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Abstract: Gaining more insight into the mechanisms governing the behavior of proteins at solid/
liquid interfaces is particularly relevant in the interaction of high-value biologics with storage and
delivery device surfaces, where adsorption-induced conformational changes may dramatically
affect biocompatibility. The impact of structural stability on interfacial behavior has been
previously investigated by engineering nonwild-type stability mutants. Potential shortcomings of
such approaches include only modest changes in thermostability, and the introduction of changes
in the topology of the proteins when disulfide bonds are incorporated. Here we employ two
members of the aldo-keto reductase superfamily (alcohol dehydrogenase, AdhD and human aldose
reductase, hAR) to gain a new perspective on the role of naturally occurring thermostability on
adsorbed protein arrangement and its subsequent impact on desorption. Unexpectedly, we find
that during initial adsorption events, both proteins have similar affinity to the substrate and
undergo nearly identical levels of structural perturbation. Interesting differences between AdhD
and hAR occur during desorption and both proteins exhibit some level of activity loss and
irreversible conformational change upon desorption. Although such surface-induced denaturation
is expected for the less stable hAR, it is remarkable that the extremely thermostable AdhD is
similarly affected by adsorption-induced events. These results question the role of thermal stability
as a predictor of protein adsorption/desorption behavior.
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Introduction
Over the past few decades, extensive focus has been
applied to understanding the mechanisms governing
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RSA, random sequential adsorption; TB, terrific broth.
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version of this article.
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the behavior of proteins at solid/liquid interfaces.
Due to wide-spread implications of this phenomenon
in numerous applications, a large number of systems
have been studied. To gain more insight into how
protein structure affects interfacial behavior, the im-
portance of surface charge,? hydrophobicity,® and
structural stability®® have been investigated.
Approaches to study the effects of these parame-
ters can be categorized as follows: the study of well-
defined model proteins,®° genetic variants,*:!2
mutants of single proteins,’®>® and most recently,
synthetic polypeptides.'®!® Significant effort in the
two former categories has pioneered our overall
understanding of the mechanisms governing protein
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adsorption; however, it is the latter groups in which
the effect of subtle molecular effects can be assessed.
Thus, ideal studies could be envisioned in which a
single parameter, such as stability or surface charge,
are studied in isolation.

Many of these studies have explored the struc-
tural consequences of adsorption. Elbaum et al.'®
used stability variants of hemoglobin to hypothesize
a strong structural basis for observed differences in
adsorption kinetics and protein unfolding at the air/
water interface. Kato and Yutani?® strengthened
this correlation between conformational stability and
interfacial affinity and level of surface-induced per-
turbation using tryptophan synthase mutants. More
recently, bacteriophage T4 lysozyme has been the
protein of choice for similar studies because it is
extremely well characterized and synthesis of stabil-
ity mutants is well documented. McGuire et al.**
created T4 variants with enhanced stability by intro-
ducing cysteine residues to form additional intramo-
lecular disulfide linkages. Following the kinetics of
adsorption and elutability, they postulated a correla-
tion between protein stability and time scale of
attachment and binding strength. CD spectroscopy
revealed that both the rate and extent of unfolding
(characterized by o-helical loss) upon adsorption to
silica nanoparticles was most pronounced for the
least stable mutants.*

The general hypothesis emerging from these
studies is a strong correlation between thermostabil-
ity and affinity of surface attachment, structural
perturbation, and desorbability. However, there are
two potential shortcomings with the application of
stability mutants to evaluate surface activity. First,
only incremental changes in stability can be
assessed. The range of stabilities is limited by the
number of residue substitutions which alter stability
without impacting secondary structure. Second, sta-
bility is artificially optimized in these systems. For
example, common approaches involve strategically
placed disulfide bonds or the insertion of residues
with side chains that cause steric disruptions in crit-
ical locations. However, these approaches change the
topology of the peptide chain and it is difficult to
decouple the effect of the stability-altering mutations
from the effect on protein-surface interactions.

