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The conformational state of biliproteins can be determined by optical properties of the covalently linked chromophores.
Recently determined crystal structure of truncated form of a-subunit of cyanobacterial phycoerythrin (aC-PE) from
Phormidium tenue provides a new insight into the structure—function relationship of aC-PE. To compare their stabilities,
we have measured urea-induced denaturation transitions of the full length aC-PE (FL-aC-PE) and truncated aC-PE
(Tr-aC-PE) followed by observing changes in absorbance at 565 nm, fluorescence at 350 and 573 nm, and circular
dichroism at 222 nm as a function of [urea], the molar concentration of urea. The transition curve of each protein was
analyzed for AGp’, the value of Gibbs free energy change on denaturation (AGp) in the absence of urea; m, the slope
(=90AGp/d[urea]), and C,,, the midpoint of the denaturation curve, i.e. [urea] at which AGp = 0. A difference of about
10% in AGp" observed between FL-aC-PE and Tr-aC-PE, suggests that the two proteins are almost equally stable, and
the natural deletion of 31 residues from the N-terminal side of the full length protein does not alter its stability.
Furthermore, normalization of probes shows that the urea-induced denaturation of both the proteins is a two-state
process. Folding of both structural variants (Tr-aC-PE and FL-aC-PE) of P. fenue were also studied using molecular
dynamics simulations at 300 K. The results show clearly that the stability of the proteins is evenly distributed over the
whole structure indicating no significant role of N-terminal residues in the stability of both proteins.

Keywords: biliproteins; C-phycoerythrin; chromophore; protein denaturation; folding and stability; molecular dynamics;

AMBER

Introduction

Studies based upon unfolding and refolding of the native
and unfolded proteins using various theoretical and
experimental approaches provided different insights into
how proteins fold (Ma, Xie, Zhang, & Zhao, 2007).
Despite a huge amount of effort since the last 4-5 dec-
ades, prediction of protein structures still remains an
unsolved problem (Griogoriev, 1998). Practical use of
modeling and simulation of known sequences and struc-
tures of proteins have been enhancing our understanding
of the protein folding problem (Griogoriev, 1998).
Different models of molecular dynamics (MD) and
simulation can be applied to all a-helical proteins of
known 3-D structures like cyanobacterial phycoerythrin
(C-PE) to demonstrate high prediction accuracy in
comparison with other known models (Griogoriev,
1998).

Cyanobacteria are the most primordial among oxy-
genic photosynthetic organisms, and their antenna system

consists of characteristic phycobiliproteins (PBPs),
categorized as phycoerythrin (PE), phycocyanin (PC),
and allophycocyanin (APC) forming a supramolecular
assembly called phycobilisomes (PBS) (Gray, Lipschultz,
& Gantt, 1973; MacColl, 1998, 2004). PB is a light
harvesting pigment of antennae of photosystem II in
cyanobacteria, red algae, and cryptophytes. These protein
complexes are anchored to thylakoid membranes, which
are made of stacks of PBPs and their associated linker
polypeptides (Cornejo, Beale, Terry, & Lagarias, 1992).
Each PB consists of a core made of APC to which sev-
eral outwardly oriented rods made of stacked disks of
PC, and PE or phycoerythrocyanin are attached (Glazer,
1982; Gray et al, 1973). The energy transfer in the
organism proceeds successively in the direction from PE
— PC — APC — chlorophyll @, with an overall effi-
ciency of almost 100% (MacColl, 1998, 2004; Yokono,
Akimoto, Koyama, Tsuchiya, & Mimuro, 2008). The
lights absorbed by PBPs are in the regions of visible
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spectrum where chlorophyll a has lower efficiency. The
spectral properties of PBPs are mainly governed by their
prosthetic groups, which are linear tetrapyrolles known
as phycobilin including phycocyanobilin, phycoerythro-
bilin, phycourobilin, and phycobiliviolin. Interestingly,
spectral properties of phycobilins are highly influenced
by the protein environment (MacColl, 1998, 1999,
2004).

PE is one of the unique and special accessory light
harvesting pigments which exists in the form of hexamer
(agPe) or dimers of trimers (a3P3), in PBS of different
blue-green algae, cryptomonads, glaucomonads and red
algae (MacColl, 1998). C-PE contains 6a and 6 sub-
units arranged in ring-like assemblies where the three
monomers are present in the three-fold symmetry (Chang
et al., 1996; Soni et al., 2010). Each oa-subunit of PE
consists of 164 residues, while each B-subunit contains
171 residues (MacColl, 1998; Soni et al., 2010). The
structure of C-PE resembles with globin proteins which
contain two open-chain linear tetrapyrolle chromophores
called phycoerythrobilins (PEBs), which are covalently
attached with each o-subunit at Cys82 and Cys139.
While B-subunit of C-PE contains three PEBs of which
two are covalently attached with Cys84 and Cys155, the
third chromophore is doubly linked to Cys50 and Cys6
(Chang et al., 1996; MacColl, 1998; Soni et al., 2010).
The interactions between PEB with protein atoms as well
as protein-chromophore environments are critically
responsible for the photon absorption properties of C-PE.

