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ABSTRACT: The analysis of the three-dimensional structure of green
fluorescent protein (GFP-cycle3) revealed the presence of two well-
defined hydrophobic clusters located on the opposite sides of the GFP
p-can that might contribute to the formation of partially folded
intermediate(s) during GFP unfolding. The microcalorimetric analysis
of the nonequilibrium melting of GFP-cycle3 and its two mutants,
I14A and I161A, revealed that due to the sequential melting of the
mentioned hydrophobic clusters, the temperature-induced denatura-
tion of this protein most likely occurs in three stages. The first and
second stages involve melting of a smaller hydrophobic cluster formed
around the residue 1161, whereas a larger hydrophobic cluster (formed
around the residues 114) is melted only at the last GFP-cycle3
denaturation step or remains rather structured even in the denatured
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he GFP-cycle3 (GFP-c3) mutant is a variant of the green

fluorescent protein, which was created by Crameri et al. by
random mutagenesis with PCR." The GFP-c3 variant has three
mutations, F99S, M153T, and V163A, located on or near the
surface of the protein molecule and matures efficiently in E. coli
at 37 °C." Since this GFP variant has the same chromophore
and the same spectral parameters as the wild-type protein, it is
now widely used in a variety of applications. > Furthermore,
the GFP-c3 crystal structure and folding behavior are essentially
identical to those of the wild-type protein.*®> In fact,
crystallographic structures of the wild-type GFP, its enhanced
mutants (ECFP, 1C4F.ent, and EYFP), and the GFP-c3 variant
revealed that these proteins resemble an 11 stranded f-can
wrapped around a single central helix, in the middle of which is
the chromophore.®”® The cylinder has a diameter of about
30 A and a length of about 40 A.”

At present, there are numerous papers reporting the use of
GFP and its numerous variants as unique biosensors for
detecting protein—protein interactions, cotranslational protein
folding, and localization of different structures within the cell>?
However, information regarding the GFP conformational
stability and folding/unfolding mechanisms is quite scarce.
GFP is known to possess a high conformational stability under
a variety of conditions, including a treatment with deter-
gents,m’11 proteases,12 GuHCL>"3 and temperature.B’14 GFP is
a rather difficult subject for such unfolding—refolding studies,
since the formation and unfolding of its native structure in vitro
is an intricate sequential process. In fact, some authors
suggested that the unfolding of the GFP native structure at
pH6 and 25 °C can the halflife of several weeks.'> Further-
more, GFP unfolding and refolding typically includes several
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fairly prolonged stages, during which the protein might undergo
aggregation. For example, refolding of the pH-unfolded GFP
occurs in four slow stages,16 whereas the GuHCl-induced
unfolding occurs in two>'” to four stages, with four stages being
observed for a more stable GFP variant, superfolder."®

Finally, the hydrogen/deuterium (H/D) NMR exchange
rates of more than 157 assigned amide protons were used to
evaluate the dynamics and stability of GFP at atomic
resolution.'> A complete assignment of the NMR resonances
for the backbone (**C, '*N, and 'H) of GFP'*?° enabled the
use of the H/D exchange technique to probe the stability and
folding of the protein under equilibrium conditions. This
analysis revealed that the slowest exchanging residues in GFP
are clustered together primarily on one face of the f-can.
However, at one end of the can they do form a ringlike
structure. It is likely that these residues exchange so slowly
because they remain involved in hydrogen-bonded secondary
structure in the intermediate state."’

The majority of the earlier studies on the GFP unfolding—
refolding were conducted using a set of spectroscopic methods,
such as fluorescence of tryptophane residues, fluorescence of
GFP chromophore, and circular dichroism. Although this
approach is a useful tool for measuring the kinetic parameters
of folding/unfolding and for determining the folding/unfolding
rate constants, it does not yield sufficient information on the
structural peculiarities of intermediate states. In our previous
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paper,”' temperature-induced denaturation of GFP-c3 was
analyzed by differential scanning microcalorimetry. This
analysis revealed that, at heating rates exceeding 0.25 K/min,
GFP melting is the nonequilibrium process. It was also
demonstrated that the GFP heat denaturation can be described
by a sequential irreversible model. Fitting experimental data by
the two consecutive irreversible denaturation stages model
provided reliable kinetic parameters of the GFP-c3 denatura-
tion, such as activation energy and the unfolding rate constants,
as well as important energetic parameters, such as melting
enthalpy of every stage of GFP-c3 denaturation.”’ The
observation of two melting stages suggested the GFP-c3 variant
might contain two hydrophobic cores, which are melted
sequentially at subsequent denaturation steps.

