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ABSTRACT The naturally occurring amino acid cysteine has often been implicated with a crucial role in maintaining protein
structure and stability. An intriguing duality in the intrinsic hydrophobicity of the cysteine side chain is that it exhibits both polar
as well as hydrophobic characteristics. Here, we have utilized a cysteine-scanning mutational strategy on the transmembrane
b-barrel PagP to examine the membrane depth-dependent energetic contribution of the free cysteine side chain (thiolate) versus
the parent residue at an experimental pH of 9.5 in phosphatidylcholine vesicles. We find that introduction of cysteine causes
destabilization at several of the 26 lipid-facing sites of PagP that we mutated in this study. The destabilization is minimal
(0.5–1.5 kcal/mol) when the mutation is toward the bilayer midplane, whereas it is higher in magnitude (3.0–5.0 kcal/mol)
near the bilayer interface. These observations suggest that cysteine forms more favorable interactions with the hydrophobic lipid
core as compared to the amphiphilic water-lipid interface. The destabilizing effect is more pronounced when cysteine replaces
the interfacial aromatics, which are known to participate in tertiary interaction networks in transmembrane b-barrels. Our obser-
vations from experiments involving the introduction of cysteine at the bilayer midplane further strengthen previous views that the
free cysteine side chain does possess strongly apolar characteristics. Additionally, the free energy changes observed upon
cysteine incorporation show a depth-dependent correlation with the estimated energetic cost of partitioning derived from re-
ported hydrophobicity scales. Our results and observations from the thermodynamic analysis of the PagP barrel may explain
why cysteine, despite possessing a polar sulfhydryl group, tends to behave as a hydrophobic (rather than polar) residue in folded
protein structures.
SIGNIFICANCE Cysteine displays an enigmatic duality in its physicochemical properties. Here, we show that in
membrane proteins, cysteine destabilizes a membrane protein irrespective of its positioning at most of the lipid-facing sites
of a model transmembrane b-barrel. However, cysteine energetically favors hydrophobicity over its polar nature. Our
findings provide a thermodynamic basis for why cysteine residues are largely infrequent in membrane proteins.
INTRODUCTION

Membrane protein folding is dictated by intra- and intermo-
lecular interactions established between the protein and
lipid moieties participating in the folding event. The ener-
getics associated with the transfer of an amino acid side
chain from an aqueous solvent into the lipid bilayer is the
key contributor that drives the folding process. This param-
eter, also referred to as the partitioning free energy, has been
derived for the 20 naturally occurring amino acids using a
multitude of methods in the past several decades (1–9).
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Most amino acids can be unequivocally classified as hydro-
phobic, polar, or hydrophilic, based on the chemical proper-
ties of the side chain, which are indicated by the relative
position occupied by the particular amino acid on the hydro-
phobicity scale. For a small subset of amino acid residues,
however, the position on the free energy scale alters when
the experimental or theoretical technique employed to
generate the scale is varied. Cysteine is one such amino
acid residue whose side-chain hydrophobicity is a matter
of ambiguity (10).

In general, the free cysteine side chain plays a variety of
roles in protein structure and function, including dimeriza-
tion, metal coordination, redox regulation, and thermal
stability (10–13). Previously reported hydrophobicity
scales support both a hydrophilic (3,5) (because of the polar
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sulfhydryl group in its side chain) as well as a hydrophobic
(1,2) (because of its occurrence in hydrophobic regions in
native protein structures) nature for this residue. Existing hy-
drophobicity scales have mostly been derived either from
theoretical predictions of amino acid propensities (3,7) or
from experimental calculations of side-chain transfer from
an aqueous environment to apolar solvents (4,5). In the latter
case, it has been noted that the chemical nature of hydropho-
bic solvents and the solubility of water within them can
change the rank order of transfer free energies (14,15). In
interesting contrast, studies on the amino acid distributions
in membrane protein structures indicate that cysteine is pref-
erentially located toward the membrane midplane (16–18)
and would therefore possess a hydrophobic nature. There
is, however, a constraint associated with statistical analyses
of small sample size (fewer available structures), particularly
while dealingwith an infrequently occurring amino acid such
as cysteine. It is, therefore, becoming increasingly important
to carry out experimental derivations using actual protein
systems (8,19), to deduce the context-dependent hydropho-
bicity of a particular side chain.

In terms of the chemically apolar nature of the side chain,
the sulfhydryl group is mostly inactive toward water mole-
cules. More specifically, unlike the hydroxyl (�OH) group,
the sulfhydryl (�SH) group has a limited ability to form a
hydrogen bond with water. There is the added complexity
of the highly reactive sulfhydryl (�SH) group, which,
upon participation in covalent bond formation, might
modify the side-chain properties. Therefore, it is imperative
to precisely estimate the magnitude of hydrophobicity pre-
sented by the free cysteine side chain. Assessment of both
the hydrophobic and polar nature of cysteine requires the
formation of the thiolate ion, which has a pKaz 8.4. There-
fore, we examined the thermodynamics of the cysteine side
chain in an alkaline environment. Here, we carried out
folding analysis of the eight-stranded b-barrel membrane
protein PagP (PhoPQ-activated gene P) in phosphatidylcho-
line vesicles at an experimental pH of 9.5. Our aim was to
introduce context-dependent effects (the context here being
local structural variations in the global scaffold of a trans-
membrane b-barrel protein) on the apparent hydrophobicity
of cysteine in a model membrane protein. To this end, we
employed a mutational strategy that involved introducing
cysteines in place of a total of 27 lipid-facing residues
located toward the midplane as well as near the interface re-
gion of each of the eight b-strands. Along similar lines, we
used a lipid bilayer system consisting of phosphatidylcho-
line vesicles to create a near-native environment to accom-
modate PagP, as opposed to our previous studies with
membrane mimetics such as detergent micelles (20,21).
This membrane system now recreates the chemical environ-
ment of the biological membrane by providing a polarity
gradient across the bilayer and, at the same time, possesses
the physical properties of membrane lipids such as lateral
bilayer pressure. Phosphatidylcholine vesicles thereby serve
26 Biophysical Journal 117, 25–35, July 9, 2019
as an ideal system to study the energetics of membrane pro-
tein folding. Our results establish that the introduction of
cysteine causes varying degrees of destabilization at several
host sites of PagP. Furthermore, we find a strong depth-
dependent correlation between the free energy changes
observed upon cysteine incorporation and the estimated en-
ergetic cost of partitioning derived from the reported hydro-
phobicity scales. Our observations from the thermodynamic
analyses of the PagP barrel support the previous findings
that the free cysteine side chain, when present in folded pro-
teins, exhibits substantial hydrophobic character.
MATERIALS AND METHODS

Protein preparation

The wild-type PagP construct was generated by PCR amplification of the

pagP gene (NCBI accession number NC_000913) from the genome of Es-

cherichia coli K12 MG1655 without the signal sequence and cloning into

pET3avector (Novagen/MilliporeSigma, Burlington,MA).A total of 27 sin-

gle-cysteine mutants (at lipid-facing host sites) described in this study were

generated by site-directed mutagenesis and expressed without affinity tags.