Recently, we have identified and determined the crys-
tal structure of a-subunit of C-PE (aC-PE) from Phormi-
dium tenue, which is devoid of 31 residues from its
amino terminal side (Soni et al., 2010), as compared to
all other a-PEs including that of red algae (a-RPE) Po-
lysiphonia urceolata containing complete 164 residues
(Chang et al., 1996). It is interesting to note that trunca-
tion of 31 residues occur naturally when the organism is
grown or kept in prolonged starved condition. However,
the truncated aC-PE maintains its light absorbing and
photo sensitivity capabilities significantly (Chang et al.,
1996; Soni et al, 2010). The full length oC-PE
(FL-aC-PE) and truncated oC-PE (Tr-aC-PE) can be
used as a model system to understand the role of
N-terminal residues in protein folding. Here, we studied
the equilibrium, folded state <> unfolded state of the full
length and truncated aC-PEs induced by urea using
absorption, fluorescence, and circular dichroism (CD)
measurements. Since the structure of the intact aC-PE is
not known, we have used structural information of oR-
PE, for the full length a-CPE, Tr-aC-PE and aR-PE have
almost identical sequence (94% homology), structure,
and function (Chang et al., 1996; Soni et al., 2010).

Two MD simulation methods were performed on aR-
PE and Tr-oC-PE to investigate urea-induced folding/
unfolding and stability profiles in the presence and

absence of N-terminal residues of FL-aC-PE. Due to the
challenges involved in identifying the location of ‘spe-
cific binding sites’ of urea on proteins (Modig, Kurian,
Prendergast, & Halle, 2003), the presence of urea was
omitted during MD simulations of the urea-induced
denaturation. Apart from determination of role of 31
N-terminal residues in protein folding and stability, our
findings may be helpful to understand the mechanism of
survival of this cyanobacterium and other marine algae
under stress conditions including starvation, as under
these conditions the organism is maintaining its pigment
proteins and absorption properties for food preparation
and survival. This may again help to grow higher photo-
synthetic plants under this and similar types of stress
environmental conditions.

Experimental Setup
Materials and methods

Urea of ultra pure grade was purchased from MP
Biomedicals, LLC (Illkirch, France). Sodium cacodylate
trihydrate and Sephadex G-150 matrix were obtained
from Sigma-Aldrich (St Louis, USA) and GE Healthcare
UK Limited, respectively. Other chemicals were
purchased from local suppliers. All chemicals used were
of molecular biology research grade.

Isolation and purification

Proteins were isolated and purified from P tenue sp.
A27DM collected from rocky shores of Bet Dwarka,
Okha, and estuarine mouth of river Daman Ganga
(India). The enrichment, provision of growth conditions,
extraction, and purification of C-PE were carried out
using our well optimized protocol described elsewhere
(Parmar, 2011; Parmar, Singh, Kaushal, Sonawala, &
Madamwar, 2011; Shah, Garg, & Madamwar, 2001).
Briefly, the cyanobacterium was harvested in artificial
sea water nutrients, and the cell mass was washed with
1.0 M Tris-HCI buffer (pH 8.1) containing 3.0 mM
sodium azide. For the purification of FL-aC-PE and
Tr-aC-PE, cultures were harvested when they were
young (20 days) as well as when old (90-200 days),
respectively. The procedures for getting both types of
proteins have already been published (Parmar, 2011;
Parmar et al., 2011; Soni et al., 2010). Washed cell mass
was resuspended in the same buffer, and repeated
freeze—thaw cycles (=30 and 4 °C) were applied for C-
PE release. This was followed by two-step (20 and 70%)
ammonium sulfate precipitation. The precipitate was dis-
solved in 10 mM Tris buffer and subjected to the gel
(G-150) permeation chromatography column pre-equili-
brated with 10 mM Tris buffer. The purity of the purified
protein was checked by the native and SDS-PAGE using
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silver staining (Parmar, 2010; Parmar et al., 2011; Singh,
Parmar, & Madamwar, 2009). The entire purification
procedure was carried out in dark at 4°C. All buffer
solutions required above during isolation and purification
were prepared in mili-Q water supplemented with .01%
sodium azide. Stock solutions of both proteins were
stored in the Tris-HCI buffer (pH 8.1) containing .01%
sodium azide at 4 °C.

To remove buffer constituents and sodium azide,
stock solutions were dialyzed against several changes
with .1M KCI (pH 7.0). The concentration of the
dialyzed and filtered stock solutions of FL-aC-PE and
Tr-aC-PE were determined experimentally using a value
of 265,000 M ' cm™" for the molar absorption coefficient
at 565 nm (Pace, 1995).

