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Abstract

The interactions of proteins with surfaces are important in both biological pro-

cesses and biotechnologies. In contrast to decades of study regarding the bio-

physics of proteins in bulk solution, however, our mechanistic understanding

of the biophysics of proteins interacting with surfaces remains largely qualita-

tive. In response, we have set to explore quantitatively the thermodynamics of

protein-surface interactions. In this work, we explore systematically the role of

electrostatics in modulating the interaction between proteins and charged sur-

faces. In particular, we use electrochemistry to explore the extent to which a

macroscopic, hydroxyl-coated surface held at a slightly negative potential

affects the folding thermodynamics of surface-attached protein variants with

different composition of charged amino acids. Doing so, we find that attach-

ment to the surface generally leads to a net stabilization, presumably due to

excluded volume effects that reduce the entropy of the unfolded state. The

magnitude of this stabilization, however, is strongly correlated with the

charged-residue content of the protein. In particular, we find statistically sig-

nificant correlations with both the net charge of the protein, with greater nega-

tive charge leading to less stabilization by the surface, and with the number of

arginines, with more arginines leading to greater stabilization. Such findings

refine our understanding of protein-surface interactions, providing in turn a

guiding rationale to achieve the functional deposition of proteins on artificial

surfaces for implementation in, for example, protein-based biotechnologies.

KEYWORD S

biophysics, biosensors, electrochemistry, electrostatics, monolayers, proteins

1 | INTRODUCTION

Interactions between proteins and the surfaces of mem-
branes are ubiquitous in biology, where they contribute
to many important processes, including membrane-
induced activation of proapoptotic proteins,1,2 recruit-
ment of cytosolic proteins to cellular membranes for sig-
naling purposes,3,4 insertion of viral proteins into the cell

membrane during infection,5 and membrane shaping by
membrane-curving proteins to facilitate endocytosis,
intracellular trafficking, cytokinesis, and the shaping of
organelles.6 Conversely, the dysfunctional interaction of
proteins with surfaces sometimes underlies pathologies,
including the membrane-induced amyloidogenesis that
occurs in some neurodegenerative diseases.7,8 Protein-
surface interactions are likewise important in many

Received: 10 September 2021 Revised: 20 October 2021 Accepted: 22 October 2021

DOI: 10.1002/pro.4215

2408 © 2021 The Protein Society. Protein Science. 2021;30:2408–2417.wileyonlinelibrary.com/journal/pro

https://orcid.org/0000-0002-7126-9096
https://orcid.org/0000-0002-0517-2106
https://orcid.org/0000-0001-7261-8406
https://orcid.org/0000-0003-4772-8771
mailto:kwp@chem.ucsb.edu
http://wileyonlinelibrary.com/journal/pro


biotechnologies, although here, too, the propensity of
proteins to unfold on and irreversibly adsorb to artificial
surfaces often limits such applications.9–11 Understanding
the mechanisms defining the interactions of proteins
with surfaces would thus further both our understanding
of biology and our ability to adapt biomolecules into arti-
ficial surfaces, with the latter in turn improving our suc-
cess in implementing proteins in biosensors and other
biotechnologies.12,13

To improve the mechanistic understanding of
protein-surface interactions, we have previously charac-
terized experimentally the thermodynamic consequences
of biomolecule-surface interactions. Specifically, we have
measured the extent to which site-specific attachment to
macroscopic surfaces of well-defined chemistry alters the
folding free energies of a number of proteins and nucleic
acids.14–19 In these studies, we found that excluded vol-
ume effects induced by the surface reduce the entropy of
the unfolded state,20 therefore significantly stabilizing
surface-bound biomolecules (Figure 1a).14,18 Con-
versely, we expect chemical and electrostatic interac-
tions with the surface to be destabilizing, as the flexible
unfolded state is free to adopt conformations that opti-
mally satisfy such interactions (Figure 1b).21,22 For
example, given that the flexible unfolded state is free to
expand away from the surface in response to an exter-
nal electric field, we expect that electrostatic interac-
tions between like-charged biopolymers and surfaces
will be destabilizing. The net effect of the interaction of
a given protein with a given surface thus results from
the balance between excluded volume effects and the
contribution from chemical or electrostatic interactions.
Consistent with this, we have previously shown that
electrostatic repulsion between the homogeneously
negatively charged backbone of the DNA and nega-
tively charged surfaces can be sufficiently destabilizing

