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ABSTRACT Proline residues play a fundamental and subtle role in the dynamics, structure, and function in many membrane
proteins. Temperature derivative spectroscopy and differential scanning calorimetry have been used to determine the effect of
proline substitution in the structural stability of the active site and transmembrane arrangement of bacteriorhodopsin. We have
analyzed the Pro-to-Ala mutation for the helix-embedded prolines Pro®, Pro®', and Pro'®® in the native membrane environment.
This information has been complemented with the analysis of the respective crystallographic structures by the FoldX force field.
Differential scanning calorimetry allowed us to determine distorted membrane arrangement for PSOA and P186A. The protein
stability was severely affected for P186A and P91A. In the case of Pro®’, a single point mutation is capable of strongly slowing down
the conformational diffusion along the denaturation coordinate, becoming a barrier-free downhill process above 371 K.
Temperature derivative spectroscopy, applied for first time to study thermal stability of proteins, has been used to monitor the
stability of the active site of bacteriorhodopsin. The mutation of Pro®! and Pro'® showed the most striking effects on the retinal
binding pocket. These residues are the Pro in closer contact to the active site (activation energies for retinal release of 60.1 and 76.8
kcal/mol, respectively, compared to 115.8 kcal/mol for WT). FoldX analysis of the protein crystal structures indicates that the Pro-to-
Ala mutations have both local and long-range effects on the structural stability of residues involved in the architecture of the protein
and the active site and in the proton pumping function. Thus, this study provides a complete overview of the substitution effect of
helix-embedded prolines in the thermodynamic and dynamic stability of a membrane protein, also related to its structure and

function.

INTRODUCTION

Protein function is mostly characterized by the existence of an
active site. The wide variety and complexity of active sites in
proteins is mainly responsible for one thing: assuring a se-
lective and effective function. In some specific cases, the
active site is in charge of “‘listening’’ to a specific signal, and
generating a response. How the signal is transmitted from the
active site to the rest of the protein, is what we have called
intraprotein signal transduction (1). Eventually, the signal is
translated into functionality via conformational changes of
the protein (the network), which may directly end up in
function in the case of a single protein, or in interprotein signal
transduction in the case of a complex of proteins. The most
representative cases of signal-transduction are the GPCR,
where rhodopsin is one of the most studied (2—-5). The example
of the complex of thodopsin and transducin, which generates a
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second messenger cascade, is represented in the microbial
rhodopsin world (including prokaryotes and eukaryotes) by
different photochemically reactive membrane proteins.

One of the most interesting membrane proteins is embed-
ded in the membrane of the archaeobacteria Halobacterium
salinarum and is known as bR (Fig. 1). Bacteriorhodopsin is a
seven transmembrane helix chromoprotein (in the same
structural superfamily as rhodopsin; helices named from A to
G), which has a retinal molecule covalently linked viaa SB to
the Lys>'® (6). The retinal molecule provides the capacity of
absorbing photons (as in rhodopsin), a ‘‘stimulus’’ that gen-
erates a proton pumping function (7). The pumped protons
may be regarded as a second messenger for other proteins in
this archaeobacteria, ‘‘regulating’’ functions such as energy
production and motility. To transmit the signal to the protein,
the retinal uses as a network the amino acids in its close
contact, this is the so-called RBP (Fig. 1, b and ¢). Thus, the
retinal molecule and the RBP should be considered the active
site of bR, as it should be considered for rhodopsin and other
microbial rthodopsins (7-11). A proof of this comes from di-
rected mutagenesis studies of bR, which have been used to
switch the proton pumping function to chloride pumping
function (i.e., halo rhodopsin-like protein) (10) or to a sensory
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FIGURE | Halobacterium salinarum PM.
(a) Two-dimensional paracrystalline arrange-
ment of the PM disposed in hexamers. (b)
Trimer of bR molecules (PDB code 1brr).
The chromophore molecule of retinal is
shown in black. Helix-embedded prolines
are indicated by Van der Waals spheres in
green (Pro’%), orange (Pro®"), and red
(Pro'®%). To identify the RBP, a molecular
surface around the retinal with a 5 A radius
has been calculated. The color code for the
molecular surface corresponds to the atom
type (carbon, gray; nitrogen, blue; oxygen,
red; sulfur, yellow). (c) Representation of the

3D structure of bR indicating the presence of
the seven transmembrane a-helices and the
B-strands in a cartoon visualization. The
figure has been generated from the 1c3w
PDB code following the same color code
as for (b). (d) Overlay of the chain A of 1py6
and lpxr crystal structures obtained at pH
3.5. (e) Overlay of the chain A of 1py6
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and 1q5j crystal structures obtained at pH
3.5 and 3.7, respectively. (f) Overlay of the
chain A of 1py6 and 1q5i crystal structures
obtained at pH 3.5 and 4.0, respectively. For
distinction, the carbon atoms in 1py6 (WT)
are plotted in gray and carbon atoms in 1pxr
(P50A), 1q5j (P91A), and 1q5i (P186A) are
plotted in orange. Retinal and residues inter-
acting with the chromophore are indicated

Glu194 Pro/Ala186

in addition by a molecular surface. Molecular representations in (@), (b), and (c¢) have been plotted with the academic version of MAESTRO 8.0

software. Pictures in (d), (e), and (f) have been generated with BallView.

receptor protein (i.e., sensory rhodopsin-like protein) (12),
mimicking other retinal proteins.