Sample preparation for denaturation and renaturation
experiments

To study the urea-induced denaturation, stock solution of
urea was prepared by weight in 50 mM sodium cacodyl-
ate buffer (pH 7.0) containing .1 M KCI. However, its
concentration (9.0 M) was determined by refractive
index measurements (Pace, 1986). Urea solutions were
always freshly prepared and used to avoid development
of significant concentration of highly reactive cyanate
ions upon standing. For the preparation of protein solu-
tions for denaturation and renaturation experiments, the
procedure reported earlier was followed (Ahmad & Bige-
low, 1982). In brief, for each denaturation experiment,
known amounts of the protein stock solution, buffer, and
concentrated urea solutions were mixed and incubated
for a time long enough to ensure the complete denatur-
ation process. Urea was added in subsequent samples
with gradual increase in concentration from .2 to 8.0 M.
A similar procedure was employed in preparing the solu-
tion for renaturation experiments with the exception that
the protein was first denatured by adding required (4, 5,
and 6 M) concentration of urea solution and then diluted
with the same buffer. The urea-induced denaturation was
studied at pH 7.0 and 25°C. We have always checked
the pH of the protein solutions thus prepared.

Measurement of absorption spectra

Absorption spectra of FL-aC-PE and Tr-aC-PE were
measured in Jasco UV/visible spectrophotometer (Jasco
V-660, Model B 028661152) equipped with peltier-type
temperature controller (ETCS-761). All measurements
were carried out in the wavelength range 800-250 nm
using 1 cm path length cuvettes. The protein concentra-
tion used was in the range of .15-.4 mg ml~'. All spec-
tral measurements were done at least three times at
25 +.1°C.

Effect of urea on C-phycoerythrin 3

Measurement of fluorescence spectra

Fluorescence measurements were carried out in Jasco
spectrofluorimeter (Model FP-6200) using 5 mm quartz
cuvette. All experiments were carried out at 25 = .1°C
which is maintained by an external thermostated water
circulator. FL-aC-PE and Tr-aC-PE have intrinsic
(Trp77) and extrinsic (PEB) fluorophores. To measure
Trp77 fluorescence, the protein variants were excited at
287 nm, and emission spectra were recorded in the range
of 300400 nm. To measure the PEB’s fluorescence,
protein solutions were excited at 479 nm, and emission
spectra were recorded in the range 500-600 nm
(Royer, 2006). The protein concentration used was
2-5mgml".

CD measurements

The far-UV CD measurements of FL-aC-PE and Tr-aC-
PE were carried out in Jasco spectropolarimeter (J-715)
equipped with peltier type of temperature controller
(PTC-348WI). The CD instrument was routinely cali-
brated with d-10-camphorsulphonic acid. CD spectra of
FL-aC-PE and Tr-aC-PE were collected with a response
time of 1s and a scan speed of 100nm min~'. Each
spectrum was an average of at least five scans. All
measurements were carried out at 25 + .1°C. The far-
UV spectra were collected in the wavelength range of
250-200 nm using .1 cm path length cuvette. The protein
concentration used was .25—.5 mg ml~'. The raw data at
a given wavelength A (nm) were converted into concen-
tration-independent parameter [0]; (deg cm?dmol™"), the
mean residue ellipticity at A using the relation,

(0], = My, /10lc (1)

where 6, is the observed ellipticity in milli degrees at 4,
M, is the mean residue weight of the protein, / is the
path length of the cell in centimeters, and c is the protein
concentration in mg ml~'. It should be noted that each
observed [d]; of the protein was corrected for the contri-
bution of the solvent.

Data analysis

The sigmoidal urea-induced denaturation curves (plot of
y, the optical property of the protein vs. [urea], the molar
concentration of the denaturant) were analyzed for AGp"
(Gibbs free energy change in the absence of urea), m
(slope of the plot of AGp, the Gibbs free energy change
vs. [urea], i.e. 9AGp/d[urea]), and C,,, (midpoint of dena-
turation curve, i.e. [urea] at which AGp=0). This analy-
sis involves a least-squares method to fit the entire data
of a denaturation curve, according to the relation,
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¥ =+ X Exp[—(AGY}, — mlurea]) /RT]/
(1+ Exp[—(AGOD — mfurea]) /RT)) (2)

where yn and yp are properties of the native (N) and
denatured (D) protein molecules under the same
experimental condition in which y has been measured, R
is gas constant, and 7 is the temperature in Kelvin (K).
It should be noted that Equation (2) assumes that a plot
of AGp vs. [urea] is linear, and the dependencies of yy
and yp on [urea] are also linear (i.e. yn = an + bn [urea),
yp = ap + bp [urea], where ayn, by, ap and bp are
[urea]-independent parameters, and subscripts N and D
signify that parameters are for the native and denatured
states, respectively). The denatured fraction of the
protein, fp in a given [urea] was determined using the
relation,

fo=0-=m)/0p—m)
=y — (an + bn [urea])/(ap — an + bp — bn) [urea]

3)