E. coli BL21(DE3) cells were transformed with these plasmid constructs

and used for protein production. Proteinswere expressed in the formof inclu-

sion bodies and processed to �95% purity using reported methods (20).
Equilibrium folding experiments using steady-
state fluorescence

Measurements of guanidine hydrochloride (GdnHCl)-mediated folding ti-

trations were carried out by monitoring the change in tryptophan fluores-

cence on a SpectraMax M5 Microplate Reader (Molecular Devices, San

Jose, CA). PagP possesses 12 tryptophans that are distributed throughout

the protein. We and others have observed that PagP exhibits hysteresis or

incomplete unfolding in alkaline conditions in lipid vesicles (20,22).

Hence, we examined only the folding titration of the equilibrium

reaction in small unilamellar vesicles (SUVs) of 1,2-dilauroyl-sn-glycero-

3-phosphocholine (DLPC), as reported previously (20). Briefly, we added

5 mg/mL (0.26 mM) unfolded PagP in a 1:9 ratio to 8.9 mM DLPC SUVs

to generate a folding stock containing 26 mM protein and 8 mM lipid dis-

solved in 4.5 M GdnHCl prepared in 20 mM Tris-Cl (pH 9.5) and

20 mM 1,4-dithiothreitol (DTT). The reaction was centrifuged for 1 h at

16,600� g, and the supernatant was collected to avoid traces of aggregated

protein. This stock was further diluted 10-fold into the GdnHCl gradient,

ranging from concentrations of 1.0 to 4.5 M, and the final samples were

incubated at 25�C to monitor the progress of the reaction. The final lipid-

to-protein ratio in all the titrations has been maintained at �300:1.
Data analysis

For equilibrium folding experiments, we recorded the tryptophan fluores-

cence emission spectra between 320 and 400 nm using a lex of 280 nm.

Unfolded fractions were calculated from fluorescence data at 340 nm using

the following equation (Eq. 1) (23):

fU ¼ yO � ðyN þ mN½D�Þ
ðyU þ mU½D�Þ � ðyN þ mN½D�Þ (1)

Here, yO is the observed fluorescence at GdnHCl concentration [D],

whereas yN, mN, yU, and mU are intercepts and slopes of the pre- and

post-transition baselines, respectively.
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The thermodynamic parameters (DG0, the apparent equilibrium free energy

of folding; m value, the apparent change in solvent-accessible surface area)

were derived by globally fitting the data to the two-state equation (Eq. 2) (23):

fU ¼ exp½ � ðDG0 þ m½D�Þ=RT�
1þ exp½ � ðDG0 þ m½D�Þ=RT� (2)

According to this model, the protein folds from the unfolded (U) to the

native (N) state, in a cooperative manner, without a detectable intermediate.

By means of the global analysis of the folding curves, we derived a common

m value, which describes the apparent change in accessible surface area

(ASA) between the U and N states for all mutants. The midpoint of chem-

ical denaturation (Cm) was derived as Cm ¼ DG0/m.
Enzymatic assay

We measured the activity of PagP folded in DLPC SUVs by performing a

modified version of the previously reported lipase assay using the substrate

analog p-nitrophenyl palmitate (pNPP) (24). Briefly, we added 0.02 mg/mL

(1.0 mM) protein, refolded in 1.2 mM lipid, to 1.0 mM of the substrate analog

pNPP prepared in 50 mM phosphate buffer (pH 8.0) containing 2% Triton X-

100 and 2 mM DTT. We measured the activity by monitoring the release of

p-nitrophenol spectrophotometrically at 405nm.All the reactionswere carried

out at 25�C. The rate of the reaction wasmonitored for 60min, and enzymatic

activitywas calculated using the initial linear segment of the kinetics plot (25).
Circular dichroism measurements

We monitored the far ultraviolet (far-UV) circular dichroism (CD) of sam-

ples containing 0.22 mg/mL (11.0 mM) protein, folded in 4.0 mMDLPC.We

recorded wavelength scans using a quartz cuvette of 1 mm path length, be-

tween 210 and 260 nm at a temperature of 25�C, as described previously

(25). Data were averaged over three accumulations, subtracted for buffer

contributions and smoothened, and represented as ellipticity values (25).
RESULTS AND DISCUSSION

Global structural features are largely retained in
the PagP cysteine variants

The eight-stranded b-barrel, PagP, has been widely used as a
model for membrane protein folding studies owing to its
ability to spontaneously fold into an array of membrane mi-
metics ranging from detergent micelles to lipidic vesicles
(20,22,26). Here, we generated a library of single-cysteine
mutants (native PagP from E. coli is devoid of cysteine res-
idues) by strategically choosing 27 lipid-facing host sites
near the water-lipid interface and toward the midplane on
each strand of the eight-stranded transmembrane barrel
(Fig. 1). We utilized a membrane system involving SUVs
of DLPC to fold PagP and its mutants (20). DLPC is ideally
suited for folding and stability analysis of PagP because it
provides a membrane thickness of �20 Å, which matches
the lateral dimensions of the PagP structure (27). DLPC
has also been utilized in other studies examining PagP ther-
modynamics (19,22). Thereafter, we probed into the struc-
tural details of the PagP barrel and the effect of cysteine
incorporation on the global structural properties. Accord-
ingly, we first performed spectroscopic analysis of a subset
of the single-Cys variants using far-UV CD measurements
to examine whether the PagP structure is perturbed by the
introduction of cysteine at strategic host sites (Fig. S1).
Here, we chose sufficient representatives from the midplane
as well as the interface variants spanning the length of the
protein to exhaustively determine the folding efficiency of
the mutants. In addition to the signature negative maximum
at 215 nm, natively folded PagP exhibits a characteristic ter-
tiary CD Cotton effect (28,29) with an observable positive
maximum at �231 nm and a negative maximum at
�225 nm. The molecular basis of this CD exciton couplet
has been discussed extensively in earlier reports (28,30).
We find that the folded single-Cys variants exhibit negli-
gible variation in the secondary structure content (q215
value), ranging from �30 to �20 mdeg. These ellipticity
values are representative of the native state of PagP. On
the other hand, the q231 value, which is an indicator of the
extent of tertiary interactions between Y26 and W66 in
folded PagP (28,30), carries a negligible variation across
the mutants and ranges from �þ7 mdeg for PagP-R59C
to �þ2 mdeg for PagP-P127C. A remarkable feature of
FIGURE 1 Incorporation of cysteine at strategic