The architecture of the RBP is defined by the overall
structure of the protein and its location in the membrane.
Bacteriorhodopsin is a protein organized in a natural 2D
crystal arrangement in the membrane. The so-called PM
patches are ordered systems with a hexagonal disposition
of trimers of bR embedded in the membrane (Fig. 1, a
and b). Thus, the overall structure of this highly ordered
system is based on lipid-protein, protein-protein, and protein-
chromophore interactions, and of course, interactions with the
solvent.

In the vicinity of the RBP, where the initial steps related to
the signal transduction occur, there are three prolines (Fig. 1, b
and ¢): Pro50, Pro91, and Pro'®®, Proline residues have been
shown as a-helix breaker amino acids (13-15), with a less
known but important effect in the structure dynamics (16).
The cis-trans isomerization of the pyrrolidine ring and the
steric clash introduced in the a-helix by proline, favor some
conformations that allow the protein to optimally carry out its
function. Moreover, the reduced conformational degrees of
freedom allow for a faster structural diffusion, important for
functions relaying on fast protein dynamics, as the bR photo-
cycle (16). In a previous study (16), we determined the
functionality and dynamics of bR when Pro’, Pro”’, or Pro'®¢
were mutated to alanine. These three prolines interact with the

RBP in the following way: Pro°® (helix B) contact is through
the interaction of Val*® with Lys216 (Fig. 1 d); Pro’! (helix C)
interacts via Thr™® and Trp86 in the same helix C (Fig. 1 ¢); and
Pro'®® (helix F) contacts directly with the retinal (Fig. 1 ).
Hence, these three helix-embedded prolines are probes to
analyze the environment of the active site of bR.

Most of the studies on structural stability of membrane
proteins have been done by spectroscopic techniques and
DSC (17-19). Both spectroscopy and DSC are widespread
techniques that yield information on the thermodynamics and
dynamics of the structural stability of the protein (20-22). The
interest on understanding the key elements governing the
folding/unfolding of proteins to achieve a determined tertiary
structure has been translated into the in silico world. Structural
bioinformatics and computational biophysical methods have
been developed to understand and predict folding, and to
compute thermodynamic values of the folded structures
(23-28). This last possibility is especially relevant for mem-
brane proteins, because their common irreversible denatura-
tion on heating, generally precludes their full thermodynamic
characterization.

In this study, we have investigated the structural behavior
of the PSOA, P91A, and P186A PM as a function of tem-
perature, to understand the effect of replacing an a-helix
breaker residue (Pro) by an a-helix inducer residue such as
Ala. We have complemented this experimental data with the
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analysis of the crystal structures of WT and mutant bR (P50A,
PI91A, and P186A) by FoldX (29) to get detailed atomic in-
formation. In summary, we have analyzed the structural sta-
bility of native and proline transmembrane mutants of bR
under H. salinarum membrane environment and in silico
conditions.

METHODS
FoldX computing structural stability

For the stability analysis the crystal structures were preprocessed: water
molecules were removed, and the crystal structures containing two chains
(chains A and B for 1py®6, 1pxr, 1g5i, and 1q5j) were split and analyzed as two
different structures. The obtained values were later averaged. The analysis
carried out were ‘‘Stability’” providing the overall structural stability, and
““‘SequenceDetail’’ for the structural stability energy contribution per residue.
The analysis was carried out at 298 K, 0.05 M of ionic strength, small Van der
Waals clashes were ignored, and the force field predicted the position for
water molecules.

Expression of protein samples

The construction of BR mutants PSOA, P91 A, and P186A and the expression
and purification of the PM in H. salinarum were carried out as described
previously (30).

Differential scanning calorimetry

Differential scanning calorimetry experiments were carried out using a
MicroCal MC2 instrument (MicroCal, Northampton, MA). Samples were
dialyzed previously against water and adjusted to pH 7.0 and pH 4.0 with a
final protein concentration of 2 mg/ml. Experiments were done under a ni-
trogen pressure of 1.7 atm to avoid sample evaporation at high temperatures.
Scanning speed was set at 1.5 K/min (25 mK/s). Three consecutive thermo-
grams were registered for each sample. The first one informs about the heat
released or taken by the protein on temperature increase. After cooling down
to room temperature, second and a third thermograms were run to check the
reversibility of the transitions. Two corrections were applied to the first
thermogram: a), subtraction of the second thermogram that acts as a blank;
and b), subtraction of the chemical baseline using the method of Takahashi
and Sturtevant (31). T.x was defined as the temperature where the C, value is
maximal. The temperature corresponding to a 50% of the molecules in each
the denatured and native state defines the T}, value (see Table 2 and Fig. 4).
DSC thermograms were analyzed by the Sdnchez-Ruiz (22) method repre-
sented by the following equation:

k= VCp/(Qt - Q) (D

k is a first-order kinetic constant, v is the heating rate, and Q, and Q are the
total heat of the process and the heat at a certain temperature respectively.
The effective activation energy as a function of temperature was obtained
from the relation (32):