MD method

The MD simulations for both proteins (Tr-aC-PE and
FL-aC-PE) were performed at molecular mechanics level
using the AMBER 9.0 program (Case et al., 2005). Both
proteins were soaked in the box of water molecules with
dimensions 65.419, 82.631, and 61.996 A (for Tr-aC-PE)
and 92.915, 77.969, and 58.302 A (for FL-aC-PE) using
the tleap module of AMBER. The total number of water
molecules added in case of Tr-aC-PE and FL-aC-PE
were 8,136 and 10,513, respectively. The charges on
both proteins were neutralized by the addition of two
Na' ions to maintain neutrality. The system was then
minimized using 1000 steps of steepest descent, followed
by a subsequent minimization using the conjugate
gradient algorithm wuntil a convergence criteria of
001 kcal mol™'A was observed. The temperature of
both systems was subsequently raised from 0 to 300 K
during their equilibration period (200 ps) at a constant
volume under periodic boundary conditions. After the
first equilibration phase, the particle-mesh Ewald method
(Horng et al., 2005) was applied, and the production
phase consisting of 5 ns was performed for each system
at 300 K under these conditions. Each snapshot of the
conformation was stored after 1ps during the sampling
process. The analysis of each MD trajectory was per-
formed using the PTRAJ module in AMBER.

Results and discussion

PE is an essential photosynthetic pigment for cyanobac-
teria, red algae, and glaucophytes, thriving in high salt
concentration of marine environment (Wilbanks et al.,

1991). C-PE was found to maintain its 3-D structure and
function in harsh conditions and extreme environments.
Here, our aim is to understand the role of the N-terminal
residues in the folding and stability of FL-aC-PE and
Tr-aC-PE. To achieve that, we have carried out in vitro
and in silico studies of the urea-induced denaturation of
both proteins using conformational techniques and MD
simulations.

Generation of natural variants of aC-PE

Ideally, aC-PE from P. fenue is composed of 19 and
20 kDa o- and [-subunits, respectively. We have
observed that both o- and PB-subunits are synthesized
properly but showing different patterns of degradation
depending upon the duration of culture (Soni et al.,
2010). In the fresh culture conditions, we observed the
production of the full length aC-PE and full length BC-
PE. On the other hand, under prolonged nutritional star-
vation condition, a truncation of the first 31
N-terminal residues in aC-PE occurs giving a distinct
form, Tr-oC-PE that contains residues from 32-164.
While BC-PE is found to be completely degraded under
such conditions and such species were not isolated. The
reason for the degradation is not known except that such
truncation/degradation occurs to fulfill the nitrogen needs
of the organism for its survival (Soni et al., 2010).

Long-term storage of purified C-PE which exists as a
hexamer (a4Bs) causes natural degradation leaving trun-
cated Tr-aC-PE only. It is interesting to see that Tr-aC-
PE is found to be highly stable, and no further degrada-
tion takes place even after long-term storage. The differ-
ence in molecular masses of the full length (19 kDa) and
truncated (14 kDa) forms of aC-PE was clearly observed
by gel electrophoresis.

Structural and thermodynamic characterizations

Figure 1(a) shows visible absorbance spectra of the
native and denatured FL-aC-PE and Tr-aC-PE at pH 7.0
(50 mM sodium cacodylate containing .1 M KCI) and
25 £ .1 °C. It is seen in this figure that FL-aC-PE gives
a broad peak in the region 600—450 nm having a maxi-
mum at 565 nm, whereas in case of Tr-aC-PE this broad
peak splits into two peaks with maxima at 566 and
542 nm with a trough at 550 nm. This difference was
used to check whether or not the FL-aC-PE is intact.
The Ay,ax of both proteins are very similar, there is only
a slightly increased and a minor hypsochromic (red-shift)
in Tr-aC-PE. Since chromophores are covalently attached
to Cys82 and Cys139, both proteins are showing absorp-
tion maxima near 565 nm, suggesting no significant dif-
ference in their light absorption activity. It has been
argued that this absorption by both proteins is due to the
interaction between the folded polypeptide chain and the
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two thioether bonded PEBs (Parmar, 2011; Parmar et al.,
2011). This argument was based on the fact that the apo-
protein does not absorb in the visible region, and PEB
has a very low absorbance (MacColl, 1998, 2004). These
findings suggest that the folding/unfolding reactions of
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FL-aC-PE and Tr-aC-PE can be followed by observing
changes in the visible absorption at 565 nm.