The intrinsic disorder phenomenon is introduced to describe
the biologically active proteins or protein regions which remain
unstructured, or incompletely structured, under physiological
conditions.”””>* Since the amino acid compositions, sequence
complexity, hydrophobicity, aromaticity, charge, flexibility, etc.,
of amino acid sequences of these intrinsically disordered
proteins (IDP) and intrinsically disordered regions (IDR) are
different from sequences of structured globular proteins and
their domains, various computational tools were developed for
accurate disorder prediction.*”>% Although these tools are
typically used for reliable prediction of IDRs and IDPs, they can
also be utilized for the evaluation of structural flexibility of
ordered proteins. In fact, in ordered proteins with overall low
disorder propensity scores, the predicted local increase in the
intrinsic disorder predisposition could be correlated with the
increased mobility of a given region.’*~>*

In this study, the calorimetric and computational analyses of
the GFP-c3 variant and its mutants further revealed a peculiar
unfolding mechanism of GFP and yielded information
regarding the sequence of events during the thermal
denaturation of this interesting protein.

B MATERIALS AND METHODS

Protein Expression and Isolation. The GFP-c3 gene
(pBAD-GFP-cycle3 produced by Maxygen) was transferred
into the pET-28a vector. Plasmids with the mutant GFP-c3
genes were constructed by a standard PCR technique using
appropriate primers and a pET-28a vector as a template. The
DNA sequences of all constructs were confirmed by the DNA
sequence analysis.

GFP-c3 was expressed and isolated as described elsewhere.’®
The purity of the isolated protein was checked by SDS
polyacrylamide gel electrophoresis. Since the ratio of the
absorbance values at 395 and 280 nm is equal to 1.1-1.2 for
pure GFP-c3, this 395/280 ratio is typically used as a GFP-c3
purity index.'" The final GFP-c3 sample prepared in this study
had a 395/280 ratio of 1.1 or higher. Mutant proteins with
substitutions 114A and I161A were isolated and purified using
the same techniques. The intensity of chromophore fluore-
scence in both mutants was similar to that of GFP-c3 protein.

Calorimetry. Calorimetric measurements were performed
using a precision scanning microcalorimeter SCAL-1 (Scal Co.
Ltd., Russia) with 0.33 mL glass cells, at a scanning rate of 0.2,
0.5, and 1.0 K/min and under the pressure of 2.5 atm.”® The
experiments were performed in 25 mM sodium phosphate
buffer at pH 7.2. The protein concentrations in the experiment
varied from 0.5 to 1.0 mg/mL. The experimental calorimetric
profiles were corrected for the calorimetric baseline, and the
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molar partial heat capacity functions were calculated using a
standard approach. The excess heat capacity was evaluated by
subtraction of the linearly extrapolated initial and final heat
capacity functions with correction for the difference of these
functions by using a sigmoid baseline.®” A characteristic value
of the partial specific volume for typical lobular proteins
(0.73 cm®/g) was chosen arbitrarily, since it does not influence
the calculated excess heat capacity.

Estimation of the Rate Constants and Activation
Energy from Melting Curves. A detailed explanation and
justification of a choice of protein denaturation model
described below are given elsewhere.’ The curves of the
dependence of excess heat capacity versus temperature were
analyzed using the following irreversible denaturation model:

(1)

where N, I, and D are native intermediate and denatured states
of the protein; k; and k, are the rate constants of first and
second unfolding steps.
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The effects of the nonequilibrium experimental conditions
on the peculiarities of protein thermal denaturation were
the basis of these
formalisms, basic regularities determining the position and
shape of the heat absorption peak in calorimetric experiments
were revealed. When protein melting can be represented as two
irreversible sequential steps, the heat absorption peak is
described by the following equation:*°
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where AH; and AH, are changes in enthalpy for the first and
second steps; v = dT/dt is the scanning rate; T and T, are the
absolute temperature and the temperature of the beginning of
the heat absorption curve; k; and k; are the rate constants for
the first and second steps that can be expressed using the
activation energies of each stage (AE;, AE,) by the equations

k, = exp[—AE;/R(1/T — 1/T;*)] and

ky = exp[=AE,/R(1/T = 1/T,*)] (3)

where T* and T,* are the temperature parameters equal to
the temperature at which the corresponding rate constant is
1 min™!