The goal of our investigation is to explore the
relationship between stability and adsorption behav-
ior using naturally evolved homologs with very simi-
lar three-dimensional structures yet vastly different
intrinsic stabilities. We have chosen two members of
the aldo-keto reductase (AKR) superfamily?! which
share high structural homology with low primary
sequence homology (Fig. 1). The members of the
AKR superfamily are monomeric, do not contain di-
sulfide bonds, and fold into well-known eight
stranded, TIM-like, o/f barrels. The first enzyme,
alcohol dehydrogenase D (AdhD) from the hyper-
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Figure 1. (A) Amino acid sequence alignment of AdhD and
hAR showing <30% sequence homology between the
selected proteins; (B) three-dimensional homology model of
AdhD (left) and crystal structure of hAR (PDB: 2ACQ) (right)
showing similarities in secondary and tertiary structure; (C)
Far-UV CD spectra of native AdhD (—) and native hAR (- - -)
quantitatively demonstrating the similarities in secondary
structure between the two.

thermophilic archaea Pyrococcus furiosus, is highly
thermostable?®23 while the second enzyme, human
aldose reductase (hAR), is mesostable.?* We believe
this is the first time that homologous stability var-
iants have been used to explore the effects of protein
stability on interfacial behavior. Adsorption and de-
sorption were investigated using a hydrophilic silica
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Table 1. Secondary Structure Domain Allocation

AdhD hAR
Sequence prediction® Homology model® CD¢ Sequence prediction® Crystal structure? CD¢
Helix 0.41 (115)° 0.43 (118) 0.18 0.35 (112) 0.36 (119) 0.21
Sheet 0.14 (39) 0.14 (39) 0.28 0.13 (48) 0.12 (40) 0.27
Disordered 0.45 (125) 0.42 (115) 0.54 0.52 (154) 0.52 (169) 0.52

2 Predictions based on six different algorithms averaged together (JPred, Porter, PsiPred, Prof, SCRATCH, 3DdJigsaw).

® Homology model obtained as previously described.??

¢ Deconvolutions of CD Spectra performed using CDPro Software.

4 Crystal structure obtained from PDB file 2ACQ.

¢ Where applicable, the number of amino acids assigned to each domain is indicated in parentheses.

surface which was previously used in adsorption
studies of model proteins.?>27

Based on previous results, we hypothesized that
AdhD and hAR would exhibit different adsorption
behavior due to their drastically different thermo-
stabilities. Unexpectedly, our results indicate that
both proteins have similar affinities to the substrate
and undergo nearly identical levels of structural per-
turbation. Interesting differences between AdhD and
hAR are observed during desorption, with respect to
elutability, refolding pathways, and distribution of
desorbed structural states. Both proteins exhibit
some level of activity loss and irreversible conforma-
tional change upon desorption. Although surface-
induced denaturation and activity loss is expected
for the less stable hAR, it is remarkable that AdhD,
which retains native-like structure and activity at
even at 100°C, is significantly affected by adsorp-
tion-induced events. Therefore, our results suggest
that intrinsic structural stability may not be the
most accurate predictor of adsorption behavior, and
that other predictors, such as electrostatics, may
have a greater impact on the extent of surface affin-
ity and unfolding. These results may call into ques-
tion the commonly held belief that increasing ther-
mostability should reduce surface activity.

