, the subsequent absorption and CD changes in
the visible region relate to conformational changes of the
chromophore, likely together with conformational changes of
the nearby parts of the protein that do not affect significantly the
secondary structure; the latter only collapses at a further in-
crease of cyrea by 1 M (Fig. 9).

One of the unfolding steps may reflect subunit separation.
This is, however, unlikely for two reasons. Firstly, the
fluorescence yield of the subunits is only moderately reduced
compared to the monomer, while it decreases to zero already in
the first step of the urea titration. Secondly, the transition
concentrations for the fluorescence signal and UV CD signals
are also 1 M apart in the a-subunits. The process then includes
changes that are not directly related to subunit separation.
However, since the subunits unfold already at lower concentra-
tions than the monomer, the interactions then seem to persist up
to the loss of secondary structure monitored by the UV CD
signal (Figs. 8 and 9). We therefore conclude that neither the
loss of fluorescence, nor the subsequent relaxation of the
chromophore to the cyclic-helical one characteristic for free
bilins [21,55,56], reflects subunit dissociation, but rather
processes in individual subunits.

The different transition points are indicative of the presence
of two intermediates in the equilibrium unfolding of CPC. Both
have certain characteristics of the molten globule [2,81]. The
low-fluorescence, high-absorption intermediate that is formed at
low urea concentrations is reminiscent of the near-native molten
globule described for cytochrome ¢ or for anion-stabilized apo-
myoglobin at low pH [2,82—84]. The unchanged absorption and
Vis-CD then indicate that the extended conformation of the
chromophores and tertiary contacts are retained. The low
fluorescence indicates, on the other hand, that high-frequency
motions are allowed in this state that allow rapid intersystem
crossing. A similar softening of the protein, while maintaining
the chromophore conformation, has recently been reported for
the B-subunit of an R-PC [31].

In the next state, the chromophore absorption spectrum
indicates that it has relaxed from the extended to a cyclic-helical
conformation that is characteristic of denatured biliproteins
[21,52,53]. Indirectly, this indicates a loss of tertiary structure in
the regions sampled by the chromophores, while at the same
time the secondary structure (UV CD) is still near-native. This
situation is reminiscent of the relatively unstructured molten
globule states that have been characterized for apo-myoglobin
or lactalbumin (reviewed in [2]), or a pre-molten globule ([85],
reviewed in [4]).

This sequence is also maintained, albeit shifted to somewhat
lower urea concentrations, in the a-subunit, it is not seen for the
B-subunit, indicating a tighter correlation among the different
processes. The first step, occurring already at <2 M urea, has
been ascribed to a conformational change coupled to dissocia-
tion [31]. We also noticed a small change in fluorescence which
may be related to dissociation. It was not studied in detail; but
in order to avoid interference the data were evaluated only at
Curea= 2 M. At these concentrations, the separation of softening

and unfolding seems absent in the B-CPC studied here. It may
relate to the different 3-155 chromophores, to the protein, or
possibly even to the slightly different pH used in the two
studies. The presence of more than one folding intermediate has
been reported for other proteins [4,85], the particularly fa-
vorable situation in CPC is that the bilin chromophore appears
suitable to monitor separately dynamic and equilibrium-
conformational changes.
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