such that it overcomes the stabilizing contribution of
the excluded volume.14,17

Although not as highly charged as DNA, proteins are,
nevertheless, almost always charged, and thus we expect
that electrostatics will also play an important role in their
interactions with surfaces.16,18 To explore this, here we
have experimentally measured the extent to which inter-
action with a charged surface alters the folding free
energy of protein variants differing in net charge and
number of charged residues. Specifically, we have studied
six charge-residue variants of the well-characterized,
single-domain, two-state folding protein L.18,23,24 Our
rationale is that, by measuring the folding free energy of
these variants when attached to a charged surface and
comparing this to their stability when free in bulk solu-
tion, we will learn about the extent to which electrostatic
interactions with the surface alter the protein's folding
free energy.

2 | RESULTS

In our studies, we determine the extent to which attach-
ment to a charged surface alter the stability of a set of six
lysine-free, single cysteine variants of protein L, each
with a different composition of charged amino acids
(Table 1). To do so, we compare the proteins' folding free
energy when surface-attached and when free in bulk
solution. Taking the difference between these two stabili-
ties corrects for any effects the amino acid substitutions
may have on the intrinsic stability of the protein, thus
providing an estimate of the thermodynamic conse-
quences of surface-attachment itself.

We determine the folding thermodynamics of surface-
attached proteins using a previously described electro-
chemical approach.16,18 This involves using site-directed

FIGURE 1 Thermodynamic contributions to protein-surface interactions. (a) Surface-attached biopolymers are stabilized by excluded

volume effects reducing the conformational entropy of their unfolded state. (b) Conversely, any chemical or electrostatic interactions with

the surface presumably stabilize the unfolded state, as its greater flexibility allows it to maximize attractive effects while simultaneously

minimizing any repulsive effects, and thus destabilize the protein
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mutagenesis to introduce a unique cysteine, and to
remove all lysines to render the amino terminus the sole
free amino group. We then modify the cysteine's thiol
with a methylene blue redox reporter and the amino ter-
minus with a seven-carbon alkane thiol, the latter of
which we use to site-specifically attach the protein to a
gold electrode (Figure 2a). Finally, we treat the elec-
trode's surface with 6-mercaptohexanol to form a homo-
geneous, hydroxyl-terminated self-assembled monolayer,
which adopts a slight negative charge (estimated to be
�50 mV) at the potential applied to interrogate the meth-
ylene blue redox reporter.25 Using square-wave
voltammetry, we then monitor the protein's conforma-
tional state during a guanidinium chloride “melt”
(Figure 2b), from which we extract its folding free energy.
In parallel, using circular dichroism we monitor the pro-
tein's conformational state during the analogous

chemical denaturation experiment in bulk solution, from
which we determine its folding free energy when free in
bulk solution.26

In earlier work, we showed that attachment to the
hydroxyl-terminated surface employed here stabilized a
lysine-free “parent” protein L variant, in which we
substituted all lysines by arginines to maintain the same
net charge and charge distribution as the wild type pro-
tein.18,19 To explore the origins of this stabilization, here
we have characterized five additional protein L variants
(Tables 1 and S1, Figure S1), each varying in the compo-
sition and distribution of charged amino acids, and mea-
sured the extent to which attachment to the same
hydroxyl-terminated surface alter their folding free
energy. We selected these variants to cover a range of net
charges while also retaining the solubility, stability, and
reversible refolding (both when surface-attached and

TABLE 1 Variants of protein L differing in the number and pattern of charged-residues

Protein L
Net
charge

Number of
Argb

Number of
Asp + Glu

ΔGU (sol)a

(kJ mol�1)
ΔGU (sur)a

(kJ mol�1)
ΔΔGU

a (sol-sur)
(kJ mol�1)

Rx6Q –10 0 10 13.6 ± 0.7 12 ± 3 –2 ± 3

Rx2E –8 4 12 20 ± 1 24.4 ± 0.8 +4 ± 2

parent –4 6 10 20.0 ± 0.7 26.7 ± 0.8 +7 ± 1

Ex2R 0 8 8 16.4 ± 0.6 27 ± 1 +10 ± 2

DxN/Ex3Q 0 6 6 17.2 ± 0.9 24 ± 2 +7 ± 2

DxR/Ex2R +2 9 7 16 ± 2 23.9 ± 0.9 +8 ± 2

Nx2Dc –6 6 12 15 ± 1 Not determined Not determined

Nx3D/QxEc –8 6 14 9 ± 2 Not determined Not determined

aUncertainties reported correspond to 95% confidence intervals.
bAll variants were rendered lysine-free to ensure site-specific surface attachment through the amino terminus.
cThese two variants did not produce an unfolding sigmoid on the surface, and thus we could not determine their unfolding free energies.