sites of the transmembrane barrel PagP. Schematic

representation of PagP from E. coli (red) was

generated using PyMOL (40) from the crystal

structure (PDB: 3GP6 (34)). The structure of

PagP is tilted by �25� with respect to the mem-

brane normal and consists of eight transmembrane

b-strands and a periplasmic a-helix. Host sites at

which cysteine was introduced are highlighted as

spheres along with the residue number. A total of

27 lipid-facing sites, including nine midplane resi-

dues (green spheres; note that strand 3 has two

lipid-facing midplane residues), two lipid-facing

residues on the terminal strand (residues 155 and

159; green spheres), and 16 residues lining the wa-

ter-lipid interface (blue spheres) were chosen from

across the eight b-strands of PagP for mutation to

cysteine. To retain visual clarity, not all the spheres

are numbered. To see this figure in color, go online.
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the tertiary interaction data is that all the single-Cys variants
examined here show positive q231 values, which indicates
that strong tertiary interactions leading to the formation of
a compact folded barrel is retained in all the mutants. Never-
theless, we note here that the specific geometry of the aro-
matic interaction between Y26 and W66 could be
abolished without severely affecting the overall compaction
of the barrel (21). Based on the structural profiling, we
deduce that all of the single-Cys variants examined here
exhibit comparable ellipticities (for secondary structure as
well as tertiary packing interactions) when refolded into
DLPC vesicles.
PagP and its variants show highly cooperative
two-state transitions

Next, we followed the chemical denaturation titrations for
each PagP variant using fluorescence measurements of the
12 intrinsic tryptophans (11 for W32C, W51C, W81C,
and W93C). The protonated state of cysteine is largely apo-
lar. Assessment of both the hydrophobic and polar nature of
cysteine requires the formation of the thiolate ion, which has
a pKa z 8.4. Although large unilamellar vesicles (LUVs)
are considered a more thermodynamically stable membrane
mimetic as compared to SUVs, we found that unlike SUVs,
PagP demonstrated lower folding efficiencies in LUVs at an
alkaline pH and showed a tendency to aggregate in solution
(data not shown). Therefore, we performed equilibrium
titration experiments on PagP refolded in DLPC SUVs, us-
ing GdnHCl as the denaturant (20).

Full-length PagP exhibits hysteresis in DLPC SUVs
despite prolonged incubation at the alkaline conditions
(pH> 8.4) required for our experiments and in acidic buffer
conditions (Figs. S2 and S3). In other words, the PagP-
DLPC system is not under equilibrium and exhibits path
dependence for the folding or the unfolding titration. There-
fore, the measured free energy in our experiments must be
considered an apparent value. However, prolonged incuba-
28 Biophysical Journal 117, 25–35, July 9, 2019
tion used in our experiments (up to 72 h incubation) allows
for an appreciable level of equilibration to be achieved with
SUVs (Fig. S2) (31). Additionally, we have previously
observed that energetics derived from the folding titrations
in DLPC SUVs correlate well with data from phosphocho-
line micelle systems that are under thermodynamic equilib-
rium (20). Furthermore, the folding cooperativity that we
derive from the folding titrations is in excellent agreement
with previously reported values for the equilibrium mea-
surements of PagP folded into LUVs (19,32). We reason
that this observation is one of the several factors that vali-
date the use of apparent free energy values in our thermody-
namic analysis of PagP. Based on this result and previous
studies (32), we conclude that the unfolding measurements
are the likely source of the hysteresis (i.e., a kinetically un-
attained two-state system), and the energetics derived from
the folding titrations could be considered as near equilib-
rium values. Finally, by uniformly subtracting the folding
free energy of wild-type PagP from each mutant to derive
the partitioning free energy values, we believewe can poten-
tially minimize the light-scattering artifacts associated with
the use of SUVs (31).

We obtained the thermodynamic parameters DGH2O
F

(DG0, free energy of folding), m value (change in acces-
sible surface area between unfolded and folded states;
also represents the cooperativity of folding), and Cm

(midpoint of chemical denaturation) by fitting data from
the fluorescence profiles to the two-state mechanism (23)
using a common m value of 5.07 5 0.04 kcal/mol/M
(Fig. 2). This value is in good agreement with previously
reported m values for PagP in SUVs (m ¼ 4.80 kcal/mol/
M) (20) and LUVs (m ¼ 4.97 kcal/mol/M) (19,32). It is
interesting to note here that the physical heterogeneity
and nonequilibrium nature of SUVs when compared
with LUVs (33) does not significantly affect the folding
cooperativity of the transitions observed for PagP. The
overall DG0, however, is lower in SUVs (difference of
�6.0 kcal/mol for wild-type PagP in LUVs in pH 3.8
FIGURE 2 Equilibrium folding profiles of PagP

cysteine variants. (A) Shown are the fluorescence

emission profiles of PagP wild-type (black) and

representative mutants W32C (blue) and Y153C

(red) derived from GdnHCl-induced chemical

denaturation. Emission spectra are displayed for

low (circles) and high (diamonds) denaturant con-

centrations, indicating the native (N) and unfolded

(U) states of the protein. A.U., arbitrary units. (B)

Shown are folding titrations displayed as folded

fraction (fF) for representative mutants W32C and

Y153C (see Fig. S5 for the complete data set).

Folding profiles were acquired by monitoring the

change in fluorescence emission intensity at a

lem of 340 nm, corresponding to the lem-max of

the folded protein. Data sets were fitted to the

two-state equation (23) (fits are shown as solid

lines). Data for wild-type PagP are shown in black.

To see this figure in color, go online.



TABLE 1 Thermodynamic Parameters for the PagP Single-

Cysteine Mutant Library Derived from Equilibrium Folding

Titrations

Strand

Number

PagP

Variantsa DG0 (kcal/mol)b Cm (M)

DDG0

(kcal/mol)