Equation 2 is used for approximation of the heat absorption
curves obtained experimentally, and the six parameters (AH;,
AH,, AE,, AE,, T\* and T,*) are chosen so that the
calculated heat absorption curve would be perfectly concurrent
with the experimental one. Therefore, the fit of experimental
data within the frames of this approximation provides
important kinetic information, the activation energies, and the
temperature parameters T* of the two steps of the protein
thermal denaturation. The fitting of the experimental curves
was done using the IgorPro software (WaveMetrics, Inc.)
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Table 1. Combined Fitting Parameters of Heat Denaturation Curves of GFP-c3 and Its Mutants (1144, 1161A)“

AH; =+ S, kJ/mol

scan rate, K/min

GFP-c3 1 357 611
0.5 269 542
0.25 278 534
114A 1 244 645
0.5 199 567
0.25 201 568
1161A 1 298 396
0.5 357 337
0.25 372 359

AH, + 6, kJ/mol

AE, + 4, 1J/mol  AE, + 2, kJ/mol  T{*+02,K  To*+02K
311 471 3734 367.2
311 471 3711 365.7
311 471 364.7 358.2

“Fitting errors are given. See experimental errors in Materials and Methods.

Experimental and Fitting Errors. Table 1 provides errors
of the combined fitting and shows how well the IgorPro
software (WaveMetrics, Inc.) finds the only minimum among
all the parameters (for three curves). The experimental error of
the melting enthalpy determination is greater than the fitting
error, almost equaling +50 kJ/mol. However, the error of the
determination of the rate constants is much lower. This is
because the AE;, AE,, T1*, and T,* parameters are associated
only with the shape of the melting curves (eqs 2 and 3). If the
height of every melting peak is changed arbitrarily (which can
occur, e.g., due to the error in the determination of protein
concentration), this would affect the enthalpies (AH;, AH,)
but would not affect the shape of the melting curves, ie., the
calculated activation energy values (AE;, AE,), temperature
parameters (T)*, T,*), and rate constants (k;, k,). Furthermore,
the calculation accuracy of the logarithm of rate constants is +0.3
for In(k; ) and +0.2 for In(k,) and depends on the noisiness of the
melting curves, rather than on the height of melting peaks. The
experimental error is about +20 kJ/mol for the activation energy
and +1 K for the temperature parameters T*.

Determination of the Amount of Contacts for Amino
Acid Residues. To analyze the structure and calculate the
amount of contacts for every amino acid residue in the GFP-c3
protein, we used RasWin (v.2.7 Herbert J.Bernstein) and
DSSPY software. The structure of protein PDB ID 1QYQ was
analyzed. When calculating the amount of contacts, two atoms
were accepted to be in contact if the distance between them (r)
did not exceed 6 A. The amount of residue—residue and atom—
atomic contacts was calculated at r = 5 A and r = 7 A, with the
conclusions on the choice of amino acid residue for the
following substitutions remaining unchanged.

Evaluation of Protein Dynamics via Intrinsic Disorder
Calculations. Here, the intrinsic disorder predictor PONDR
FIT®® was used to evaluate the propensities of GFP-c3 for
intrinsic disorder, since such propensities reflect the encoding
of the dynamic tendencies in the primary structures of studied
proteins and can therefore reé)ort the dynamic behavior of a
given protein in solution.’ ~3% PONDRFIT is a meta-
predictor®® that combines six individual predictors, which are
PONDR VL-XT,” VSL2,”° VL3,”! FoldIndex,”* IUPred,”® and
TopIDP.”* This meta-predictor is moderately more accurate
than each of the component predictors.”® For an amino acid
sequence, PONDREFIT outputs a prediction for the intrinsic
disorder propensity in the [0, 1] range per residue. These
outputs are then compared to a threshold (we used the default
threshold 0.5) and residues with a prediction value greater than
the threshold were predicted to be intrinsically disordered. The
local increase in the intrinsic disorder tendency for an ordered
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protein with overall low disorder propensity scores is expected
to correlate with the increased mobility of the studied region.