Results

Structural characterization of model system

Two homologous AKR superfamily members, AdhD
and hAR, were chosen due to their similar secondary
structures and different intrinsic structural stabil-
ities. The sequence alignment [ClustalW2, EBI; Fig.
1(A)] and ribbon structures [Fig. 1(B)] show that
while there is low sequence homology (<30%)
between the proteins, the tertiary structures are
very comparable. Overlaying the CD spectra for both
proteins more clearly demonstrates these similar-
ities [Fig. 1(C)]. The high degree of spectral overlap
indicates similar proportions of a-helical and B-sheet
content. The fraction of secondary structure
assigned to various domains from primary sequence
predictions, the homology model (AdhD) or crystal
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structure (hAR; PDB: 2ACQ), and deconvolution of
CD spectra are tabulated in Table I. For both pro-
teins, the fractions of secondary structure assigned
to the helix and sheet domains are similar between
the sequence prediction and homology model, but
there is a discrepancy compared with experimental
deconvolution values. This discrepancy is explained
further below. However, the similarity in each sec-
ondary structure domain of the two proteins, with
all three enumeration methods, is obvious from Ta-
ble I. The CD-based method was used as the princi-
ple experimental tool to assess relative changes in
secondary structure. While the CD data demonstrate
the similar structures of the proteins, the significant
difference in structural stability is demonstrated by
the melting curve shown in Supporting Information
Figure S2, where the CD signal at 222 nm (indica-
tive of helical content) is measured over a thermal
excursion from 25 to 95°C. The curve shows that
hAR loses a considerable amount of helical struc-
ture, while AdhD is minimally affected and no no-
ticeable unfolding occurs below 95°C.

Adsorption behavior

The surface coverage of protein molecules adsorbed
to the nanoparticles following a 16-h isothermal
incubation period is plotted against the equilibrium
(supernatant) concentration (Fig. 2). For both pro-
teins, there are three well-defined regions: a rising
linear portion, a transition region, and a maximum
coverage plateau. At least one point from each of
these regions is represented in subsequent data sets
(letters in Fig. 2 indicate these coverages). The
adsorption data are described using the Langmuir
adsorption isotherm defined as:

_ ;{maxceq 1)

+ Coq
where I' is surface coverage, I' .« is plateau surface
coverage, C, is equilibrium protein concentration,
and K 1is the apparent dissociation constant.
Although assumptions underlying the Langmuirian
model are not all necessarily appropriate for the
adsorption of complex biomacromolecules (absence of
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Figure 2. Adsorption isotherms for AdhD, O (K = 0.50 mg
mML™", Tmax = 1.68 mg m~2) and hAR, B (K = 0.35 mg
ML, Tmax = 2.40 mg m~2) with least-squared fits to a
Langmuir isotherm. Inset contains adsorption isotherms on
logarithmic axes. (A)-(E) Points selected for subsequent
data sets. Error bars represent the standard deviation of
three independent replicates.

conformational change and lateral interaction on the
surface), the model describes this high-affinity pro-
tein-surface interaction well. The maximum surface
coverage and affinity obtained from this fit are 1.68
mg m 2 and 0.50 mg mL ! for AdhD, and 2.40 mg
m~2 and 0.35 mg mL™! for hAR, respectively. The
lower affinity coefficient and higher maximum sur-
face coverage of hAR, as compared with AdhD, indi-
cate an increased affinity and adsorbed amount.
Based on the molecular volume of each protein, the-
oretical surface coverages of 2.20 and 2.26 mg m 2
for AdhD and hAR, respectively, were obtained. In
order to account for the packing of molecules on the
surface, the random sequential adsorption (RSA)Z®
packing density (® = 0.547) was multiplied by the
total surface area of the particles to obtain the avail-
able surface area.?® Since these calculations only
account for size and not intermolecular interactions,
the variance from experimental values is not
concerning.