– Wild-type �16.65 5 0.98 3.28 5 0.19 –

Interface Mutants

1 Y23C �16.10 5 0.47 3.18 5 0.09 0.54 5 1.13

1 W32C �13.14 5 0.35 2.59 5 0.07 3.51 5 1.09

2 W51C �12.46 5 0.57 2.46 5 0.11 4.19 5 1.18

2 R59C �12.08 5 0.93 2.38 5 0.18 4.57 5 1.03

3 H67C �13.02 5 0.11 2.57 5 0.02 3.63 5 1.04

3 K75C �13.25 5 0.78 2.61 5 0.15 3.40 5 1.29

4 W81C �16.06 5 0.68 3.17 5 0.13 0.59 5 1.23

4 W93C �11.01 5 0.20 2.17 5 0.04 5.64 5 1.05

5 F101C �12.41 5 0.76 2.45 5 0.15 4.24 5 1.28

5 A113C �16.67 5 0.45 3.29 5 0.09 0.03 5 1.13

6 P121C �11.97 5 0.71 2.36 5 0.14 4.68 5 1.25

6 Y133C �11.48 5 0.76 2.26 5 0.15 5.17 5 1.28

7 V136C �12.59 5 0.58 2.48 5 0.11 4.06 5 1.18

7 Y142C �13.45 5 0.91 2.65 5 0.18 3.20 5 1.38

8 Y153C �16.47 5 1.26 3.25 5 0.25 0.18 5 1.63

8 F161C �14.58 5 0.01 2.87 5 0.01 2.07 5 1.03

Midplane Mutants

1 I27C �16.65 5 0.52 3.28 5 0.10 0.01 5 1.15

2 F55C �15.80 5 0.33 3.12 5 0.06 0.84 5 1.08

3 L69C �15.68 5 0.17 3.09 5 0.03 0.97 5 1.04

3 A71C �13.29 5 0.07 2.62 5 0.01 3.36 5 1.03

4 Y87C �14.58 5 0.83 2.87 5 0.16 2.07 5 1.32

5 F107C �15.26 5 0.83 3.01 5 0.16 1.39 5 1.32

6 P127C �15.34 5 0.59 3.02 5 0.12 1.31 5 1.19

7 M140C �15.39 5 0.24 3.04 5 0.05 1.26 5 1.06

8 M157C �16.26 5 1.17 3.21 5 0.23 0.39 5 1.56

Additional Terminal Strand Mutantsc

8 A155C �15.86 5 1.01 3.13 5 0.20 0.79 5 1.44

8 F159C �13.49 5 0.28 2.66 5 0.05 3.16 5 1.07

aMutants are labeled based on the residue mutations using the single letter

code of the amino acid, along with the residue number at which the substi-

tution has been carried out.
bAll mutants were analyzed for two-state folding behavior and were fitted

using a common m value of 5.07 5 0.04 kcal/mol/M. Errors are SDs

from n ¼ 2 independent measurements.
cThe five terminal strand mutants (lipid-facing residues) are Y153C,

A155C, M157C, F159C, and F161C. The two mutants—A155C and

F159C—can neither be categorized as interface mutants nor as midplane

mutants as they are situated midway between the bilayer midplane and

the interface. Therefore, they have been listed separately as additional ter-

minal strand mutants.

Cys Energetics in a Membrane Barrel
(Cm¼ 4.57 M) (19) versus SUVs in pH 9.5 (Cm¼ 3.28 M)).
We can deduce from the considerable differences in Cm that
the higher stability of wild-type PagP in LUVs results from
the ability of the folded protein to resist solvation by
GdnHCl. However, the ability to demonstrate highly coop-
erative two-state transitions is a property afforded by both
lipidic systems. We validate this further from the result ob-
tained from the far-UV CD wavelength scans (Fig. S1). As
mentioned above, the equilibrium folding profiles for all
the mutants characterized in this study have been analyzed
by assuming a commonm value. The m value represents the
difference between the solvent-accessible surface areas
(DASA) associated with the U and N states (32). Assuming
that the denatured state ensemble does not carry significant
residual structure, the DASA (and therefore, the m value)
would strongly depend on the structural content of the
native state of PagP. We have previously observed that mi-
celles of dodecyl phosphocholine allow structural heteroge-
neity in the folded state of PagP mutants and consequently
alter the m value in a residue-specific manner (20). For the
same reason, in our previous analyses of PagP energetics
(20,21), we computed individual m values for each mutant
to derive the thermodynamic parameters. However, in this
study with single-Cys mutants in SUVs, we do not observe
any significant variation in the structural content of the
native state across mutants. Accordingly, we infer that the
DASA of PagP folded in SUVs remains the same, irrespec-
tive of point mutations, thereby validating the use of a com-
mon m value.

The DG0 obtained for all the single-cysteine mutants of
PagP in SUVs is summarized in Table 1. Inspection of the
values immediately reveals that replacing most of the
intrinsic PagP residues with cysteine destabilizes the bar-
rel by �2.0–4.0 kcal/mol. Mutating I27, A113, or Y153 to
cysteine does not affect PagP stability. Two of these mu-
tations (I27C and M157C) are at the midplane, whereas
the other mutation is at the interface (extracellular side).
The lack of a direct correlation between the observed sta-
bilization and the physicochemical nature of the parent
residue being replaced or the membrane depth suggests
a likely stabilizing contribution of the cysteine in these
positions as arising from favorable local interactions
with spatially vicinal residues. Despite this stabilizing
effect on the barrel, the q231 is marginally lowered in these
mutants (see Fig. S8). To further assess whether the
introduction of cysteine affected the PagP scaffold,
we checked the enzymatic activity of wild-type and its
mutants.
Protein activity does not correlate with the
thermodynamic stability of single-Cys mutants

PagP is an outer membrane enzyme with the ability to
transfer palmitoyl lipid chains from glycerophospholipids
in the outer membrane to the lipopolysaccharide moiety
(26). The first step of this catalytic reaction can be moni-
tored by measuring the rate of p-nitrophenol release from
the lipase substrate pNPP in vitro, as reported earlier
(24). The active site residues are located in the extracel-
lular loop 2 of PagP. By making the reasonable assumption
that PagP activity is not detrimentally affected when the
crucial active site residues remain unperturbed (25,34),
we can deduce that the catalytic ability of the single-Cys
mutant library also represents a marker for the ability of
the particular mutant to attain its native structure. Based
Biophysical Journal 117, 25–35, July 9, 2019 29
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on earlier studies on PagP activity (35,36), we reasoned
that the introduction of a cysteine in place of a hydrophobic
residue in the lipid-facing host site might alter the struc-
tural compaction of the barrel, which in turn, can affect ac-
tivity. Hence, we examined the catalytic ability of all the
eight midplane mutants. Additionally, we carried out the
activity assay on all the terminal strand mutants (a total
of five mutants including the midplane mutant of strand 8)
to assess whether there was depth dependence to the same
contribution and to examine whether the mutation does not
inadvertently affect the active site of the protein. We used a
pH of 8.0 for the lipase assay, as reported earlier (30).
Accordingly, we find that all of the mutants that we exam-
ined in this study retain the ability to hydrolyze pNPP and
exhibit lipase activity (Fig. S4).

Interestingly, the catalytic efficiency measured for each of
the single-Cys mutants shows no correlation with the folding
free energy of the mutant. The lowest activity, of 0.023 5
0.004 nmol min�1 mM�1, in comparison with that of wild-
type PagP (0.0595 0.009 nmol min�1 mM�1), was observed
for the PagP-I27Cmutant. This result is particularly intriguing
because the thermodynamic stability of the PagP-I27Cmutant
(DG0¼�16.655 0.52 kcal/mol) is nearly identical to that of
wild-type PagP. On the other hand, the highest activity among
the variants was observed for PagP-Y87C (DG0¼�14.585
0.83 kcal/mol), a mutant which is less stable than wild-type
PagP. We have previously observed that the outer membrane
enzyme PagP has the tendency to demonstrate an activity-sta-
bility trade-off in its enzymatic behavior (25). The observation
that all of the mutants examined here show lower activity than
wild-type PagP might be taken to represent global structural
perturbation. However, for the cysteine mutants, we infer
that the lowering of protein activity is largely insignificant
when we consider the effects of single-residue substitutions
on PagP activity from our earlier studies (25,36). The reduced
activity for this set of mutants is within the same order of
magnitude (�0.02��0.06 nmolmin�1mM�1), thereby indi-
cating that the introduction of cysteine inPagP does not impair
the ability of the mutant protein to hydrolyze the substrate
analog.