ANCHOR Analysis. Potentially foldable sites in the
dynamic regions of GFP-c3 were identified by the ANCHOR
algorithm.” 76 This approach relies on the pairwise energy
estimation approach developed for the general disorder
prediction method IUPred’”>”” and is based on the hypothesis
that long dynamic (or disordered) regions contain localized
potential foldable sites, ANCHORs, that cannot form enough
favorable intrachain interactions to fold on their own but are
likely to g7ain stabilizing energy by interacting with a protein
partner.75’ ¢

B RESULTS AND DISCUSSION

Analysis of the GFP-c3 Structure. Figure 1 represents
the 3D structure of GFP-c3, where the localizations of the Ca-
atoms of hydrophobic amino acid residues are shown by balls.
Analysis of this figure reveals that hydrophobic amino acid
residues are grouped in two clusters. The first group is a large
cluster that includes 25 hydrophobic residues. It is centered at
the f-sheet shown in red, which is located in the 11—48 region
and consists of three -strands (strands 1—3). In addition, this
cluster includes hydrophobic residues located in strands S, 6
(shown in yellow), and 11 (shown in cyan). The second
hydrophobic cluster has smaller dimensions (12 residues), being
mainly located within the fB-sheet located in the 144—187 region
(shown in green). This cluster includes hydrophobic residues from
the f-strands 4, 7, 8, and 9. As seen from Figure 1B, these clusters
are positioned at the opposite sides of the GFP f-can.

Figure 1D shows residue—residue contact map built based on
the GFP-c3 crystal structure (1QYQ). As a rule, the residue—
residue contacts in this protein depend on the mutual positions
of corresponding f-strands, since most of the dots representing
contacts in the Figure 1D are grouped in the extended bands.
Such grouping of the residue—residue contacts into dense
extended bands is characteristic for the contacts between
neighboring p-strands. The residue—residue contacts that
belong to the aforementioned large and small hydrophobic
clusters are contoured by the red and greed ovals, respectively.
The hatched region in the Figure 1D represents the residue—
residue contacts that are formed within the central a-helix of
the GFP-c3. Figure 1D shows that the hydrophobic clusters are
separated by the central helix, that the intrahelical residue—
residue contacts within the central helix are uniformly
distributed, and that the interactions of all the GFP-c3
P-strands with this a-helix are equally weak.

dx.doi.org/10.1021/bi2006674 | Biochemistry 2011, 50, 7735-7744
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Figure 1. Structure of GFP-c3. Three-dimensional structure is shown with band (A) and wire (B, stereo view) models. (C) Relative position of
f-strands (numbered by the underlined digits) of the protein without loops and the central a-helix (as viewed from the center of the protein). Blue
balls show hydrophobic amino acid residues. Two hydrophobic clusters well distinguished in (B) and (C) are encircled with a red (larger cluster)
and a green (smaller cluster) lines. (D) Residue—residue contact map evaluated based on the crystal structure of the GFP-c3 (PDB ID: 1QYQ). The

hatched region contains contacts of the central a-helix of this protein.

Figure 2A represents the evaluation of the expected dynamic
behavior of GFP-c3 based on the distribution of the predicted
intrinsic disorder propensities within the primary structure of
this protein. According to the PONDRFIT algorithm, GFP-c3
is expected to be mostly ordered, with the disorder scores for
the majority of its residues being located below the threshold
value of 0.5. However, both N- and C-termini of this protein
are predicted as regions with increased flexibility. Figure 2A
shows that there is generally a strong correlation between the
known protein structure and predicted protein mobility. In fact,
the majority of disorder spikes in the PONDRFIT plots
coincide with known GFP-c3 loop regions linking elements of
ordered secondary structure. Analysis of Figure 2A further
shows that the residues comprising the large hydrophobic
cluster are frequently located in more dynamic regions (see
dark red lines in Figure 2A), whereas hydrophobic residues of
the second cluster are mostly located in less mobile regions (see
dark green lines in Figure 2A). Furthermore, the C-terminal
P-strand 11 included in the large hydrophobic cluster is
predicted as ANCHOR. In other words, this region of GFP
potentially folds only as a result of interaction with the
reminder of the protein.