FIGURE 2 Experimental measurement of the folding thermodynamics of surface-attached proteins. (a) To measure the extent to which

surface attachment affects a protein's folding free energy, we modified its single cysteine with a redox reporter (methylene blue [MB]) and

tethered its amino terminus to a gold electrode coated with a self-assembled-monolayer of 6-mercaptohexanol. Upon unfolding, the

methylene blue moves further away from the surface and the electron transfer rate decreases. (b) The square-wave peak current measured at

600 Hz thus decreases as unfolding progresses, allowing us to monitor the folding of the surface-attached protein
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when free in bulk solution) necessary to characterize
their folding thermodynamics.

While surface attachment is generally stabilizing, the
extent of this stabilization correlates with the net charge
of the protein. In particular, as the variants become more
negatively charged, attachment to the surface becomes
less stabilizing. For example, whereas surface attachment
stabilizes the -4-charged parent sequence by 7
± 1 kJ mol�1 (Figure 3a), a variant in which two argi-
nines are replaced by glutamates to produce a net charge
of �8 is stabilized by only 4 ± 2 kJ mol�1 (Figure 3b).
Further increasing the negative charge to �10 via the
substitution of all positively charged residues by neutral
glutamines completely eliminates the stabilizing effect of
surface attachment on the stability of the protein, produc-
ing a free energy change that, at �2 ± 3 kJ mol�1, is
within error of zero (Figure 3c). Conversely, a slightly
positively charged variant (net charge +2) is stabilized by

surface attachment by 8 ± 2 kJ mol�1 (Figure 3f). This
variant thus appears to be slightly more stabilized by the
surface than the parent sequence.

While the above studies investigated the extent to
which changes in net charge alter the stability of surface-
attached protein L, we have also investigated the extent
to which the specific pattern of charged residues modu-
lates this effect. To do so, we generated two variants of
zero net charge that differ in the number and positioning
of charged residues. Specifically, in one variant we intro-
duced four charge-ablating glutamate-to-glutamine and
aspartate-to-asparagine substitutions, while in the second
we introduced two charge-reversing glutamate-to-
arginine substitutions (Tables 1 and S1). Consistent with
the trend described above, attachment to our surface sta-
bilizes both of these net-neutral proteins. The magnitude
of this stabilization, however, differs. Specifically, surface
attachment stabilizes the charge-ablated variant by 7

FIGURE 3 Effect of surface attachment on the stability of protein L charge variants. Comparison of the denaturation of protein L

charge variants (net charge indicated in parenthesis) when surface-attached (red) and when free in solution (black) informs on the extent to

which attachment to the surface affects their stabilities. While surface attachment stabilizes the parent sequence (a), the magnitude of this

stabilization is reduced for a more negatively charged variant (b), and effectively eliminated for a homogeneously (and highly) negatively

charged variant (c). Consistent with this, surface attachment stabilizes two neutral variants (d, e) and a net positively charged variant (f) as

much or more than it does the parent sequence

ORTEGA ET AL. 2411



± 2 kJ mol�1 (Figure 3e), whereas it stabilizes the
charge-reversal variant by 10 ± 2 kJ mol�1 (Figure 3d),
which is the largest surface-induced stabilization we have
observed. It thus appears that the number and/or spatial
distribution of charged residues also contributes to defin-
ing the extent to which attachment to this surface affect
protein stability.