To see the effect of urea on the structural stability of
FL-0C-PE and Tr-aC-PE, we have measured the absorp-
tion spectra of both proteins in the range 800-250 nm as
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Figure 1. Absorption spectra of FL-aC-PE and Tr-aC-PE in the presence and absence of urea at pH 7.0 and 25 °C. (a) Absorption
spectra of FL-aC-PE and Tr-aC-PE in the native and urea-induced denatured states. Changes in absorption spectra of (b) FL-aC-PE
and (c) Tr-aC-PE as [urea] increases from .0 to 8.0 M. Denaturation curves of (d) FL-aC-PE and (e) Tr-aC-PE followed by observing
changes in Aesgs as a function of [urea]. The insets in (d) and (e) show results of renaturation (see text).
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a function of [urea]. Figure 1(b) and (c) shows spectra of
FL-aC-PE and Tr-aC-PE at different urea concentrations,
respectively. It is seen in this figure that successive
reductions in the absorption of FL-aC-PE and Tr-aC-PE
in the presence of urea were observed as the urea
concentration increases. All these comprise faster
decreases in the absorbance at 565 nm reflecting gradual
reductions in absorption capability of the PEBs and their
interactions with proteins. More significant decreases in
absorbance are observed when the urea concentration is
above 3.0 M. However, all these reductions in absor-
bance are attributed to PEBs and their interactions with
the proteins, as reported earlier (Martinez-Oyanedel
et al.,, 2004). Above 6 M of urea concentration, the
peaks of both the proteins get vanished leaving very low
absorption. Also, the two peaks of Tr-aC-PE gradually
become common and widened as the concentration of
urea is increased, and the protein gets denatured
(Figure 1(c)). Thus, in denatured states, there is no sepa-
rate identity of 565 or 542 nm peaks in Tr-aC-PE due to
the gradual red and blue shift of the 542 and 565 nm
peaks, respectively. This indicates that both proteins do
not maintain their folded structures and interactions with
the chromophores at these higher concentrations of urea.
This loss in protein structure and its interaction with
PEBs may also be due to less rigidity caused by destruc-
tion of hydrogen bonds and hydrophobic networks (Ma
et al., 2007).

Figure 1(d) and (e) shows plots of Aeses (difference
in molar absorption coefficients at 565 nm in the pres-
ence and absence of urea) of FL-aC-PE and Tr-aC-PE as
a function of [urea], respectively. These plots were ana-
lyzed for AGR’, m, and C,, values for each protein
according to Equation (2). Result of this analysis is sum-
marized in Table 1.

Both the FL- and Tr-aC-PE have a lone tryptophan
at position 77 (numbering is according to the full length
protein). This intrinsic fluorophore is buried and is at a
distance of 17 A from the PEB2 (Soni et al., 2010).
After excitation at 287 nm, we have measured emission
spectra of both proteins in the presence of different
concentrations of urea at pH 7.0 and 25 £ .1 °C (see Fig-
ure 2(a) and (b)). As can be seen in Figure 2(a) and (b),
when a protein is transferred from the native buffer to

the denaturant solution, there is an expected red shift of
the emission spectrum from 350 to 360 nm (Vivian &
Callis, 2001). However, contrary to the expectation, the
emission intensity is increased on denaturation (Vivian &
Callis, 2001; White, 1958). This increase can be
explained by invoking quenching phenomenon due to
the presence of PEB2 near Trp77, which will decrease
when the protein unfolds. We have exploited this phe-
nomenon to follow urea-induced denaturation of FL- and
Tr-aC-PEs. Values of emission intensity at 350 nm
(F350) of both proteins read from the spectra shown in
Figure 2(a) and (b) were plotted as a function of [urea]
(Figure 2(c) and (d)). These denaturation curves
(Figure 2(c) and (d)) were analyzed for AGp’, m, and
C,, values for each protein according to Equation (2).
Result of this analysis is summarized in Table 1.

PEB has fluorescence property (Dammeyer & Fran-
kenberg-Dinkel, 2006; French & Young, 1952; Liu et al.,
2009). It has been shown that the covalently bonded
PEBs to the protein polypeptide chain via thioether
bonds have a strong emission spectrum in the wave-
length region 500—600 nm, which vanishes on protein
denaturation (Kupka & Scheer, 2008; Liu et al., 2009).
After exciting FL-aC-PE and Tr-aC-PE at 479 nm, we
have measured emission spectra of both proteins in the
presence of different concentrations of urea at pH 7.0
and 25 °C. These spectra are shown in Figure 2(e) and
(f) for FL-aC-PE and Tr-aC-PE, respectively. Figure 2(g)
and (h) show the change in Fs73, the fluorescence inten-
sity of FL-aC-PE and Tr-aC-PE at 573 nm as a function
of [urea], respectively. For each protein, urea-induced
denaturation curves were analyzed for AGDO, m, and C,,
values by fitting the entire denaturation curve according
to Equation (2). The results of this analysis are shown in
Table 1.

To see the effect of urea on the stability of FL-aC-
PE and Tr-aC-PE in terms of secondary structure, we
have measured the far-UV CD spectra of both proteins
in the presence of different concentrations of urea. These
measurements are shown in Figure 3(a) and (b). The
insets in Figure 3(c) and (d) show the far-UV CD spectra
of FL-aC-PE and Tr-aC-PE, respectively. Analysis of the
far-UV CD spectrum of the native FL-aC-PE for the
contents of a-helix and B-sheet yielded values of 73 and

Table 1.  Stability parameters of FL-aC-PE and Tr-aC-PE associated with the urea-induced denaturation at pH 7.0 and 25 °C."