Overall, data shown in Figure 2A suggest that the large
hydrophobic cluster of GFP-c3 is more dynamic than the small
cluster. This larger conformational flexibility might be used for
better spatial adjustment of residues and therefore might
contribute to the tighter mutual packing of residues in the large
cluster. Figure 2B supports this hypothesis by showing the
distribution of the residue—residue contacts within the GFP-c3
amino acid sequence. Here, the mean number of contacts in
GFP is 13.3 per residue; the mean number of contacts between
the hydrophobic residues is 13.8 per residue; residues in the
small hydrophobic cluster (green) have 14.6 contacts per
residues, whereas residues in the large hydrophobic cluster
(red) are definitely packed tighter, having on average 15.6
contacts per residue.
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Therefore, the analysis of the GFP-c3 3D structure,
combined with the evaluation of its expected dynamic behavior,
reveals that the two opposite sides of this protein have
hydrophobic clusters, a large cluster containing 25 hydrophobic
residues located in f-strands 1, 2 3, S, 6, and 11, and a small
cluster containing 12 hydrophobic residues located in B-strands
4,7, 8, and 9. These two clusters are not only different in size
but also differ from each other in expected dynamic behavior
(with the large cluster predicted to be more mobile) and in
packing density (with large cluster having more contacts per
residue). Earlier, we found that, calorimetrically, melting of
GFP-c3 was described by a sequential irreversible model with
two consecutive irreversible denaturation stages.21 Since there
is approximately a 2-fold difference in the enthalpies of GFP-c3
melting at the first and second stages, and since there is 2-fold
difference in sizes of described above hydrophobic clusters, we
hypothesized that the two-stage melting of GFP-c3 is due to
the sequential melting of these two clusters. Since the protein
melting enthalpy is mostly due to the disruption of the van der
Waals interactions (often between hydrophobic amino
acids),®® the first stage of the GFP-c3 structure melting
could be due to the disruption of the smaller cluster, whereas
the second stage could be determined by melting of the larger
cluster.

Choice of Appropriate Mutations. To check the
hypothesis that the two-stage melting of GFP-c3 is due to
the sequential melting of two hydrophobic clusters, where
melting of the small and large hydrophobic clusters
corresponds to the first and second stages of the GFP-c3
thermal denaturation respectively, we analyzed the effect of the
amino acid substitutions within these clusters on the individual
stages of GFP-c3 thermal unfolding. To ensure that the chosen
point mutations evoke a comparable destabilization of different
states of the protein, the choice of the candidate positions for
such substitutions was based on the following criteria: the
candidate positions should have identical side chains, and the

dx.doi.org/10.1021/bi2006674 | Biochemistry 2011, 50, 7735-7744
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Figure 2. (A) The evaluation of the expected dynamic behavior of GFP-c3 based on the distribution of the predicted intrinsic disorder propensities
within the primary structure of this protein. Results of the disorder prediction by PONDR VLXT® and PONDR FIT® are shown by red and pink
lines, respectively. Pink shadow covers the distribution of errors in evaluation of disorder scores by PONDR FIT. Vertical red and green bars show
locations of hydrophobic residues involved in the large and small clusters, respectively. Horizontal red, yellow, green, and cyan bars on the top of the
plot show localizations of f-strands 1—3, 4—6, 7—9, and 10—11, respectively. Location of mutated residues Ile14 and Ile161 are shown by crosses.
Horizontal bars at the bottom of the plot show the locations of the binding motifs predicted by ANCHOR.”>”® Dark blue bar corresponds to the
predicted disordered binding region, whereas gray bar corresponds to the filtered binding motif. (B) The distribution of the residue—residue contacts
(light gray bars) within the GFP-c3 amino acid sequence. In GFP-c3, the mean number of contacts between the hydrophobic residues (dark gray
bars) is 13.8 per residue; the small hydrophobic cluster (shown by green line) has 14.3 contacts per residues, and the large hydrophobic cluster

(shown by red line) has 15.6 contacts per residue.

candidate residues should have a large and similar number of
contacts both at residual and atomic levels. After examining the
GFP-c3 structure, positions 14 and 161 were selected, since
both of them are occupied by isoleucine and both 114 and 1161
have a similar (and, more importantly, very large) number of
contacts. In fact, at the residual level, each of these residues is
involved in contact with 19 other residues. At the atomic level,
there are 317 and 313 atom—atom contacts for 114 and 1161,
respectively. Since the average number of contacts in the
protein is 14.3 per residue and the average number of atom—
atom contacts is 231, the chosen positions not only have similar
residues with a similar number of contacts, but the chosen
residues are also highly connected. On the basis of these
considerations, we designed two mutant proteins containing
single 114A and I161A substitutions.