In a belief that negative results are also informative,
we also note our unsuccessful attempts to characterize
the effect of surface attachment on the stability of two
other protein L variants, one of net charge �6 (Nx2D)
and one of net charge �8 (Nx3D/QxE). That is, despite
refolding reversibly in bulk solution, neither variant did
so when surface-attached (Figure S2). Of potential rele-
vance, these variants contain more charged residues
(18 and 20, respectively; Table 1) than any of the other
variants we characterized. This perhaps indicates that
unfolded states presenting a large number of charged res-
idues form significant electrostatic interactions with a
charged surface, thus favoring adhesion. To explore this,
we measured the rates of electron transfer from these two
variants in the absence and presence of denaturant using
the approach of Komorsky-Lovri�c and Lovri�c.27 Doing so,
we observe that, while under native conditions the trans-
fer rates of the parent sequence and both variants are
quite similar, the transfer rates of the denatured variants
(30 s�1; Figure S3) are �6 times more rapid than those of
the denatured parent sequence (5 s�1).18 This suggests
that, under denaturing conditions, these highly charged
chains remain close to the electrode surface. If correct,
this is consistent with our initial hypothesis (Figure 1b)
that both attractive and repulsive electrostatic or chemi-
cal interactions would be better accommodated by the
more flexible unfolded state, thus destabilizing proteins
on surfaces.

The extent to which attachment to our hydroxyl-
coated surface alters the stability of our negatively
charged and neutral variants correlates with their overall
net charge (R2 = 0.76; Figure 4). Moreover, this correla-
tion with net charge is seen despite the fact that charge
patterning also appears to contribute to the effect; com-
pare, for example, the differing stabilization seen for our
two net neutral variants. We presume that this relation-
ship between protein net-charge and surface-induced sta-
bilization arises due to repulsive electrostatic interactions
between the negatively charged variants and the surface,
which assumes a negative charge at the redox potential
of methylene blue. Specifically, and as noted above, the
potential of zero charge for our surface is such that, at
the redox potential of methylene blue, the surface adopts
a potential of �50 mV.25

The charge-stabilization correlation we observe for
our protein L variants may also hold for other proteins.

Specifically, we have previously measured the extent to
which attachment to the same hydroxyl-coated surface
affects the stability of FynSH3, an unrelated monomeric
protein of 61 residues (i.e., only four residues shorter
than Protein L), under similar experimental conditions.16

The charge-stabilization relationship we observe for pro-
tein L would predict that, given FynSH3's �8 net charge,
surface attachment should only stabilize this protein by
2 kJ mol�1, a value reasonably close to the slightly
destabilizing 1.5 ± 1.8 kJ mol�1 we have previously mea-
sured (Figure 4, open circle). The effects we observe may
thus hold across unrelated proteins.

The intercept of the linear relationship between sta-
bilization and net charge matches our expectations of
the physics of this system. Specifically, this value pro-
vides an estimate of the interaction free energy at zero
net charge, when the electrostatic contributions are
minimized and thus any other contributions dominate.
In particular, we expect a significant contribution from
the surface-induced excluded volume restriction of the
unfolded state's conformational entropy.14,18,20,28,29

Consistent with this, the 9 ± 1 kJ mol�1 value we
observe is consistent with the 8.6 kJ mol�1 estimate of
this effect for an unfolded 65-bead (equivalent in length
to protein L) self-avoiding random walk polymer

FIGURE 4 The extent to which surface-attachment alters the

stability of protein L variants correlates with their net charge.

While surface attachment stabilizes the parent protein L sequence

(net charge �4), two net uncharged variants and a slightly

positively charged variant are equally or more stabilized. In

contrast, as the proteins become more negative, the net effect of

surface attachment becomes less stabilizing and, eventually,

negligible. The extent to which surface attachment affects the

stability of protein L shows a linear correlation (R2 = 0.76) with the

overall net charge of the protein. This overall trend qualitatively

holds for other proteins, such as the unrelated protein FynSH3

(white circle; excluded from the linear regression, data taken from

ref. 16), which, at 61 residues, is of similar size to the 65-residue

protein L
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tethered by one end to an inert surface.30 To provide a
physical intuition of the magnitude of this effect, we
can also express it in terms of the fraction of conforma-
tions restricted by the surface. In the case of an ideal,
inert chain, the loss of entropy is proportional to the
fraction of restricted conformations (PR) as defined by
the equation ΔS = �R ln (1 � PR).

31 The 9 kJ mol�1

stabilization we observe is thus equivalent to a decrease
of 30 kJ K�1 mol�1 in the entropy of the unfolded state
(at 298 K), which is in turn equivalent to a restriction of
97% of its conformations.