It is important to note the pH difference between the
experimental conditions for the lipase activity assay (pH
8.0) and our folding experiments (pH 9.5). Essentially, it
is an experimental limitation that one cannot avoid. As re-
ported in an earlier work on PagP activity using native sub-
strates (30), the activity profile of PagP shows optimum
levels around pH 7.0–8.0, with little to no activity at pH
9.5. Furthermore, based on our earlier studies on PagP activ-
ity (25,36), it is reasonable to argue that protonation states of
cysteine residues introduced at lipid-facing host sites along
the transmembrane region of PagP do not drastically affect
the active site of PagP, which is located toward the periplas-
mic loops involving a catalytic triad. Therefore, we use the
lipase assay as an overall measure of the folded state of the
particular cysteine variant and restrict the analysis to a qual-
30 Biophysical Journal 117, 25–35, July 9, 2019
itative correlation of the activity with the folding free energy
values.
Near universal destabilization of PagP barrel by
cysteine incorporation

To further delve into the effect of Cys incorporation on PagP
folding energetics, we measured the folding free energy for
the single Cys-containing mutant series with respect to wild-
type PagP (DDG0 ¼ DGH2O

F; mut � DGH2O
F; WT) (Fig. 2; Table 1).

This analysis enables us to examine the compounded effect
of the loss of the hydrophobic residue (present in wild-type
PagP) as well as the introduction of cysteine at the lipid-fac-
ing host site on the overall thermodynamic stability of PagP.
We find that the majority of single-cysteine mutants are de-
stabilized in comparison with wild-type PagP, evidenced
directly by a shift in the equilibrium folding curves toward
lower denaturant concentrations (Figs. S5–S7). This desta-
bilization is not strongly linked with the host residue, which
has been replaced by cysteine. For example, the three vari-
ants, W32C, K75C, and V136C, show comparable extents
of destabilization, despite the diametrically opposite side-
chain properties of each host residue. In other words, the
introduction of Cys in place of an aromatic, charged, or
aliphatic residue leads to a comparable reduction in the
Cm by �0.7 M and a corresponding lowering of the free en-
ergy by �3 kcal/mol. Furthermore, we did not find any
strong correlation between the magnitude of change in the
free energy and the position of the host site in the primary
sequence of the protein (see Fig. S6). Essentially, the extent
of stabilization or destabilization does not depend on
whether the host site is situated toward the N-terminus or
the C-terminus of the eight-stranded barrel.

Another interesting aspect that merits discussion is the
possible accumulation of disulfide-bonded dimeric species
when the single-Cys variants are analyzed using sodium do-
decyl sulfate polyacrylamide gel electrophoresis (Fig. S7). It
is known that wild-type PagP (devoid of cysteine residues)
shows a significant amount of dimer population when folded
into DLPC vesicles, as we and several other groups have re-
ported. In our analysis, we do not observe any significant
variation in the dimer population upon introducing a
cysteine, allowing us to conclude that disulfide-mediated
PagP dimers (if any) are present only in trace amounts. In
addition, we have retained 2.0 mM DTT in all our experi-
ments to ensure that the formation of transient disulfides
is greatly reduced. Thereafter, we compared the folding
free energies with the tertiary interaction data (q231) derived
from far-UV CD wavelength scans (see Fig. S1). However,
we find no significant correlation between the magnitude of
tertiary interaction (which is an indicator of barrel compac-
tion) and the thermodynamic stability of the single-Cys
variant (Fig. S8).

Comparison of the normalized free energy values we
obtain with those in an earlier study on the f-value analysis
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of PagP in lipid vesicles (22) shows a strong linear correla-
tion between the levels of destabilization in both cases
(R ¼ 0.98) (Fig. S9). Interestingly, the magnitude of desta-
bilization we obtain for the mutation of the host site to
cysteine is similar to corresponding mutations to alanine
(22) (slope ¼ 0.8, Fig. S9), suggesting that cysteine has a
similar hydrophobic character as alanine when accommo-
dated in the lipid-facing sites of the folded protein scaffold.
As noted earlier, conventional hydrophobicity scales anno-
tate both hydrophobic as well as hydrophilic behavior to
the cysteine side chain (1–3,5), depending on the method
employed to calculate the free energy of side-chain transfer.
However, in our experimental system using a membrane
protein model system, we find that the cysteine side chain
is largely hydrophobic in nature.
Side-chain partitioning free energy of cysteine
demonstrates strong dependence on membrane
depth

Amajor driving force in membrane protein folding is the en-
ergy associated with the transfer of hydrophobic residues
from water to the lipid bilayer. Based on a multitude of theo-
retical and experimental studies, we can correlate the hydro-
phobicity of an amino acid side chain with the free energy of
its transfer from water to an apolar environment (3,5,6,8,9).
An interesting ambiguity exists in the case of cysteine, in
which the intrinsic nature of the side chain can be consid-
ered either polar or hydrophobic, depending on the method
used to derive the hydrophobicity (1–3,5). Nine of the 27
lipid-facing host sites where we have incorporated cysteine
represent the true apolar environment corresponding to the
membrane midplane (green spheres in Fig. 1) and are
ideally suited for the measurement of side-chain hydropho-
bicity. Analysis of the side-chain partitioning free energy of
cysteine at these sites reveals unfavorable partitioning en-
ergies (Table 1). In other words, the calculation of normal-
(R ¼ 0.6). In the right panel, the exclusion of A71 and P127 is necessary becaus

as square symbols. Mutants are labeled using the single letter code for each ami

carried out. A rainbow color scheme (N-/C-terminus) is used for the scatter p
ized folding free energy (DDG0) for the subset of mutants
returned positive values, indicating that cysteine is intrinsi-
cally destabilizing at all 27 positions.