E, = —R(8Ink/5(1/T)). 2)

Ultraviolet-visible thermal stability
Thermal stability of dark-adapted PM samples by ultraviolet-visible (UV-vis)

spectroscopy was studied in H,O (0.75 X 107> M) at pH 7.0 and 4.0. Spectra
from 800 nm to 250 nm were recorded from 293 to 393 K (20 to 100°C) in
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5 K steps, in a Cary Bio3 spectrophotometer. Samples were allowed to
equilibrate for 8 min at each temperature, with a 1 K/min heating rate between
equilibrations, corresponding to an apparent linear heating rate of ~0.38
K/min (6.3 mK/s). The spectra presented a baseline contribution, especially
intense for some mutants, as well as a baseline drift to respect the temperature.
Both effects had a negative effect in posterior analysis. As a consequence, to
minimize/remove undesirable baseline contributions, the original data were
preprocessed by carrying out the second derivative as a function of the
wavelength. Besides removing baseline contributions, the second derivative
has also the benefit of reducing the width of the UV-vis bands, although at
the cost of introducing some negative side-lobules. The derivative was
carried out using the generalized Fourier derivative method (33), with a
derivative power of 2, a 0.05 nm ™" cut point (equivalent to an instrumental
resolution of ~20 nm), and a Sinc filter, in a homemade program im-
plemented in MATLAB (Natick, MA) (34). The second derivative spectra
were used instead of the original data in all the posterior analysis (unless
otherwise stated).

UV-vis provides a thermal trace at each wavelength. Independently of its
nature (reversible or irreversible) a thermal transition shows a sigmoidal-like
shape. The first derivative of a spectral thermal trace to respect the tempera-
ture, also known as TDS, transforms the sigmoidal-shape into a band-shape.
After this transformation, the band positions correspond to the T;, of the
transitions, and the bandwidths are related to their cooperativity. Thermal
denaturation of bacteriorhodopsin manifests in the UV-vis as the disappear-
ance of the initial absorbance band at around 565 nm (actual position depends
on the mutant and pH) and the appearance of a band at ~385 nm, charac-
teristic of a retinal in solution with a deprotonated SB. Because other pre-
transitions were observed at the 450-650 nm region (see 2D-TDS, Fig. 5), the
analysis of the thermal trace at 565 nm does not report uniquely the retinal
release from the protein. Instead, only the thermal trace at around 385 nm was
analyzed to obtain the kinetic parameters associated to the release and de-
protonation of the retinal. The thermal traces at 385 nm were fitted to a two-
state irreversible model accounting for a linear dependence for the initial and
final states:

YT) = (an + by XT) + (Aap + Abp XT) X 0(T), (3)

where ay;, by, ap, and bp give the contribution of the native and denatured
states with temperature, and 6 (7)) is the fraction of the denatured state with
time. Assuming that the thermal denaturation follows an Arrhenius behavior,
the fraction of the denatured state is given by (22):

TA E
6(T)=1—exp [—/ ;exp <_R;'>dT]
0
Lo —RT;A . E, (2T, —T
~1l—expy———|exp| — | —=—
P E.v P R Té
2F,
— exp 7RTO
. —RT*A E, 2F,
exXp Eav exp RT exXp RT
—RT’A E,
—exp v exp RT , 4)

where A is the temperature independent preexponential factor, E, is the
temperature independent activation energy, and v is the linear heating rate.
The first approximation in Eq. 2 solves the integral by approximating 1/7 by
2T, — T)/Tg (22); the second approximation substitutes T by 7 the final
approximation neglects the lower component in the exponential (22). We
confirmed the suitability of the approximations by comparing the denatured
fractions generated by the last approximated equation with those obtained
directly solving the integral equation numerically. Curve-fitting was carried
out in Origin v6, using the Levenberg-Marquardt algorithm with a Tolerance
of 0 and a Derivative Delta of 5 X 107°. Once A and E, were estimated, the
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fraction of the denatured state, and the corresponding T,,, was computed for a
heating rate of 1.5 K/min, allowing for a mindful comparison of the DSC and
UV-vis results.