In contrast to the intercept of the correlation between
stabilization and net charge, the slope, which reflects the
energetics of the interaction per unit of charge on the
protein, is larger than expected. Specifically, the slope's
value of 0.8 ± 0.2 kJ mol�1 of elemental charges is equiv-
alent to the energy required to move one elemental
charge across a 9 mV potential drop. Under the experi-
mental conditions we have employed (�50 mV net sur-
face potential; 3 M ionic strength at the onset of the
guanidinium-induced unfolding), this is equivalent to
bringing a charge from the 2.6 nm radius of gyration of
the unfolded state to within just one residue length
(0.4 nm) of the surface,32 with the latter distance being
notably shorter that the 1.5 nm radius of gyration of
folded protein L.33,34

Given the unexpectedly large slope on the correlation
between the protein net charge and the surface-induced
stabilization, we also explored other parameters that
might correlate with the stabilization of our variants,
such as the number and type of charged residues, the
intrinsic protein stability in bulk solution, or the change
in accessible surface area (Figure S4). In doing so, we
observe an even stronger correlation (R2 = 0.98) between
the number of arginine residues (the only positively
charged residues in these variants) and the stabilization
induced by surface attachment (Figure 5). We do not,
however, find an opposing correlation between this stabi-
lization and the number of negatively charged residues
(Figure S4b). Taken together, these data suggest a poten-
tial alternative hypothesis. Given the negative potential
of our experimental surface, an electric double layer of
ions forms, in which interleaved layers of cations and
anions approach the surface to neutralize its charge.32

Under our experimental conditions, guanidinium is the
primary cation present. Given this, we speculate that the
guanidinium headgroups in the protein's arginine side
chains (the only positively charged side chains in our var-
iants) may also be participating in the formation of the
dense layer of guanidinium cations on the surface. This
“stapling” of the arginines to the surface would likely
reduce the entropy of the unfolded state and, in turn, sta-
bilize the protein. Put in quantitative terms, the slope of

1.4 kJ mol�1 per residue translates into a loss of 43% of
the unfolded conformations for each additional arginine
side chain.

3 | DISCUSSION

Here we have explored the extent to which altering the
number and pattern of charged residues affects the stabil-
ity of protein L when interacting with a macroscopic,
charged surface. In doing so, we have found that the
composition of charged amino acids significantly affects
the stability of surface-attached proteins in a manner that
is, at a first approximation, compatible with direct cou-
lombic interactions. Specifically, while proteins are gen-
erally stabilized by attachment to a surface due to
excluded volume effects, our data shows a correlation
between the magnitude of this stabilization and the net
charge of the protein, with more negatively charged vari-
ants increasingly less stabilized by the surface. This sug-
gests a destabilizing electrostatic repulsion between
negatively charged proteins and the likewise negatively
charged surface. We also observe, however, a more signif-
icant correlation between surface-induced stabilization
and the number of arginine residues, which are the only
positively charged side chains in our constructs. This sug-
gests an alternative hypothesis: that the conformational
restriction and concomitant reduction in the entropy of
the unfolded state arising due to the migration of the pro-
tein's positively charged arginines into the electric double
layer could be underlying the observed stabilization
effects.

FIGURE 5 The effect of surface-attachment on the stability of

protein L variants is strongly correlated with the total number of

positively charged residues. Protein variants with a higher number

of arginines (which are the only positively charged residues in these

lysine-free variants) exhibit greater stabilization upon surface

attachment, with a correlation coefficient (R2) of 0.98 across the set

of protein L variants we have characterized
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Regardless of the specific mechanisms underlying
these correlations, these results, along with our prior
studies on the effect of crowding and intermolecular
interactions,18,19 provide a more detailed view on the
contributions that determine the interaction of proteins
with surfaces, illustrating how the biophysics of proteins
in the vicinity of interfaces differ from those in bulk solu-
tion. From a more practical perspective, these studies also
provide some rationale to guide the deposition of proteins
on artificial surfaces. We have shown, for example, that
optimizing the protein packing density on the surface, or
selecting certain types of cosolutes and surface chemis-
tries, can affect the stability and interactions of surface-
attached proteins.18,19 Now, in this work, we show that
by optimizing the composition of charged residues we
can modulate the effect of the surface on the stability and
folding reversibility of surface-attached proteins. Our
results suggest, for example, that proteins with a high net
charge become more destabilized on like-charged sur-
faces, and that an excess of charged residues is detrimen-
tal for the reversibility of the folding. We believe that
these observations will facilitate the functional deposition
of proteins on artificial surfaces, in turn improving our
success at implementing proteins in biotechnologies,
such as biocompatible materials and biosensors.