Adsorbed protein structure

Supporting Information Figure S3 shows the CD
spectra of the different populations of proteins fol-
lowing surface interaction. A combination of these
spectra was used to calculate adsorbed protein spec-
tra. Figure 3 shows the adsorbed spectra for five
different coverages for AdhD [Fig. 3(A)] and hAR
[Fig. 3(B)]. Two important conclusions emerge from
these plots: first, for both proteins, the adsorption
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Figure 3. Adsorbed protein spectra for AdhD (A) and hAR
(B) as compared with the native spectra (—) of each protein.
Starting with the highest surface coverage, the line types
indicate (surface coverage and Cq follow each line type):
<vv. ... (AdhD: 1.54 mg m™2, 2.44 mg mL~"; hAR: 1.98 mg
m=2,2.73mgmL™"),........ (AdhD: 1.51 mg m~2, 1.62 mg
mL~"; hAR: 1.93 mg m~2, 1.66 mg mL™"), ---- (AdhD: 1.08
mgm~2,0.85 mgmL™"; hAR: 1.67 mg m~2, 0.83 mg mL™"),
— (AdhD: 0.78 mg m 2, 0.50 mg mL~"; hAR: 1.22 mg m 2,
0.24 mg mL™"), and — — (AdhD: 0.51 mg m~2, 0.24 mg
mL~"; hAR: 0.84 mg m~2, 0.13 mg mL™"); (C) fraction of
secondary structure that exists as o-helical (circle) and -
sheet (square) domains for AdhD (@ and M) and hAR (O and
) for native protein and adsorbed protein.
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induces a significant level of unfolding compared
with native; and second, the adsorbed spectra do not
vary significantly as a function of surface coverage.
To further compare the level of unfolding that occurs
upon adsorption, all spectra were deconvoluted and
the results plotted in Figure 3(C). The tabulation of
results can be found in Supporting Information
Table SI. The results show that both surface-bound
proteins converge on similar o-helical (~0.06) and
B-sheet (~0.35) content.

Desorption behavior
The pellets obtained from the protein-particle mix-
tures were resuspended in fresh buffer to induce de-
sorption. Previously, eluents such as morpholine®® or
dodeclytrimethylammonium bromide! were used to
desorb bound proteins. In this study, we relied on
the protein concentration gradient between the sur-
face and bulk as the driving force for desorption.
Introducing fresh buffer creates a transient differ-
ence in chemical potential (Apg) at the interface,
which is then eliminated by spontaneous desorption.
Following resuspension and incubation of the par-
ticles, the supernatant protein concentration was
measured, which represents the desorbed amount.
This sequence of resuspension and supernatant col-
lection was repeated for 10 cycles for each protein
[Fig. 4(A,B)]. Data with varying protein: particle
ratios were collected to assess the effect of coverage
on desorption. The most striking difference in behav-
ior between the two proteins is that the desorbed
amount is affected by surface coverage much more
significantly for hAR [Fig. 4(B)] than the AdhD [Fig.
4(A)]. For AdhD, there is only a slight decrease in
desorbed amount as coverage decreases, while for
hAR, desorbed amount varies by over an order of
magnitude for the lowest coverage shown, 0.08 mg
m~2, than for coverages above 0.52 mg m~2. This
indicates the propensity to desorb is decreased when
fewer proteins coat the surface. A more subtle differ-
ence between the two desorption curves is that while
desorbed amount levels off after the third cycle for
hAR, this decreases continuously from cycle to cycle
for AdhD. This indicates that the arrangement of
particles for hAR reaches a steady state value ear-
lier in the experiment, while for AdhD a possible
redistribution on the surface manifests as a variabil-
ity of the desorbed amount from cycle to cycle. Also,
because elutability is expected to increase with mo-
lecular weight,? the higher concentration values of
hAR in the supernatant after cycle 5 are consistent
with this hypothesis (MWypar = 37.2 kDa, MWaanp
= 31.9 kDa).
To assess adsorption/desorption reversibility,
surface coverage following each rinse cycle is calcu-
lated and desorption isotherms are created, as
shown in Figure 4(C) (AdhD) and (D) (hAR). In
these figures, the lines represent the Langmuir fits
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of the adsorbed data (solid line) and desorbed data
(dashed line). For AdhD, all six desorbed data sets
are used for the Langmuir fit, as each group follows
similar trends. This desorption curve in Figure 4(C)
varies distinctly from the adsorption isotherm. For
reversible adsorption, the ascending and descending
branches of the isotherm must overlap at all values
of ceq. Therefore, our results indicate irreversible
adsorption, and also coverage-dependent desorption
(namely a path-dependent hysteresis of desorption).
Conversely, for hAR, two desorbed populations are
found: at higher coverages (corresponding to transi-
tion and plateau values), a single Langmuirian de-
sorption curve can be fit to all the data sets. As
before, this desorption curve in Figure 4(D) deviates
significantly from the adsorption isotherm, indicat-
ing nonreversible adsorption. At low coverages
(below 0.53 mg m™~2), two data sets reside in a differ-
ent desorption regime as seen from their position
relative to the Langmuir desorption curve. Interest-
ingly, these data sets align closely with the Lang-
muir adsorption curve.