FL-aC-PE

Tr-aC-PE

Probes AGp’ (kcal mol ™! Mfl) my (kecal mol ' M™Y  Chu ™M)

AGp” (kcal mol " MY my (kcal mol ' MY Cu (M)

A€567 10.59 + 47 245+ .13
Fiso 10.68 + .14 251 + 21
Fsp3 10.23 £ .21 2.37 +.09
[0]222 1098 + .12 247 £ .16

433 + 67
426+ 93
431 + .09
4.44 + 43

9.69 + .38 229 £ .13 4.24 + .29
9.51 £ .09 227 + .15 4.19 £ .16
9.13+£.73 2,19 £.77 421 £.04
9.89 + .14 2.29 + 41 4.32 + .61

w . . .
Note: A + with a value is a mean of errors from the average of three independent measurements.
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Figure 2. Fluorescence spectra of FL-aC-PE and Tr-aC-PE at pH 7.0 and 25 °C. (a) FL-aC-PE and (b) Tr-aC-PE were excited at
287 nm and emission spectra from 300 to 400 nm were recorded as function of [Urea]. Denaturation profiles of (¢) FL-aC-PE and
(d) Tr-aC-PE followed by observing changes in Fss¢ as a function of urea concentration. The insets in (c) and (d) show results of
renaturation experiments (see text). Emission spectra of (¢) FL-aC-PE and (f) Tr-aC-PE in the presence of different urea concentra-
tions; the wavelength of excitation was 479 nm. Changes F’s;; of (g) FL-aC-PE and (h) Tr-aC-PE as a function of [urea]. The insets
in (g) and (h) show results of renaturation experiments (see text).
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0%, respectively. Analysis of the far-UV CD spectrum
of the Tr-aC-PE for the secondary structure gives 61 and
0% for the a-helix and B-structure, respectively, which
are in excellent agreement with those determined by the
X-ray diffraction studies (Chang et al., 1996; Soni et al.,
2010).

Values of [0 ], (probe for the secondary structure)
in the presence of different concentrations of urea were
determined from these CD spectra shown in Figure 3(a)
and (b). Figure 3(c) and (d) show plots of [f]rs Vs.
[urea] for FL-aC-PE and Tr-aC-PE, respectively. Each of
these plots (denaturation curves) was analyzed for values
of AGp’, m, and C,, by fitting the entire denaturation
curve according to Equation (2). These stability parame-
ters thus obtained are given in Table 1.

The analysis of transition curves (Figures 1-3) for
the stability parameters, AGDO, m, and C,, (Table 1),
according to Equation (2) is based on a few basic
assumptions. First is that the urea-induced denaturations
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of the full length and truncated aC-PEs are reversible.
To check the reversibility of denaturation, we have
denatured FL-aC-PE and Tr-aC-PE by adding different
concentrations of urea ([urea] >4.0 M). The urea-dena-
tured protein was diluted with the native buffer to check
the reversibility of denaturation at 6.0, 5.0, 4.0, and
1.0 M urea. After incubation of the denatured protein for
a time enough for the completion of the renaturation
process, optical spectra (absorption, fluorescence, and
far-UV CD) were recorded. A spectrum of the renatured
protein was then compared with that obtained during
denaturation experiments at the same [urea]. It was
observed that the spectral properties of the renatured pro-
tein in a given [urea] are identical to those obtained dur-
ing denaturation experiments. Insets in Figures 1(d) and
(e), 2(c), (d), (g) and (h), and 3(c) and (d) show the rep-
resentative data which were obtained on denaturing the
protein by 6.0 M urea and renaturing this denatured pro-
tein by diluting with the buffer to bring the denaturant
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The far-UV CD spectra of FL-aC-PE and Tr-aC-PE at pH 7.0 and 25 °C. CD spectra of (a) FL-aC-PE and (b) Tr-aC-PE

were recorded in the presence of urea concentration in the range .0-8.0 M. Denaturation curves of (c¢) FL-aC-PE and (d) Tr-aC-PE.
The insets in (c) and (d) show renaturation results for the urea-denatured FL-aC-PE and Tr-aC-PE, respectively.
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concentration to 1.0 M. It has been observed that the
spectra of the protein in a given [urea] obtained from the
denaturation and renaturation experiments were indistin-
guishable. The spectra of the denatured and renatured
proteins are also compared with those of the native
proteins. The coincidence of optical properties of the
proteins obtained from denaturation and renaturation
experiments led us to conclude that the urea-induced
denaturation of FL-aC-PE and Tr-aC-PE is reversible.
The second assumption was that the urea-induced
transition between N and D states is a two-state process.
The most authentic criterion for a two-state behavior of
the protein denaturation is to show that the calorimetric
and van’t Hoff enthalpy changes on denaturation are
identical. We could not succeed to make differential
scanning calorimetric measurements on Fl-aC-PE and
Tr-aC-PE proteins due to the fact that the heat-denatured
proteins formed aggregates. However, another test for
the two-state behavior of protein denaturation is to show
coincidence of the normalized sigmoidal curves of differ-