To assess the true hydrophobicity of cysteine at any
particular host site, we took into account the side-chain
properties of the natively present residue in wild-type
PagP, which was being replaced by cysteine in this analysis.
Nearly all of the residues natively occupying these sites are
highly hydrophobic in nature (Ile, Phe, Leu, Ala, Tyr, Pro,
and Met). Accordingly, when we correlated the side-chain
partitioning free energy derived at these host sites with the
estimated energetic cost of cysteine incorporation based
on reported hydrophobicity scales (Fig. 3), we found reason-
ably strong correlations (r ¼ �0.8) with the Moon-Fleming
scale (8) and the translocon (Hessa) scale (6). The better
correlation (r ¼ 0.82) and higher slope (0.76) observed
with the Moon-Fleming scale indicates that the whole pro-
tein system utilized for hydrophobicity calculation is a bet-
ter match with the magnitude of side-chain transfer free
energies we obtain here. The hydrophobicity values derived
for the translocon (Hessa) scale have been examined previ-
ously, and it has been observed that the magnitude of the
partitioning free energy in this scale is underestimated
because of the experimental system employed (14,37). In
both comparisons, the observed correlations highlight the
importance of the natively present residue being dis-
placed—in addition to the incoming amino acid side
chain—in hydrophobicity calculations. The reasonably
strong correlations also indicate that the hydrophobicity of
the host residue is mimicked by the lipid-facing cysteine
to acceptable levels, irrespective of the aliphatic or aromatic
nature of the host residue. We therefore surmise, based on
this correlation, that the magnitude of free energy change
we measure for cysteine supports the hydrophobic nature
of the thiolate ion (when referenced to a typical anion). In
other words, this result is particularly interesting because
it brings to light the hydrophobicity of a negatively charged
FIGURE 3 Correlation of the energetic cost of

cysteine incorporation at the membrane midplane

with reported hydrophobicity scales. Correlation

plot was derived by mapping the partitioning free

energy for only the midplane substituents with the

estimated energetic cost of substitution (Xxx/
Cys) calculated from the previously reported whole

protein (Moon-Fleming) hydrophobicity scale (8)

(left panel) and the biological translocon (Hessa)

scale (6) (right panel). Regression coefficients for

the correlation are indicated toward the bottom

right-hand corner, and linear fits to the correlation

are shown as solid red lines. In the left panel, we

have omitted I27 and M157 from the fit to make

the correlation more obvious. Even with the

inclusion of the data, the correlation still holds

true, except with a lower regression coefficient

e they are clear outliers to the data. Points excluded from the fit are shown

no acid followed by the residue position at which the substitution has been

lots. To see this figure in color, go online.
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functional group. In comparison to a typical anion, the thi-
olate is relatively more hydrophobic because of the higher
electron density of the sulfur atom. This property allows
the thiolate to establish van der Waals interactions and
makes the cysteine side chain more suited to hydrophobic
environments when compared with other residues with
charged functional groups.

Along similar lines, we investigated the depth-dependent
effect of cysteine incorporation using the free energy
values obtained for the lipid-facing terminal strand mutants
Y153C, A155C, M157C, F159C, and F161C (see Fig. 1).
When we mapped the side-chain partitioning free energy
of cysteine at these sites against their respective membrane
depths, we found an asymmetric distribution of free energy
values along the membrane normal (Fig. 4). We observe
that cysteine incorporation is more favorable as we move
toward the extracellular interface as opposed to the peri-
plasmic interface of PagP. Similar to the analysis in
Fig. 3, we compared the partitioning free energy calculated
at each host site with the estimated energetic cost of
cysteine incorporation (horizontal gray bars in Fig. 4)
based on two reported hydrophobicity scales derived as a
function of membrane depth, namely 1) the Liang scale
(38), a computational scale derived using a model b-barrel
protein accommodated in the native outer membrane using
molecular dynamics simulations; and 2) the DeGrado scale
(7), a depth-dependent empirical scale derived using amino
acid propensities in known structures of helical membrane
proteins. Here, we find a better correlation with the Liang
scale (Fig. 4, left panel), which reflects the asymmetry
inherent in the model OMP as well as the membrane sys-
tem utilized in the computational analysis. Although our
experimental setup involves the use of DLPC vesicles,
which represents a homogenous and symmetrical lipid sys-
tem, the asymmetry observed in the free energy values
along the membrane normal may be an intrinsic property
of the membrane protein and the host site at which the mu-
tation has been carried out. As anticipated, the correlation
observed with the DeGrado scale was poorer (Fig. 4, right
panel). In the DeGrado scale, the estimated energetic cost
32 Biophysical Journal 117, 25–35, July 9, 2019
of cysteine incorporation showed a linear decrease toward
the membrane midplane and reaches a maximum at the
interface region, irrespective of whether the interface host
site is located near the extracellular face or the periplasmic
face. On the other hand, we find an asymmetric distribution
of partitioning free energies across the bilayer normal, with
the periplasmic interface site showing higher destabiliza-
tion compared to the extracellular interface host site.
This asymmetry correlates well with the computational
transfer free energy scale (left panel) (38), which was
derived using an outer membrane protein assembled in an
asymmetric bacterial outer membrane by molecular dy-
namics simulations.

Next, we performed a comprehensive strand-wise anal-
ysis of the interface and midplane substituents to examine
whether cysteine preferentially partitions toward the hydro-
phobic core at the middle of the membrane or near the
amphipathic chemical milieu presented at the water-lipid
interface (Fig. 5). As discussed earlier, cysteine shows un-
favorable partitioning energies at a majority of the inter-
face and midplane host sites (scatter plots in Fig. 5, also
see Table 1). The magnitude of destabilization is higher
in the interface substituents (top and bottom panels in
Fig. 5) as compared to the midplane substituents (middle
panel in Fig. 5). To examine whether this behavior is due
to displacement of the natively present residue from the
lipid-facing host site, we further mapped the estimated en-
ergetic cost of cysteine incorporation (vertical gray bars in
Fig. 5) derived from two reported hydrophobic scales,
namely 1) the Moon-Fleming scale (8) for the midplane
(membrane depth of 0 Å) substituents, and 2) the Wim-
ley-White interface scale (5) for the interface (membrane
depth of 512 Å) substituents. In this case, we find that
the modest destabilization observed for the midplane sub-
stituents (�0.5–1.5 kcal/mol) is indeed a consequence of
the removal of the natively present hydrophobic residue
from the host site (also see Fig. 3). On the other hand,
the large destabilization observed for the interface substit-
uents (�3.0–5.0 kcal/mol) does not correlate with the esti-
mated energetic cost of substitution (top and bottom panels
FIGURE 4 Comparison of the partitioning free

energies of the terminal strand mutants with re-

ported hydrophobicity scales. Partitioning free

energies derived for only the terminal strand sub-

stituents have been plotted as a function of depth

of lipid-facing host sites at which cysteine has

been incorporated. The estimated energetic cost

of substitution (Xxx/Cys) calculated from a pre-

viously reported depth-dependent computational

transfer free energy scale (Liang scale) (38) (left

panel) and an empirical potential for amino acid

insertion into the membrane (DeGrado scale) (7)

(right panel) are depicted as gray histograms. To

see this figure in color, go online.