Calorimetric Studies. Figure 3 represents melting curves
for the wild-type GFP-c3 and its two mutant forms at pH 7.2.
The melting of each protein was analyzed at three heating rates:
1.0, 0.5, and 0.25 K/min. The fitting of the corresponding
curves was done using eq 2. A detailed discussion of the
molecular mechanisms of the GFP-c3 thermal melting and the
validation of a hypothesis that this process can be described
using a formalism of the irreversible two-stage denaturation
model are given in our previous paper.”’ In particular, we
demonstrated that the GFP-c3 melting process cannot be
described either by a two-state irreversible denaturation model
or by the Lumry—Eyring two-stage model with the fast
equilibrating first step, in which folding and unfolding rate

7739

constants of the first step are high in comparison with the rate
constant of the second step.2 Furthermore, the in depth
calorimetric analysis of the pH dependence of the GFP-c3
melting allowed us to systematically evaluate the activation
energy values for two stages of GFP unfolding and therefore to
characterize the two corresponding transition states.”"

For each protein, a combined fitting of the three curves with
similar AE;, AE,, T*;, and T*, parameters was performed,
which allowed us to reduce errors when determining these
parameters. Figure 3 represents experimental data by the
symbols and the fitting results by the lines and clearly shows
that the fitting curves coincide well with the experimental
curves for all three proteins under all the conditions studied.
This provides additional support for the correct choice of the
model describing the GFP-c3 heat denaturation (eq 1). The
values of enthalpies AH; and AH,, activation energies AE; and
AE,, and the T* parameters calculated by fitting of the melting
curves are listed in Table 1. A comparison of the melting curves
of GFP-c3 and its two mutants (Figure 2) revealed that the
I14A substitution had a small effect on the position of the
melting peaks, whereas the I161A substitution had a rather
large effect (the curves were shifted by almost 10 K). At
nonequilibrium melting, this shift cannot be directly associated
with the change in the protein stability, since it depends on
both the protein stability and on the rates of protein unfolding.
Parameters calculated from the melting curves (see Table 1)
were used to estimate the rate constants of the two unfolding
stages for all three proteins. Using eq 3, we plotted the

dx.doi.org/10.1021/bi2006674 | Biochemistry 2011, 50, 7735-7744
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Figure 3. Melting curves of GFP-c3 (A) and its two mutant forms
I14A and 1161A (B, C) in 25 mM phosphate buffer, pH 7.2. In every
plot, symbols show experimentally obtained dependencies of excess
heat capacity versus temperature at three heating rates (@, 1 K/min;
V¥, 0.5 K/min; O, 025 K/min). Lines show the best fit of
experimental data using a two-stage irreversible model of denaturation.
Maximal deviation of the fitting curve from the experimental data is

3 kJ/(K mol).

dependencies of logarithms of unfolding rate constants on the
inverse temperatures (an Arrhenius plot). Figure 4 represents
these dependencies for the first (Figure 4A) and the second
(Figure 4B) unfolding stages and shows that the dependencies
appear to be parallel lines. The slope of these lines is
determined by the activation energy AE that is not affected
by the mutation (see Table 1), and the observed shift between
the corresponding lines is dependent on the T* parameter.
Figure 4C demonstrates the change in the logarithm of
unfolding rate constants of the mutant proteins relative to the
wild-type GFP-c3, calculated as A In(k) = In(kpuant) —
In(kgrp—c3)- The value of the A In(k) parameter reflects the
effect of each mutation on the unfolding rate of GFP-c3. Data
shown in Figure 4 are consistent with the conclusion that both
mutations accelerated protein unfolding. The I14A substitution
had approximately similar effects on both rate constants k; and
k,, whereas the I161A substitution had a stronger effect on the
unfolding rate of the second stage, k;.
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Figure 4. Dependencies of logarithms of rate constants of the first (k;)
and second (k,) stages of GFP-c3 unfolding (A and B, respectively)
versus inverse temperature calculated from melting curves of GFP-c3
(—) and its two mutant forms (1144, - - -; 11614, *+), pH 7.2. Part C
shows the A In(k) In(kmutant) — In(kgrp_c3) value which
corresponds to the shift of the lines for mutant proteins in (A) and
(B) relative to those for GFP-c3.