Desorbed protein characterization

To characterize secondary structure of the desorbed
protein, far-UV CD spectra were taken from the
third resuspension cycle. Native and desorbed pro-
tein spectra are shown in Figure 5. Three different
coverages (corresponding to the plateau, transition,
and rising portions of the adsorption curve) are
shown for the desorbed protein. The results are con-
sistent with the previously described desorption
curves: for AdhD [Fig. 5(A)], little variation exists
for desorbed protein structure with coverage, while
for hAR [Fig. 5(B)], the structure at lower coverages
is severely perturbed compared with the higher cov-
erages. The results also show that all desorbed sam-
ples are slightly less structured than native for
AdhD, while there is practically no difference
between the high coverage desorbed spectra and
native hAR.

Activity assays were also performed on the
same desorbed protein populations. The 2,3-butane-
diol oxidation activity of AdhD using NAD" cofactor
and the p,L-glyceraldehyde reduction activity of hAR
using NADPH as cofactor were measured. The
results of the kinetic assays are shown as percent of
native activity in Figure 6. The specific activities are
also reported in Supporting Information Table SII.
These activity results correlate well with the second-
ary structure characterization. For AdhD, all de-
sorbed protein, independent of surface coverage, lose
~35% native activity. In contrast, for hAR, the four
high coverage samples which were grouped together
earlier based on lack of secondary structural modifi-
cation upon desorption, have no apparent activity
loss upon desorption. However, the lower coverage
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Figure 4. Desorbed protein concentration as a function of rinse cycle for (A) AdhD and (B) hAR. Data shown for rinse cycles
2 to 10. Protein: particle ratios corresponding to five different regions along the adsorption isotherm (as labeled A-E in Fig. 2)
were used (surface coverage and Ce, follow each sample). AdhD: ® Sample A: 1.4 mg m 2, 1.9 mg mL~"; B Sample B: 1.2

mg m~2,1.3mgmL™"; A Sample C: 0.82 mg m~2, 0.62 mg mL~"; (I Sample D: 0.60 mg m~2, 0.25 mg mL~"; O Sample E:

0.32 mg m™2, 0.09 mg mL~"; hAR: ® Sample A: 2.1 mg m™2, 3.2 mg mL™"; @ Sample B: 2.1 mgm™2, 2.0 mg mL™"; A
Sample C: 1.8 mg m2, 1.23 mg mL~"; 00 Sample D: 1.46 mg m~2, 0.52 mg mL™"; O Sample E: 0.53 mg m~2, 0.04 mg
mL~". Each point is the average of three distinct replicates and error bars represent their standard deviation. Not shown on
the graphs is the limit of detection of each assay, as all concentration values shown are above this limit. Desorption
isotherms are shown in (C) AdhD and (D) hAR. Data for all 10 cycles are depicted, and symbols are consistent with those
used in (A) and (B). The solid line represents the Langmuir fit for the adsorption isotherm data and the dashed line represents
a Langmuir fit for the desorption data. Insets show the same data sets on a logarithmic x-axis.

samples, which were found to be severely perturbed
by CD, show ~80% activity loss.