(@

/p

[Urea], M
b
( )1.0 o ]
08 |
0.6 |
&
04 |
® Agsgs
0.2 a Fs)
8 Fs73
0.0 + [0,
0 1 2 3 4 5 6 7 8

[Ureal, M

Figure 4. Normalized urea-induced denaturation curves of
FL-aC-PE and Tr-aC-PE at pH 7.0 and 25 °C. Results obtained
from denaturation curves of Aesgs, F3s0, Fs73, and [0]x, were
used to construct plots of f of (a) FL-aC-PE and (b) Tr-aC-PE
vs. [urea].
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ent physical properties induced by urea [26]. For this,
transition curves of Aesgs, Fis0, Fs73, and [6]yy, (Figures
1-3) were normalized with the help of Equation (3).
These normalized curves are shown in Figure 4(a) and
(b) for FL-aC-PE and Tr-aC-PE, respectively. Interest-
ingly, all curves are precisely overlapping for both the
proteins suggesting two-state mechanism. However, this
is a necessary but not a sufficient criterion for a two-state
behavior of protein denaturation (Tanford, 1968). Cus-
tomarily, the observation of non-coincidence of normal-
ized transition curves of different physical properties
constitutes a proof of existence of stable intermediate(s)
on the folding <> unfolding pathways (Tanford, 1968).
On the contrary, basing their arguments on theoretical
grounds, Dill and Shortle (1991) have shown that the
non-coincidence of sigmoidal curves of two different
physical properties is also observed for a two-state pro-
tein denaturation. Recently, Rahaman et al. (2013) pro-
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-64500 -

-65000 4
-65500 A

-66000 -

Total Energy (kcal/mol)

-66500

-67000 . T T . T
0 1000 2000 3000 4000 5000
Time (ps)

(b}- 82500 -

-83000 -

4

-83500 [
-84000 -
-84500

4

-85000 -

Total Energy (kcal/mol)

-85500

4

-86000 -

T 1 1 1 T
0 1000 2000 3000 4000 5000
Time (ps)

Figure 5. Total energy of the conformations. Total energy of
the conformations for (a) Tr-aC-PE and (b) FL-aC-PE during
the MD sampling process.
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vided experimental evidence that this non-coincidence is
consistent with two-state denaturation behavior.

In another approach for testing the two-state
behavior of the urea-induced denaturation, AGp" values
of the protein are measured from sigmoidal curves of
different structural properties, and it is shown that this
thermodynamic property is independent of techniques
(probes) used to monitor the denaturation (Bolen &
Yang, 2000). Table 1 shows that the values of AGp’
of each protein measured by four different structural
properties are, within experimental errors, identical.
This overlap in AGp’ values suggests that the urea-
induced denaturation of Fl-aC-PE and Tr-aC-PE is a
two-state process.

Estimates of AGp’ from the denaturation curves
depend not only on the mechanism of denaturation but
also on the models describing the dependencies of the
observed AGp? on [urea]. There are three models to esti-
mate AGDO from the extrapolation of AGp to 0 M urea
(Aune & Tanford, 1969; Tanford, 1970). One model
assumes that AGp value varies linearly with [denaturant].
The one (binding model) assumes the presence of ‘spe-
cific’ binding sites for the chemical denaturant on the
native and denatured protein molecules. In this model,
dependence of AGp on the [denaturant] is non-linear.
The third model known as transfer-free energy model
describes the dependence of AGp on the transfer free
energy of small model compounds for the protein groups
from water to different concentrations of the chemical
denaturant. It has been observed that the analysis of the
same set of denaturation data using different models
gives different values of AGp’ of a protein. However,
we have used the linear free energy model for the analy-
sis of denaturation curves of both FL-aC-PE and Tr-aC-
PE (Figures 1-3), for it has supports of both theory
(Schellman, 1978, 2002) and experiments (Ahmad &
Bigelow, 1982; Bolen & Santoro, 1988; Gupta &
Ahmad, 1999; Gupta et al., 1996; Pace, 1975).

From the above discussion it may be concluded that
(1) FL-aC-PE and Tr-aC-PE undergo a two-state
denaturation induced by urea, (2) values of AGp’
(protein stability) obtained from the analysis of their
urea-induced denaturation curves according to Equation
(2) are accurate, and (3) the stability of the full length
and truncated proteins in terms of AGp’ are not very
different (see Table 1).