On the basis of the analysis of the GFP-c3 3D structure, it
was expected that the I161A substitution would affect only the
first unfolding step, whereas and the I14A substitution would
affect the second unfolding stage to a greater extent. Therefore,
the observed fact that both mutations influence both stages of
GFP-c3 unfolding was quite surprising and clearly deserved
some explanations.

How Can Destabilization of Different States of
Protein Affect Its Unfolding Rate? To understand the
obtained experimental data, let us consider Figure S, which
schematically shows how mutations in different GFP-c3 parts
can influence the stability of its different states and also how
such changes in the stability should affect the protein unfolding
rates. Since the experimental data were obtained for an
irreversible process, the schemes analyzed below also describe
the irreversible GFP-c3 unfolding.

Suppose the protein can be conventionally divided into two
parts that unfold sequentially and their unfolding rates are k;

dx.doi.org/10.1021/bi2006674 | Biochemistry 2011, 50, 7735-7744
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Figure 5. Schematic representation of the sequence of states at unfolding of GFP (on the left) and relative arrangement of energetic levels (on the
right) of this protein. N, I, D, and U are native, intermediate, denatured, and unfolded states of the protein, respectively. Substituted amino acid
residues (mutations) are shown with black circles. S1, the substituted amino acid residue is contained only in the structure of native state. Therefore,
destabilization of the native state should lead to acceleration of only the first stage of unfolding (k;). S2, the substituted amino acid residue is
contained in the structure of intermediate state. As a result, destabilization of both the intermediate and native states should take place, which in its
turn would affect the rates of the two stages of unfolding (k; and k,). $3, the substituted amino acid residue is included in the structure of the very
last structured state of unfolding (D); hence, it should affect the stability of all states and also the rates of all unfolding stages. There is an intentional
inaccuracy in the represented energetic schemes. In fact, if an intermediate state I (for example in S2) is destabilized by a mutation, the free energy of
the transition state between N and I should change at least by the same value. In this figure, the energetic schemes are represented in assumption that
every unfolding stage occurs independently of all the other processes. Since only the unfolding rates are analyzed here, such a simplification of the
energetic schemes is quite reasonable and provides an easy way to compare these rates with each other and to relate theoretical considerations with
the experimental data.

and k,. What would happen if we would insert a mutation in the structured region in the denatured state D. Second, the
that part of protein which is the first to unfold (see Figure S, unfolding could be complete and occur in three stages, where
scheme S1)? Such a mutation should strongly destabilize the the partially structured state D is first formed and then unfolds
native state, which in its turn should influence the unfolding completely at the last unfolding stage (see S3 in Figure S). In
rate k;. The intermediate state should not be affected by this this case, the substitution of the amino acid residue stabilizing
mutation at all. It is clearly seen from scheme S1 in Figure 5 state D should affect the rates of all preceding stages (see S3 in
that if the amino acid residue is in the unfolded part of the Figure S).
protein after the first stage of unfolding, then its substitution Thus, the analysis of various unfolding schemes shown in
should not affect the stability of the intermediate state I. Figure S suggests that the mutation of the amino acid residue
Furthermore, S1 in Figure S (on the right) shows also that included only in the structure of the native state N would
changes would occur in the energetic scheme of the protein. influence only the initial unfolding step. The mutation of the
Because of the native state destabilization (indicated by an amino acid residue included in the structure of the state close to
arrow), the height of the first energetic barrier would decrease the unfolded one would influence all the unfolding stages,
by the value of A In(k;). among which the first unfolding step would be the least affected
The next scheme (S2 in Figure S) describes the case when stage, whereas the last unfolding step would be affected most.
the amino acid residue that stabilized the structure of the These simple considerations are applied below to interpret the
intermediate state was substituted. Such a mutation should experimental data.
influence the stability of both the intermediate I and the native Experimental Data Interpretation. Since for the muta-
N states, since in this case the intermediate is a part of the tion analysis similar amino acid residues (isoleucines) with the
native state. Furthermore, it is possible to conclude that the same number of contacts were chosen and since these residues
native state destabilization would be less pronounced than that were substituted for alanine, it was expected that these
of the intermediate, since the intramolecular contacts of the mutations would similarly affect the local protein structure.
substituted amino acid are far more “important” for the smaller Therefore, the comparison of the unfolding data for these two
intermediate I than for the larger native state N. In the mutants and the analysis of their differential effects would
energetic scheme S2 (see Figure S), the protein with this provide important information on the molecular mechanisms of
substitution would be characterized by the A In(k;) value lower the GFP-c3 unfolding and would uncover the qualitative and
than the A In(k,) value. quantitative effects of these mutations on different unfolding
Finally, the third scheme (see S3 in Figure S), in which the stages.
substituted amino acid residue would destabilize the denatured A comparison of the data presented in Figure 4C with the
state D, was analyzed. This situation could be realized via two schemes given in Figure S suggests that the effects of
potential scenarios. First, the protein unfolding could occur in substitution I161A in GFP-c3 can be perfectly described
two stages but not be complete, resulting in the preservation of by scheme S2, where the substitution influenced both unfolding
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stages, with the first unfolding stage being affected less than the
second stage (ie., A In(k;) is lower than A In(k,)). This means
that the amino acid residue 161 is located within the part of the
protein that remains structured in the first intermediate state I
(see Figure S).