4 | MATERIALS AND METHODS

4.1 | Reagents

Sodium chloride, sodium hydrogen phosphate, sodium
dihydrogen phosphate, sodium hydroxide, guanidinium
chloride, tris(2-carboxyethyl)phosphine (TCEP), and
dithiothreitol (DTT) were used as received from Fisher
Scientific (Waltham, MA). Dimethyl sulfoxide, ethanol,
sulfuric acid, and 6-mercapto-1-hexanol (97%) were used
as received from Sigma Aldrich (St. Louis, MO). BL21
(DE3) Competent Escherichia coli cells were purchased
from New England Biolabs (Ipswich, MA). Plasmids
encoding for recombinant proteins were purchased from
GeneScript Biotech (Piscataway, NJ). Maleimide-
modified Methylene Blue (ATTO MB2, Product No. AD
MB2) was purchased from ATTO-TEC (Siegen,
Germany) and dissolved at 1 mg per 50 μl of dimethyl
sulfoxide prior to use.

4.2 | Protein purification

We employed six lysine-free, single cysteine variants of
protein L, each with a different composition of charged
amino acids (Table S1, Figure S1). We purified these

following previously described protocols,18,19 but intro-
ducing some modifications for the more aggregation-
prone variants. In brief, we transformed E. coli BL21
(DE3) competent cells with plasmids encoding for the
proteins, induced overexpression with isopropyl β-D-
1-thiogalactopyranoside for 4 hr at 37�C, harvested the
cells by centrifugation, resuspended the pellet in buffer
(20 mM sodium phosphate, pH 7.0, 130 mM NaCl) with
1 mM DTT, and stored the resuspended pellets at �20�C.
We then lysed the cells by sonication, and purified the
proteins from the cell lysate by 10 min of thermal shock
at 75�C followed by size exclusion chromatography
(HiPrep 26/60 Sephacryl-S100; GE Healthcare Life Sci-
ences, Marlborough, MA). For the positively charged and
the two neutral variants, which tend to form inclusion
bodies and aggregate, we completely resuspended the
cells in buffer with 6 M guanidinium chloride and 1 mM
DTT. We then performed a fast refolding by slowly dilut-
ing the resuspended pellet in a 100-fold larger volume of
buffer with 1 mM DTT, separated the aggregates by cen-
trifugation, and purified the resulting supernatant by
size-exclusion chromatography. For the positively
charged variant, we performed an additional ion
exchange chromatography (HiTrap Q FF; GE Healthcare
Life Sciences) to remove nucleic acid contamination.
Pure protein fractions were identified by sodium
dodecylsulphate-polyacrylamide gel electrophoresis and
used as is for solution experiments.

4.3 | Protein modification for surface
attachment and electrochemical
monitoring

To measure the proteins' unfolding free energy on the
surface, we followed previously described protocols to
modify their free cysteine with a redox reporter methy-
lene blue, and their amino terminus with a surface
linker.16,18 Specifically, we reacted �1 ml of 0.1–1 mM
protein (previously incubated with 1 mM TCEP) with a
fivefold excess of maleimide-modified methylene blue
redox reporter (in buffer 20 mM sodium phosphate,
pH 7.0, 130 mM NaCl, overnight, at room temperature,
protected from light, under gentle stirring). We then
removed the unreacted methylene blue by performing
dialysis, first against buffer with 8 M urea and then
against buffer without urea. We then diluted the dialysate
in buffer with 1.2 M ammonium sulfate and separated
the unreacted protein via hydrophobic interaction chro-
matography (HiTrap Phenyl HP; GE Healthcare Life Sci-
ences) with a gradient from 1 to 0 M ammonium sulfate.
Next, we reacted the methylene-blue modified protein
(10–100 μM) with a 50-fold excess of surface linker
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(7-mercaptosulfosuccinimidyl heptanoate synthesized in
house16) in buffer (same conditions as above, except for
the positively charge variant, in which this and subse-
quent steps were performed in the presence of 6 M gua-
nidinium chloride to avoid aggregation), followed by
dialysis to remove the excess of unreacted linker. The
resulting methylene blue-and-linker-modified protein
was then aliquoted and stored at �80�C until use.