FIGURE 5 Correlation of measured hydrophobicity of cysteine with the intrinsic hydrophobicity of the residue. Scatter plots representing partitioning free

energies derived for the midplane and interface host site substituents are plotted as a function of the b-strand (from one to eight) in which the host site is

located. A rainbow color scheme (N/C-terminus) is used for the scatter plots. The estimated energetic cost of substitution (Xxx/Cys) calculated from

the whole protein hydrophobicity scale for midplane mutants (8) and the Wimley-White interface scale derived from peptide insertion into lipid membranes

for the interface mutants (5) are depicted as gray histograms. We find that the estimated energetic costs correlate reasonably well with the DDG0 for the

midplane mutants (center panel). However, in the case of interface mutants (left and right panels), there is a significant difference between the estimated

energetic cost of cysteine incorporation and the observed destabilization computed in the form of DDG0. Additionally, the Mann-Whitney U test delivers

a p-value of 0.0251, indicating a statistically significant difference between the DDG values of the interface and the midplane mutants. This deviation could

be explained by the difference in the model systems used to generate the two respective hydrophobicity scales. The whole protein hydrophobicity scale used

mutations at a host site in a b-barrel membrane protein (used here for comparison with midplane mutants), whereas the Wimley-White interface scale

measured the insertion of an array of helical peptides into phospholipid bilayers (used here for comparison with interface mutants). To see this figure in color,

go online.
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in Fig. 5). In a majority of cases, the magnitude of destabi-
lization at the midplane is lesser than the estimated
energetic cost for the corresponding substitution. Addition-
ally, we performed a statistical significance test to verify
this result. We compared the free energy values derived
for all of the midplane mutants taken together with those
of the interface mutants using the Mann-Whitney U test.
Indeed, the U-value derived using this statistical test sug-
gests that the result is significant at p < 0.5. Furthermore,
the Mann-Whitney U test delivers a p-value of 0.0251,
indicating a statistically significant difference between the
DDG values of the interface and the midplane mutants.
Put simply, whereas the incorporation of cysteine itself is
less favored than hydrophobic residues, cysteine is favor-
ably accommodated at the midplane region in comparison
with the water-lipid interface.

A similar conclusion can be deduced from our depth-
dependent analysis of the entire single-Cys mutant library
(Fig. 6). Here, we calculated the membrane depths of
various lipid-facing host sites with reference to a center of
mass, using the crystal structure of PagP from E. coli (Pro-
tein Data Bank [PDB]: 3GP6 (34)). When we mapped the
normalized folding free energy of the cysteine variants
against the membrane depth of the particular host site at
FIGURE 6 Depth-dependent effect of cysteine

substitution on PagP energetics. Correlation plot

was derived by mapping the partitioning free en-

ergies derived for the single-cysteine mutants char-

acterized in this study against the membrane depth

of the host site at which the substitution was car-

ried out. The membrane depth was derived using

the crystal structure of PagP from E. coli (PDB:

3GP6 (34); shown in (A)). The scatter plot is

labeled using the single letter code of the host res-

idue that has been mutated to cysteine (B). The

transmembrane region corresponding to the mid-

plane has been depicted as a gray histogram in

the background in (B). A rainbow color scheme

(N-/C-terminus) is used for the scatter plot. To

see this figure in color, go online.
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which the mutation has been introduced, we observed that
the side-chain partitioning free energy of cysteine increases
toward the midplane and decreases as we move upwards or
downwards along the membrane normal. The magnitude of
destabilization is heavily influenced by the nature of the host
residue (predominantly hydrophobic, see Fig. 6 B) that was
displaced to accommodate cysteine and the associated local
interactions that were lost as a result of the mutation. These
observations indicate that the cysteine side chain can
possess the ability to demonstrate hydrophobic characteris-
tics in folded protein structures.
CONCLUSIONS

In this study, we have performed a detailed analysis of
free energy contributions of the cysteine side chain at stra-
tegic lipid-facing host sites, ranging from the N-terminal
b-strand 1 to the C-terminal b-strand 8 of the outer mem-
brane enzyme PagP. We find that cysteine partitions favor-
ably toward the hydrophobic core at the membrane
midplane rather than the amphiphilic interface region.
The key reason for this could be the chemically apolar na-
ture of the sulfhydryl group, which may form stabilizing
hydrophobic interactions with the lipid hydrocarbon tail
(11). Indeed, there have been precedents for the formation
of a thiolate anion in the interior of b-barrel structures, giv-
ing rise to hydrophilic behavior for the cysteine side chain
(21,30). However, because the thermodynamic analysis
carried out in this study involves lipid-facing host sites, it
is reasonable to assume that the chemical environment pro-
vided to cysteine in the membrane promotes the hydropho-
bic behavior of the side chain. It is worth noting that
complete reliance on the fluorescence signal of PagP to
derive the global picture of protein folding and stability
could come with certain limitations. However, we faced
major challenges in validating these results using an inde-
pendent technique—such as CD or cold sodium dodecyl
sulfate polyacrylamide gel electrophoresis—for the PagP-
DLPC system that uses GdnHCl as the perturbant. There-
fore, the need for an independent investigative technique
is only overstated, and not resolved, by the complex system
that we are dealing with. Another important feature of this
study is the utilization of lipid vesicles to determine the hy-
drophobicity of an amino acid, which serves as a robust
working system ideally suited to 1) provide a near native
environment to accommodate a membrane protein and 2)
compute side-chain transfer free energies with high accu-
racy (8,14,15). The only limitation of this study is the
occurrence of hysteresis, which hampers the precise mea-
surement of side-chain transfer free energies. Nevertheless,
this study provides important insight on the important
contribution of protein-lipid interactions in determining
the thermodynamic fate of the thiolate ion in native mem-
brane protein structures. It also raises the open-ended ques-
tion of the evolutionary significance as to why cysteines are
34 Biophysical Journal 117, 25–35, July 9, 2019
infrequent (or absent) in OMPs of bacterial origin (e.g.,
PagP, OmpX, tOmpA, OmpG, OmpLA, OmpW, OmpF,
FadL from E. coli), as opposed to proteins from more com-
plex organisms (39). Finally, interesting observations made
from this thermodynamic investigation could prove very
useful for a variety of applications in the analysis and the
ab initio design of membrane proteins.
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SUPPORTING FIGURES 

 

Figure S1. Secondary structure content does not vary significantly across the PagP cysteine 

variants. Far-UV CD wavelength scans recorded to examine the secondary structure content 

(negative maximum at 215 nm) and tertiary aromatic interactions attained upon barrel assembly 

(positive maximum at 231 nm) for a subset of PagP variants described in this study. Here, in 

order to exhaustively determine the folding efficiency of the mutants, we chose sufficient 

representatives from the midplane as well as the interface variants spanning the length of the 

protein. For CD measurements, 11.0 μM PagP folded in 4.0 mM DLPC SUVs was used. Shown 

here are raw ellipticity values (in mdeg) corrected for buffer contribution. All the PagP variants 

described here show similar secondary structure content (comparable θ215 values), indicating that 

they attain a similar folded state upon assembly into lipid vesicles. Minor variations in the 

interaction geometry of Y26 and W66 that contribute to the observed tertiary CD (1) can account 

for the differences observed in the θ231 values. However, the θ231 does not correlate with the 

stability of PagP (2). Data for wild-type PagP is shown as red spline curve in each panel.   
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Figure S2. PagP exhibits hysteresis in DLPC vesicles at alkaline pH. (A) Overlay of folding 