RESULTS

Sequence detailed structural stability:
FoldX analysis

Protein folding has become an indispensable discipline to
understand both protein structure and function. Experimental
data has been used to setup reliable algorithms and force
fields. One of the most interesting ones is the FoldX force field
(29). Based mainly in a wide database of point mutation
crystal structures, this method determines the structural sta-
bility of a protein from their crystallographic coordinates. In
addition, it computes the individual amino acid contribution
to the overall stability of the protein. In our case, we have
applied FoldX to the corresponding crystal structures of bR,
to examine the effect of the point mutation of the helix-
embedded prolines (Table 1). In WT (PDB code 1py6), the
three helix-embedded prolines have different but stabilizing
contributions to the overall structural stability of the protein
(AG = —95.10 kcal/mol). As indicated in Table 1, Pro'™ is
the most stabilizing with a AG = —2.50 kcal/mol, followed by
Pro’! (—2.14 kcal/mol) and Pro>® (—1.86 kcal/mol). The
crystal structures of the Pro-to-Ala mutants show an overall
free energy (AG) slightly lower (ranging from a AAG of ~11
kcal/mol for P186A and P50A to 6 kcal/mol for P91A) than
WT (—95.10 kcal/mol) as shown in Table 1.

The local/distant effects of the mutation on the overall
structure of the protein are shown in Fig. 2. To make a direct
comparison between the mutation and the native protein the
residual stability of the mutant has been subtracted to the WT.
We have considered the absolute value of =0.46 kcal/mol
(23) as a threshold to determine a significant stabilization
(— value) or destabilization (+ value) in the energy assigned
to each amino acid.

The contribution of each amino acid to the overall differ-
ence in structural stability for PSOA is shown in Fig. 2, upper
panel. As a summary, the evident difference to WT comes
from Ala® as a destabilizing amino acid. In addition, some
amino acids related to the stabilization of the RBP are af-
fected, such as Tyr®®. The stability of the cytoplasmic loops
between helices is also affected (Asp'® in C-D loop and
Arg'® in E-F loop are stabilized residues and Asp'®% in C-D
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loop and Pro'® in E-F loop are destabilized). Concerning the
proton transport function, a striking destabilizing effect in-
duced by P5SOA mutation is observed on relevant amino acids
such as Asp96 (see Fig. 1 d for further detail), Glu194, and
Glu>* 35). Pro’! is also affected by the Ala>° mutation.

For P91A (Fig. 2, middle panel), the main change in
the structural stability of the protein comes directly from the
Pro-to-Ala substitution. Taking into account the relevance
of this residue in bR intraprotein signal transduction (1), the
~2 kcal/mol destabilizing effect originated from this residue
alone should not be considered trivial. Other structurally
destabilized residues are Asp96 and Glu194, related closely to
the proton transport function.

The P186A mutation stabilizes Tyr'®’, although Ala'*® is a
destabilizing residue for the overall structural stability, being
both residues (Tyr'®-Pro'®® in WT bR) constituents of the
RBP (see Figs. 1 e and 2, lower panel, for further details). The
loops between helices E-F (cytoplasmic, destabilized Phe'®)
and F-G (extracellular, stabilized Ser'®? and Glylgs; destabi-
lized Glu'®*) are affected by this mutation. Concerning the
proton transport function, the mutation exerts a negative ef-
fect on Thr*® and Asp”® stability. These two residues are
normally interacting by a hydrogen bond relevant for the bR
function (36). Glu'*is also affected by this mutation (see Fig.
1 e for a WT vs. P186A structural comparison). The effect
exerted over the residues involved in the proton transport
function is translated in some way in a less efficient proton
pumping of these mutants (16).

Membrane arrangement and protein
denaturation: DSC analysis

Differential scanning calorimetry is a suitable technique to
determine the thermodynamic and/or dynamic stability of
proteins (21,22,37). Protein denaturation is achieved by
gradual heating of the sample at a constant pressure, while
recording the heat capacity of the sample with respect to a
reference. This results in a thermogram (Fig. 3 a) with peaks
reflecting any thermal transition/denaturation process taking
place in the protein with a measurable associated enthalpy
change. As shown in Fig. 3, the denaturation of WT bR at pH
7.0 showed a two-peak curve; the one occurring at lower
temperature (Tj,.x = 351 K) corresponded to the loss of ar-
rangement of the paracrystalline structure of the PM, i.e.,

TABLE 1 Structural stability values obtained from FoldX analysis at 298 K

Resolution AA(;mul—WT A(;Pro—SO AC;Pro—g 1 AGPrO— 186
PDB code* Protein A) AG (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
1py6 bR WT 1.80 —95.10 - —1.86 —2.14 —2.50
1pxr bR P50A 1.70 —84.15 10.95 —1.10t —1.34 —2.50
1q5j bR P91A 2.10 —89.10 6.00 —1.82 —0.02F —2.50
1g5i bR P186A 2.30 —83.80 11.30 —1.80 -2.10 —0.82%

*AG values shown correspond to the average of the analysis of FoldX applied separately to chain A and B of the respective structure.