4.4 | Chemical denaturation
experiments on the surface

To measure the unfolding free energy of our proteins
when surface-attached, we first deposited them on the
surface of a gold electrode coated with an alkane-thiol
self-assembled-monolayer following previously described
protocols. First, we performed a series of mechanical and
electrochemical cleaning steps35 on 2 mm gold disk elec-
trodes (CH Instruments, Inc., TX), before functionalizing
its surface with the methylene blue-and-linker-modified
variant of protein L18 (for the positively charged variant,
we carried out this step in the presence of 6 M gua-
nidinium chloride). Finally, we formed a hydroxyl-
terminated self-assembled-monolayer by incubating
(overnight, room temperature) the electrodes in buffer
with 5 mM 6-mercapto-1-hexanol. After a series of chem-
ical and electrochemical preparation steps, we used cyclic
voltammetry to measure the packing density of the pro-
teins on the surface, ensuring we sample a “dilute
regime” in which the distance between individual mole-
cules is, on average, larger than the protein's contour
length to avoid intermolecular crowding effects.18

We then used electrochemistry to track the unfolding
of the proteins over the course of guanidinium chloride
melts.16,18 To do so, we performed two consecutive
unfolding and refolding guanidinium denaturation exper-
iments using an automatic titrator (Microlab® 500 Series;
Hamilton Co., NV, and a BASi C3 Cell Stand;
Bioanalytical systems, Inc., West Lafayette, IN), allowing
10 min for complete mixing and equilibration. We buff-
ered our solutions with 20 mM sodium phosphate at
pH 7.0, 500 mM NaCl, including 50 μM of 6-mercapto-
1-hexanol to prevent monolayer degradation. At each
guanidinium concentration, we monitored protein

folding by measuring square-wave voltammetry scans
between 0 and �400 mV, at a square-wave amplitude of
600 Hz and a frequency of 25 mV (CHI684 potentiostat
and CHI660D multiplexer; CH Instruments, Inc.), and
then extracted the square-wave peak current as a func-
tion of denaturant concentration by using in-house coded
Matlab® processing scripts. Reported uncertainties for all
measurements performed on surface-attached proteins
correspond to 95% confidence intervals derived from
experimental replicates carried out on a minimum of four
independently fabricated electrodes.

4.5 | Chemical denaturation
experiments in bulk solution

We used circular dichroism to monitor the chemical
denaturations and determine protein unfolding free
energy in bulk solution. For this, we employed an initial
volume of 1.7 ml of 5 μM unmodified protein L variant in
buffer 20 mM sodium phosphate, pH 7.0, 0.1 mM DTT,
500 mM NaCl. We denatured the protein by adding a
guanidinium chloride solution of the same protein and
buffer concentration (using a JASCO AST-530 automatic
titrator; JASCO, MD) in a quartz cuvette of 1 cm path
length, allowing 1 min for mixing and equilibration. At
each guanidinium concentration, we measured a wave-
length scan between 210 and 250 nm (scan speed
50 nm min�1; bandwidth 4 nm; digital integration time
4 s; performed on a J-1500 Spectrophotometer; JASCO)
and followed the chemical denaturation by monitoring
the ellipticity at 222 nm. Reported uncertainties for these
bulk-solution-phase studies correspond to 95% confi-
dence intervals derived from the error of the fits.

4.6 | Analysis of chemical denaturations

To determine the stability of our protein variants, we
analyzed the chemical denaturations by using a two-state
folding equilibrium model.26 In particular, we performed
a least-square minimization of our circular dichroism (for
bulk solution proteins) and square-wave voltammetry
(for surface-attached proteins) data to the following equa-
tion using in-house developed Matlab® analysis scripts:

Iobs ¼ IF 0ð ÞþmF GuHCl½ �þ IU 0ð ÞþmU GuHCl½ �ð Þ e
–ΔG0

U
0ð Þ –mG GuHCl½ �

RT

1þe
–ΔG0

U
0ð Þ –mG GuHCl½ �

RT

ð1Þ
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where the observed signal, Iobs, follows a hyperbolic tan-
gent function of denaturant concentration, GuHCl½ �, the
protein's unfolding free energy in the absence of denatur-
ant, ΔG0

U 0ð Þ, the linear dependence of the protein's
unfolding free energy on denaturant concentration, mG,
the intrinsic signal of the folded and unfolded states,
IF 0ð Þ and IU 0ð Þ, and the linear dependence of these on
denaturant concentration, mF and mU.
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