However, the effects of the 114A substitution on the GFP-c3
structure and unfolding could not be explained using schemes S1
and S2. In fact, this substitution influenced the rate constants
much less than the I161A substitution. Furthermore, the 114A
substitution influenced equally both k; and k, (Figure 4C). These
effects of mutation on the GFP-c3 unfolding behavior can only
occur if the Ilel4 containing part of the protein is melted much
later than at the stage of the intermediate state I formation and
remains structured later, at the denatured state D (see S3 in Figure
S). Therefore, the effects of the 114A substitution on the GFP-c3
unfolding can be explained in two ways:

(i) The thermal unfolding of GFP-c3 proceeds in two stages,
with the state D remaining rather structured (not
completely unfolded) and being destabilized by the
I14A substitution.

The thermal unfolding of GFP-c3 proceeds in three
stages (as shown by scheme S3 in Figure S), where the
third unfolding stage occurs with no enthalpy change
since it is not detected by the microcalorimetry.

(i)

In our opinion, the latter scenario is more probable and can
take place if state D (see S3 in Figure S) has the properties of
the molten globule state.”” In fact, the analysis of the melting
behavior of many proteins revealed that the unfolding of their
early molten-globule-like intermediate states can proceed
without enthalpy and therefore cannot be detected by the
calorimetry method. Such studies were performed, e.g, in the
groups of Prof. Freire®® and Prof. Privalov.*'

Obviously, on the basis of analysis of only two mutant forms,
it is difficult to make final conclusions on the precise molecular
mechanisms of the GFP-c3 thermal unfolding and on the
precise number and sequence of stages in this process.
However, on the basis of analysis of the GFP-3c 3D structure,
energetic schemes, and the obtained experimental data, we can
conclude the thermal unfolding of this protein is a complex and
multistage process. Although the calorimetric analysis of the
GFP-c3 melting detected only two unfolding stages, the studies
of two mutant forms of this protein showed that the GFP-c3
unfolding most likely proceeded in three stages (see scheme S3
in Figure 5). The first and second stages involve the unfolding
of the protein part around the Ile161 region, i.e., the melting of
the small hydrophobic cluster (see Figure 2). At the same time,
the region containing the large hydrophobic cluster (Figure 1)
remained structured even after the completion of the
intermediate state unfolding and was melted only at the very
last stage of GFP-c3 denaturation (see scheme S3 in Figure S).
It is likely that both higher packing density and increased
intrinsic propensity for being flexible contributed to the higher
stability of the large hydrophobic cluster in comparison with
the mall hydrophobic cluster. In fact, a larger number of per
residue contacts detected in the large cluster would increase the
enthalpic component of its Gibbs free energy of unfolding,
whereas the corresponding entropic component would be
increased due to the higher predicted intrinsic mobility.
Furthermore, the higher intrinsic mobility of the regions
involved in the large hydrophobic cluster might also determine
tighter packing of their residues via an improved spatial
adjustment.
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