The residue indicated in the respective structure corresponds to Ala.
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FIGURE 2 FoldX residual stability of helix-embedded prolines. Calcu-
lated residual stabilities from the available crystal structures (average of the
chains A and B) for WT (PDB code 1py6), PSOA (PDB code 1pxr), P91A
(PDB code 1q5j), and P186A (PDB code 1q5i). To determine the changes in
the WT bR stability, each residual stability value of the mutation was
subtracted to the corresponding value in the structure of the native protein.
Values beyond +0.46 kcal/mol* indicate significant stabilization (negative
values) or destabilization (positive values) induced by the mutation. A
linearization of the 3D structure is shown on the top of the figure for a clearer
visualization. For the overall structure stabilities calculated with FoldX for
the different mutations, refer to Table 1.

the disappearance of the typical 2D arrangement of hexamers
and trimers disposed in the PM (Fig. 1, a and b) (18,38,39).
This process was reversible (40,41). The second transition
(Tmax = 371 K) corresponded to the denaturation of the pro-
tein (irreversible process), with an E, of 95.15 kcal/mol (see
Fig. 3 b for Arrhenius plot and Table 2 for values). The
thermal denaturation of bR (and any membrane protein in
general) is not a mere unfolding process as in many soluble
proteins; the denaturation leads to a re-folding process in
which the protein adopts a functionally inactive new fold.
This denatured folding is characterized by the loss of inter-
helix interactions, and the aggregation of cytoplasmic loops,
but a high degree of secondary structure is conserved (18,42).

How the introduction of a single mutation affected the
thermodynamics and dynamics of the PM and the protein is
shown in Fig. 3 a. The proline substitution by alanine, in the
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FIGURE 3 (a) DSC thermograms of bR. DSC experimental values are
shown as open circles. The gray line shows the trend of the thermogram. The
pretransition corresponding to the loss of the paracrystalline arrangement of
the PMs is indicated by an asterisk. The arrows indicate the selected
temperature range for the Arrhenius plot. (b) Arrhenius plot for WT and the
Pro-to-Ala mutants. Notice the convex Arrhenius plot for P91A. (¢) Plot of
the E, versus temperature, showing a temperature dependent behavior
for P91A.

middle of an a-helix of a transmembrane protein such as bR,
had different effects.

At pH 7.0, in the case of the PSOA mutation, the reversible
transition corresponding to the paracrystalline arrangement
was not present, which can be explained by the absent co-
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TABLE 2 Experimental thermodynamic parameters
of the irreversible denaturing transition analyzed by DSC
and UV-vis spectroscopy

WT PSOA  P91A  PI86A

DSC

pH7.0 T, (K)* 370.6 369.3 3679 3724
E, (kcal/mol)t 95.15  105.8 76.4% 62.6

UV-Vis

pH70 T, (K)® 367.7 367.6  369.7 363.4
E, (kcal/mol)?  115.8 1212 60.1 76.8

*T, value obtained from the mid-point of the sigmoidal associated to the
DSC data shown in Fig. 3.

t Activation energy corresponding to the Tm of the DSC thermal transition,
plotted in Fig. 3 c.

* Activation energy temperature dependent behavior.

ST, value obtained from the midpoint of the sigmoidal associated to the
UV-vis data shown in Fig. 4.

I Activation energy value derived from the fitting of the Eqgs. 3 and 4
(Methods) to the UV-vis experimental data. The fitting errors are within the
10% of the given E, values.

operativity of this transition induced by this mutation (Fig.
3 a). The main irreversible transition Ty, of this mutant was
barely affected compared to WT (370 K), but it was different
in the shape, narrower, and more intense, indicating higher
cooperativity.

PI1A presented a decreased T, of the main irreversible
transition (367.6 K) and the transition was narrower but less
intense than WT. The paracrystalline arrangement of this
mutant was not affected (Tp,.x = 352 K and similar area than
WT). The main transition associated with the protein dena-
turation depicted a very unusual convex Arrhenius plot (Fig.
3 b) (32), which can be phenomenologically interpreted as a
decrease of the effective activation energy barrier for the
thermal denaturation as the temperature increases (Fig. 3 ¢).
The activation energy nearly reached zero at 371 K, and so
above this temperature the rate of denaturation is no longer
limited by a thermal activated barrier. The rate constant of
denaturation reaches a maximum rate constant slightly lower
than 1 min— !, i.e., the protein can not diffuse from the native to
the denatured state faster than 1 min at any temperature. Note
for comparison that the maximal rate constant of diffusion
along the reactive coordinate for the folding of small proteins
is considered to be in the order of 10°s™" (43,44). We suggest
that this unusual low diffusion time constant along the de-
naturation coordinate may allow for a better characterization
of downbhill relaxation processes in a system as complex as a
membrane protein, for instance, by recording a time-resolved
denaturation experiment at a fixed temperature above 371 K.