To determine the difference in stability between
FL-aC-PE and Tr-oC-PE, we have also performed MD
simulation studies. Since the crystal structure and amino
acid sequence of 31-residue long N-terminal segment of
FL-aC-PE are unknown, we have used the determined
structure of closely homologous a-Red algae phycoery-
thrin (aR-PE), which also belongs to an a-protein class
(Chang et al., 1996). The sequence alignment of FL-aC-
PE with oR-PE gives 94% sequence homology (Soni

et al., 2010). Thus, it can be expected that aR-PE and
FL-aC-PE have identical 3-D structure, for aR-PE (PDB
code: 1LIA) and Tr- aC-PE (PDB code: 3MWN) have
identical 3-D structures. Taking advantage of this and to
support our experimental results, two MD simulations of
length 5 ns were performed on the full length peptide
(aR-PE) and truncated aC-PE (Tr-aC-PE) under explicit
solvent conditions at 300 K. The AMBER program
(Case et al., 2005) was used for simulations as it has
been widely used to explore the conformational prefer-
ences of peptides/proteins.

Initially, a qualitative analysis on the thermodynamic
properties (total energy and temperature) was performed
to assess the stability and quality of the MD simulations
performed. The constant average fluctuation of tempera-
ture around 300 K suggested stable and accurate nature
of the MD simulations performed. The total energies of
the sampled conformations of both proteins were further
plotted as a function of simulation time and are
pictorially depicted in Figure 5(a) and (b). The average
total energy for Tr-aC-PE (Figure 5(a)) and FL-aC-PE

Figure 6. Overlay of conformations. (a) Overlay of the opti-
mized conformations of Tr-aC-PE (in green) and FL-aC-PE (in
light blue). (b) Overlay of the initial conformations of Tr-aC-
PE (in yellow) and FL-aC-PE (in pink). All atoms of the
proteins are represented in cartoon form.
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(Figure 5(b)) was found to be around —66,220 and
—85,090 kcal mol ™', respectively.

The lowest energy structure of Tr-aC-PE and
FL-oC-PE was further extracted from their respective
MD trajectories using the PTRAJ module in AMBER.
The root mean square deviation (RMSD) between
optimized (lowest energy) structures of Tr-aC-PE and
FL-0C-PE was 1.963 A (Figure 6(a)), somewhat greater
than those present between their initial structures
(RMSD = .632 A, Figure 6(b)), suggesting some struc-
tural changes in their conformations during simulations.
Moreover, the RMSDs between the initial and final
structures of FL-aC-PE and Tr-aC-PE were 1.844 and
1.385 A, respectively (Figure 7(a) and (b)), suggesting
the more structural deviation in case of FL-aC-PE. How-
ever, the overall pattern of the secondary features was
almost preserved in the initial and optimized structures
of both proteins. In terms of new interactions, two
hydrogen bonds formed between Val4 and Val99, and
Val4 and Arg37 were observed in case of FL-aC-PE.

Figure 7. Overlay of initial and optimized conformations. (a)
Overlay of the initial (in pink) and optimized (in light blue)
conformations of FL-aC-PE. (b) Overlay of the initial (in
green) and optimized (in yellow) conformations of Tr-aC-PE.
All atoms of the proteins are represented in cartoon form.

Effect of urea on C-phycoerythrin 11

09 1
081
07-
06+
051 f

sl

RMSD

03l

0.24

0.1+

OAO T 1 T T I T
0 1000 2000 3000 4000 5000

Time (ps)

Figure 8. RMSDs (in A) of the MD trajectories relative to
their starting structures for Tr-aC-PE (in black) and FL-aC-PE
(in red) computed using backbone atoms.

Finally, the RMSDs of the both MD trajectories calcu-
lated relative to their starting structures, considering their
backbone atoms, were found to be less than 1A (Fig-
ure 8), and supported the stable nature of both proteins
during the MD simulations.

Undoubtedly, the presence of additional residues in
the N-terminal end of FL-aC-PE affects the overall
geometry of the protein to some extent; but the retention
of the main o-helical bundles in its structure illustrates
the stability of this protein, and probably accounts for
the retention of biological activity of Tr-aC-PE in the
absence of these N-terminal residues.

Conclusions

FL-aC-PE and naturally truncated Tr-aC-PE devoid of
31 N-terminal residues were successfully isolated and
purified. Truncation does not affect the interaction of
PEBs with these proteins. Four different probes Aesgs,
Fis0, Fs573, and [0],,, were used to monitor the effect
of urea on FL-aC-PE and Tr-aC-PE to compare their
stability. A very small difference in the values of
AGp? between FL-aC-PE and Tr-aC-PE was observed,
for the full length protein is only ~1 kcal mol~' more
stable than the truncated protein. The 31-residue long
N-terminal segment in the FL-aC-PE does not perturb
the function of FL-aC-PE. Truncation has no effect on
the mechanism of folding, for both proteins undergo a
two-state transition between N and D states. Our MD
simulation results show the stable nature of both vari-
ants (FL-aC-PE and Tr-aC-PE) and support the experi-
mental observations that the biological activity is
retained in the absence of these residues. This study
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of the structure, function, and stability of FL-aC-PE
and the naturally truncated Tr-aC-PE could be helpful
for a better understanding of the mechanism of energy
transfer in photosynthetic blue-green algae and other
lower organisms.
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