(filled symbols) and unfolding (hollow symbols) profiles of PagP-WT derived from GdnHCl-

mediated chemical denaturation. Here, we have utilized average wavelength values (<λ>) (3) as 

a measure of the folded population of the protein in solution. Even after prolonged incubation, 

we find that the folding and unfolding titrations do not converge, thereby showing hysteresis. (B) 

Time-course of free energy values of folding and unfolding (ΔGF and ΔGF, respectively) and 

denaturation midpoint values (Cm,F and Cm,U, respectively) derived for folding and unfolding 

titrations by fitting the average wavelength data to the two-state mechanism. The folding titration 

profiles were fit using a global m value of m = 4.83 ± 0.19 kcal mol
-1

 M
-1

. For the analysis of the 

unfolding profiles, we used the global m value of m = 2.24 ± 0.17 kcal mol
-1

 M
-1

. Based on the 

cooperativity of the transition (m value) for the individual profiles, we can predict that the 

unfolding profile deviates from equilibrium behavior for PagP in DLPC SUVs. Such a 

kinetically unattained two-state system, as opposed to the path-independence reported earlier (4), 

could arise from the use of SUVs or the alkaline pH of 9.5 at which the measurements are done. 
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Figure S3. Equilibrium folding profiles of PagP-WT in citrate buffer pH 3.8. Representative 

folding (filled symbols) and unfolding (open symbols) titrations monitored using change in 

fluorescence emission profiles of tryptophan. We observe that the profiles do not overlap even 

after prolonged incubation (of up to 72 h), resulting in hysteresis, in GdnHCl-mediated 

denaturation. The unfolding is incomplete, as is evident from the <λ> obtained in 6.0-7.0 M 

GdnHCl (<λ> of 364 nm obtained in the case of pH 9.5; see Fig. S2). Further, the unfolding/ 

folding profiles show poor cooperativity (low m values) compared to what we obtain at pH 9.5, 

indicating the likely existence of a multistate event. 
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Figure S4. Lipase assay to monitor the activity of PagP cysteine variants. (A) Change in A405 

(absorbance at 405 nm) was recorded over time as an indicator of pNPP hydrolysis and p-

nitrophenol release, based on a previously reported protocol (5). Data was obtained using 1.0 μM 

protein folded in 1.2 mM DLPC and averaged over two independent experiments. Shown here is 

the data for a subset of PagP variants described in this study. Data for wild-type PagP is shown 

in black. A rainbow color scheme (N→C terminus) is used for the scatter plots.(B) Specific 

enzyme activity for each PagP variant was derived using the rate of change in A405 and compared 

with wild-type PagP. The gray bar denotes the standard error obtained for the specific activity of 

wild-type PagP. All cysteine variants tested for activity, except I27C and Y153C, show 

comparable levels of specific enzyme turnover. The reason for lowered activity in both these 

mutants is not clear, as this does not correlate with the measured stability of these proteins.  
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Figure S5. Equilibrium folding profiles derived for the PagP single cysteine variants. 

Representative folding titrations displayed as folded fraction (fF) for all the single-cysteine 

containing PagP variants studied here. Scatter plots are colored in a gradient of red to blue based 

on the position of host site at which cysteine has been incorporated, ranging from Y23C located 

near the N-terminus (top left, bright blue), to F161C situated towards the C-terminus (bottom 

right, bright red). Folding profiles were acquired by monitoring the change in fluorescence 

emission intensity at a λem of 340 nm, corresponding to the λem-max of the folded protein. Datasets 

were fitted to the two-state equation (3) (representative fits are shown as solid lines). Data for 

wild-type PagP is shown in black in each panel. - 
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Figure S6. Equilibrium folding free energy values derived for the PagP single cysteine 

variants. Histograms indicating the thermodynamic parameters derived for the PagP single-Cys 

mutant library. The equilibrium free energy of folding (ΔG
0
, upper panel) and the midpoint of 

chemical denaturation (Cm, lower panel) have been denoted as vertical bars against the single 

letter abbreviation of the particular mutant. Data is represented as mean and standard deviation 

from two independent experiments. The color code for the scatter plot is retained from Fig. S5. 

WT: wild-type PagP.   
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Figure S7. Folding of PagP variants monitored by electrophoretic mobility shift assay and 

proteolysis. Gel mobility shift and protection against proteolysis by proteinase K (PK) of PagP-

WT and one representative mutant (Y153C) from the PagP cysteine mutant library was used as 

evidence that the PagP variants are indeed folded. Folded (F) and unfolded (U) proteins differ in 

their electrophoretic mobilities and only the well-folded protein shows resistance to digestion by 

PK. F1-F3 correspond to the first three samples in the equilibrium folding studies, and possess 

increasing amounts of GdnHCl in the sample (1.5 M – 1.6 M). Unfolded sample (U) is generated 

by adding SDS gel loading dye to folded sample (F) and thereafter, boiling it for 3 min. PagP 

also shows a substantial population of protein dimer (D). M: Marker (molecular weights in kDa 

are indicated on the left of each gel).  
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Figure S8. Correlation of the folding free energy with the tertiary interaction of the Cys 

mutant library. Correlation plot derived by mapping the folding free energy for a subset of 

single-Cys variants (X→C) with the the tertiary interaction (θ231 values) derived from the far-UV 

CD wavelength scans (Fig. S1). Here we find that the θ231 value, which is a reliable indicator of 

tertiary packing, carries reasonable variation across mutants ranging from approximately +7 

mdeg (strong tertiary interaction) for PagP-R59C to approximately +2 mdeg (poor tertiary 

interactions) for PagP-P127C. However, a clear correlation between θ231 and the ΔG
0

F was not 

observed. Mutants are labeled using the single letter code for each amino acid followed by the 

residue position at which the substitution has been carried out. The color code for the scatter 

plots is retained from Fig. S5. 
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Figure S9. Correlation of the energetic cost of cysteine incorporation with reported cost of 

alanine substitution. Correlation plot derived by mapping the partitioning free energy for a 

subset of single-Cys variants (X→C) with the energetic cost of substitution to alanine (X→A) at 

the same host site calculated from a previous study that carried out ϕ-value analysis of PagP 

folded in DLPC vesicles (6). Regression coefficient for the correlation is indicated at the bottom 

right, and a linear fit to the correlation is shown as a solid red line. Points excluded from the fit 

are shown as square symbols. Mutants are labeled using the single letter code for each amino 

acid followed by the residue position at which the substitution has been carried out. The color 

code for the scatter plot is retained from Fig. S5. 
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