P186A (Fig. 3 a) showed a T}, similar to WT (372 K), but
it also showed the least cooperative (broader) transition re-
flected in an E, of 66.5 kcal/mol, almost 30 kcal/mol less than
WT bR (Table 2). The temperature of the transition for the
paracrystalline arrangement transition was slightly lower
(Tmax = 347 K) and the cooperativity of this reaction was
significantly lower.
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Active site denaturation: UV-vis and
TDS spectroscopy

Spectral changes in the visible absorption band of the chro-
moprotein on temperature increase were monitored by
UV-vis spectroscopy (for original spectra and minus second
derivative spectra of WT and proline mutants see Fig. 4). For
WT, the absorbance of the retinal under native conditions was
characterized by an unusual high wavelength, caused both
from the protonation of the retinal SB and the interactions of
the retinal with the RBP (Fig. 4, black lines). On thermal
denaturation, the SB was hydrolyzed and the retinal was re-
leased from the protein to the solution, with a characteristic
retinal absorbance at 384 nm. The proline mutants, especially
P91A, showed under native conditions a small peak at 415 nm
(in the minus second derivative plot) suggesting that in these
mutants a small but significant fraction of the retinal SB could
be deprotonated. For the P91A mutant the absorbance of the
retinal after thermal denaturation was 392 nm and not 384 nm
like in WT and the other mutants. This suggested that for
PI1A, the retinal was not fully released to the solution on
thermal denaturation, and it still interacted with the protein.

For the analysis of the temperature dependence of the ex-
perimental data we applied the TDS method to all the thermal
traces of the second derivative spectra. This transformation
generates a 2D plot (2D-TDS) with bands distributed in the
wavelength-temperature dimensions (45,46), providing a
qualitative visual but powerful way to observe transitions
present in a thermal experiment (Fig. 5). To our knowledge,
2D-TDS has only been used in the study of ligand rebinding in
proteins (45—47), and this represents to the best of our
knowledge its first use to study thermal stability of proteins.
For bR, when membrane suspensions are gradually heated,
the structural dynamics of the protein varies and a set of events
occur before the denaturation of the RBP.

WT showed a high temperature resistance with only one
completely resolved transition at around 348 K, and another
partially resolved transition above 365 K. The first transition
was close to 351 K, the T},.x for the transition involving the
paracrystalline arrangement of the membrane observed by
DSC. For UV-vis, the onset of this initial transition was
around 320 K, preceding that observed in DSC, and it
overlapped with the second and main transition, also in
contrast to the transition observed by DSC. The corre-
sponding spectral changes associated to the initial transition
were the decrease of absorbance at ~570 nm, with a con-
comitant increase at ~625 nm. These spectral changes were
caused by a spectral broadening, restricted to the red part of
the spectrum (compare the corresponding back and thick light
gray lines in Fig. 4 for WT to confirm this interpretation). The
lost of the trimer arrangement with temperature is likely to
affect the vibrational state of the retinal, which is known to be
coupled to the trimeric arrangement as observed by circular
dichroism in PM (48). The transition at ~630 nm may also be
contributed by the bR blue form, coming from the release of
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cations and the subsequent partial protonation of Asp®’ due to
a change in its pK, (49). The complete release of retinal was
not achieved even at 365 K showing an incomplete transition
by wavelengths 680 (+), 565 (—), and 383 (+) nm. The
bands at 680 nm and 565 nm originated from the lost retinal
with protonated SB, and the band at 383 nm from the newly
appearing retinal with deprotonated SB generated as the
retinal was released from the protein during the denaturation
of the RBP.
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In the case of the mutants at pH 7.0, all of them achieved a
complete denaturation of the active site before 373 K. For
P50A (Figs. 4 and 5), there was a previous transition starting
at 308 K and with a maximum intensity occurring at 322 K.
This transition may originate from a distorted RBP and Asp85
environment compared to WT (26 K difference) and may be
related to the absence of pretransition observed by DSC for
P50A. This transition was very similar to the pretransition
observed for the WT, corresponding to a spectral broadening
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in the red (compare back and thick light gray lines in Fig. 4).
The spectral similarity of the pretransition observed by UV-
vis for WT and P50A (also P186A as described below) argues
for a common origin and thermal path for this pretransition,
which is not related to the pretransition observed by DSC, but
may still be related with the trimeric arrangement. The areas at
668, 569, and 382 nm showed a complete transition, starting
at355 K and finishing at 370 K, reflecting the deprotonation of
the SB as the RBP was denatured.

For P91A (Figs. 4 and 5), both the pre- and the main
transitions were overlapped. The final denaturation indicated
by the retinal release, occurred at 361 K, but represented by
the areas at 614 (+), 548 (—), 419 (—), and 388 (+) nm. The
new band at 419 nm, absent for WT and visible for PSOA (and
slightly visible for P186A), represented a fraction of the ret-

inal in the RBP with a deprotonated SB (see also the second
derivative spectra in Fig. 4, which clearly resolved this band).
Here, the transition occurring at 630 nm consisted in a blue
spectral shift more than in a broadening of the red (Fig. 4, thick
light gray line spectrum).

For P186A, the initial transition started around 305 K
reaching its maximum at 325 K, corresponding to a very
intense red broadening at 635 nm. The active site total de-
naturation is now evidenced by the intense bands at 703 (+),
630 (—), 578 (—), and 381 (+) nm bands at ~360 K.

Protein versus active site denaturation

DSC reports both the contacts that allow the paracrystalline
ordination (the pretransition) and the contacts (involving
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retinal or not) that maintain the native protein architecture
(main transition). UV-vis experiments points mainly on the
contacts affecting the retinal environment and the retinal SB
protonation state. Parameters obtained by both techniques
allowed us to establish some relationship between the protein
and active site denaturation for the Pro-to-Ala mutants (Table 2).
This relationship can be extended trying to relate the denatured
fraction of both protein and active site (retinal plus RBP).
Integrating and normalizing the DSC curves for the main
transition directly provided the protein denatured fraction
(Fig. 6), without fitting the data to any model (i.e., the
two-state model assumed in sodium dodecyl sulfate (SDS)
unfolding experiments (50)). For RBP denaturation we
monitored the absorbance at ~385 nm (corresponding to the
deprotonation of the retinal SB and its release to the solution),
and fit it to a two-state irreversible model to obtain the fraction
of the denatured state as a function of temperature. A com-
parison between the protein and the active site melting tem-
perature (T},,) is possible (Table 2). The T}, given in Table 2
corresponds to the midpoint of the transition between the
native and denatured state. In general, the active site dena-
tured at lower temperatures compared to the full protein de-
naturation for all the proteins in this study, but for PO1A
(369.7 and 367.9 K for active site and protein denaturation,
respectively; Fig. 6 and Table 2). Concerning the E, barrier for
PI91A, the comparison was not possible because the E, by
DSC showed a temperature dependent behavior. In particular,
P50A showed a barely affected T}, for both denaturations
compared to WT (/370 K for protein and ~368 K for active
site), nevertheless it presented a higher E, barrier for both
denaturations (105.8 and 121.2 kcal/mol for protein and ac-
tive site denaturation respectively, compared to 95.15 and
115.8 kcal/mol for WT; Table 2). P186A showed both an
affected T, and E, when compared to WT. Despite having a
higher T}, for the protein denaturation, the E, was decreased
severely (372 K and 63 kcal/mol; Table 2). The parameters
for the active site denaturation were also affected compared to
WT, showing a T, of 363 K and an E, of =77 kcal/mol (Table 2).

DISCUSSION

Despite the absence of sequence homology between micro-
bial rhodopsins and rhodopsin, the structural relationship
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among them is evident as seven helices transmembrane pro-
teins. Furthermore, a hypothetical evolutive relationship be-
tween bR, rhodopsin and microbial rhodopsins from the
folding energies perspective points toward a rhodopsin-like
folding model (51). The typical architecture determines a
series of intermolecular (lipid-protein, protein-protein) and
intramolecular interactions (protein-ligand (retinal), helix-
helix) making bR a unique protein to model transmembrane
proteins. From the thermodynamics point of view, the chal-
lenge appears in correlating the structure-function relation-
ship of bR to the energetic patterns of its interactions.
Calorimetry used as a denaturation tool has given us the
chance to analyze and correlate the energy landscapes (ex-
perimental data shown in this study) with the computational
analysis of the structure (crystal structures) (50,52) and finally
with the function (experimental data shown in Perdlvarez-
Marin et al. (16)).

Considering Pr050, located in the middle of helix B, we
have observed that the introduction of the mutation severely
affects the lipid-protein and protein-protein interactions re-
sponsible of maintaining the proper paracrystalline arrange-
ment (shown by the lack of pretransition observed by DSC,
Fig. 3 a). It is worthy to note the disposition of helix B (Fig.
1 b) to understand that helix B participates directly with hel-
ices D and E in the protein-protein interactions stabilizing the
trimeric arrangement. The overall protein and the active site
structural stability are slightly increased in PSOA with respect
to WT (Table 2), but this does not favor a better function of the
protein (30% decreased pumping function (16)) despite a
more rigid structure (see Fig. 1 d for local structural details).

The mutation of Pro’' promotes more localized effects.
There is no effect on the paracrystalline arrangement (i.e.,
intermolecular interactions), but the active site and the protein
are severely affected. P91A mutation slows down the protein
dynamics making the protein conformational diffusion along
the denaturation coordinate slow enough to be no longer
barrier-limited; i.e., the transition between the native and the
denatured conformation becomes an ‘‘exotic’’ downhill
process, which may be related to diffusion dependent phe-
nomena affecting the folding kinetics, kinetic routes, and the
thermodynamic free-energy barrier (53). Thus, the observed
altered structural dynamics relates with the altered function
(65% decreased pumping function (16)) and gives a clear idea
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FIGURE 6 Temperature dependence on the fractions of denatured bR (DSC, black line) and RBP (UV-vis spectroscopy, gray line). Curves showing the
denatured fraction for the different Pro to Ala substitutions compared to WT at pH 7.0 are shown.
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why Pro®!' and its vicinity are so important in the signal
transduction from the retinal to the rest of the protein
(1,16,54,55). The P91A mutation disrupts the polar cluster
constituted by Pro91, Thr90, and Asp115 embedded in the
transmembrane helices of bR and forming part of the active
site of the protein (see Fig. 1 e for further details). This is
reflected in the analysis of the structural stability of the active
site by the TDS spectroscopy approach, showing the most
distorted behavior for the P91 A mutation.

The PM arrangement becomes affected by the Pro'®¢ sub-
stitution. The positioning of this residue in the helix F is rel-
evant for the relationship between trimers and the lipidic
component of the 2D paracrystalline arrangement (Fig. 1 a).
The DSC data argue for aless compact arrangement compared
to WT and the overall protein stability is strikingly decreased
(activation barrier ~30 kcal/mol below that of WT). The di-
rect contact of Pro'®® with the retinal molecule is evidenced by
the effect over the function of the substitution of this residue
for Ala. This also affects the structural stability of important
residues related to the function (such as Glu'* and Glu204;
Fig. 1 f) and the most striking effect is exerted over the retinal
environment (translated into a 60% decreased proton pump-
ing function (16)).

The crystal structures of helix embedded prolines mutated
to alanine, have shown no dramatic changes in the structure
(50,52). The FoldX analysis of these monomeric structures
points to a destabilizing effect of the Pro-to-Ala mutation. The
crystal structures were obtained under extreme conditions
(pH =4.0), where the protein is not functional. Our results at
pH 4.0 did not show significant differences between the WT
and the mutant proteins, either for the paracrystalline ar-
rangement, the overall protein stability, or the active site
(supporting information). However, the information con-
tained in crystal structures is extremely valuable because the
best energy-structure-function correlations are obtained when
high resolution x-ray studies are available (56). The experi-
mental conditions for these crystal structures are similar
enough to allow direct comparison between the native and
mutated proteins. SDS unfolding experiments of monomeric
bR for these proline mutants showed contribution of Pro”! and
Pro"'® to the structural stability of the protein, but not for Pro>®
(50,52). Previous work on SDS protein folding kinetics of
these same mutants on Escherichia coli membranes, indicated
that formation of a seven-transmembrane helical intermediate
state in the absence of retinal was slower for PSOA and P91A
compared to WT, however, at final stages of folding, when
retinal was incorporated, all three Pro residues contributed to
retinal binding and final folding of bR (57). A recent study by
single-molecule force spectroscopy on the same Pro-to-Ala
mutations has focused on the point mutation effects on the
unfolding and structural stability of bR in response to me-
chanical pulling (58).

The achievement of this study consists in the dissection of
the structural stability of bR from different perspectives. The
computational analysis of crystal structures with FoldX cross-
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linked with experimental data has allowed us to relate detailed
atomic information of the crystal structures to the active site,
protein and PM structural stability.

Facing the study of protein stability from the overall protein
and active site point of view makes it easier to understand the
relevance of certain residues in determined positions. In ad-
dition, we have observed how a single mutation of a Pro
residue is capable of reducing the protein conformational
diffusion enough to transform the thermal denaturation into a
barrier-free transition above 371 K. This reduced dynamics is
likely to affect also the folding/unfolding of bR. It is also
possible that similar ‘‘frozen’’ dynamics can be induced by
Pro mutations in other membrane proteins.

Our study suggests that the overrepresentation of prolines
included in transmembrane helices, where proline is a well
known «-helix breaking amino acid (actually imino acid),
comes from the optimal energy/structure/dynamics/function
relationship of this amino acid. Its presence in transmembrane
helices is important not only for signal transduction as hap-
pens in bR or GPCR (1,16,59-61), but also for other trans-
membrane proteins such as transporters (62), carriers (63),
bacterial membrane proteins (64), and viral glycoproteins
(65,66) among others.

SUPPLEMENTARY MATERIAL

To view all of the supplemental files associated with this
article, visit www.biophysj.org.

Fig. S1 in Supplementary Material, Data S1 shows the
fitting of the UV-Vis experimental data to Egs. 3 and 4
(Methods) to get the values shown in Table 2. Fig. S2 in Data
S1 shows denatured fractions obtained by DSC and UV-Vis
spectroscopy for the samples at pH 4.0. Table S1 in Data S1
lists Ty, and E, values obtained for the WT and mutants at pH
4.0 by DSC and UV-Vis spectroscopy.
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