Discussion

Because proteins are naturally
adsorption can act as a catalyst to induce structural
alteration, activity loss, or aggregation. Preventing
such undesired surface-induced effects requires a
fundamental understanding of the role of intrinsic

surface-active,
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protein parameters in adsorption behavior. Such
knowledge is especially relevant in the pharmaceuti-
cal industry, where biologically active therapeutic
agents contact numerous surfaces during manufac-
turing, storage, and delivery. During drug develop-
ment, extensive effort is dedicated to improve the
stability of such proteins, as various types of degra-
dation pathways compromise their safety and effi-
cacy. Although surface adsorption is not traditionally

Effect of Thermal Stability on Protein Adsorption
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hAR.

considered among the most common causes for phys-
ical instability, this phenomenon has been docu-
mented as a catalyst for denaturation.®° Designing
greater stability into proteins is thought to be a key
strategy to mitigate such surface effects.?1:32

It has long been recognized that a protein’s
structural stability influences its interfacial behav-
ior, as the presence of a surface can disrupt intermo-
lecular forces and render the protein susceptible to
adsorption-induced conformational changes. In pre-
vious studies, this role of thermostability has been
studied using engineered stability variants.
Although using point mutations allows very specific
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changes to artificially stabilize (or destabilize) the
protein without significantly changing its tertiary
structure, we believe applying these systems in
adsorption studies have inherent limitations. Only a
limited range of thermostabilities can be studied and
the approach used to alter stability often changes
protein topology. Along these lines, artificially stabi-
lized mutants may have other attributes that would
not be favored in naturally evolved systems. To over-
come these limitations, we assess the role of thermo-
stability using naturally evolved homologs. Addition-
ally, we significantly expand the range of surface
coverages previously explored.

As shown in Figure 1, the use of AdhD and hAR
is a fitting model system for the study of the effect
of naturally occurring stability. These two proteins
have similar tertiary structures but vastly different
thermostabilities: hAR loses approximately half of
its helical content at 57°C, while AdhD is practically
unaffected even at 95°C. Regarding structural simi-
larity of the proteins, it must be noted that Table I
shows some discrepancies between secondary struc-
ture fractions determined theoretically from
sequence prediction algorithms and direct CD mea-
surement followed by spectral deconvolution.
Although the two approaches result in similar
trends in distribution of secondary structure, the
CD-derived results are lower than the theoretical
values. This is likely due to the inherent limitations
of deconvolution algorithms used to quantify second-
ary structure.?® Although such issues have been
documented, CD remains a powerful tool for

100 T ]

co
o
T
1

¢
¢ ¢ ¢° |

Percent Native Activity
(o]
o
1

40 4
]
20 [ 1
0g 0.5 1 15 2 25

Surface Coverage (mg/m?)

Figure 6. Kinetic data showing percent native activity for
desorbed AdhD (O) and hAR (M) at various levels of
surface coverage. Desorbed protein has been taken from
the third rinse cycle of the desorption experiments. Error
bars represent standard deviations of three independent
samples. Coverages targeted are the same five data sets
as have been used in Figures 4 and 5, for direct
comparison.
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34,35 and

evaluating comparative structural changes
was used here to examine changes in protein struc-
ture upon adsorption/desorption.

The difference in thermal stabilities of the two
reductases could be due to many factors. One possi-
ble explanation is that since AdhD has a more com-
pact structure, there is more potential for close-
range interactions that will stabilize its conforma-
tion. Another contributing factor could be the frac-
tion of amino acids assigned to different secondary
structure motifs. For example, AdhD and hAR have
118 and 112 amino acids involved in alpha helices,
respectively. However, because AdhD has an overall
lower residue count than hAR this corresponds to
42% amino acids assigned to helices (vs. 34% for
hAR). This means that a larger fraction of AdhD is
made of a motif that contains a high number of
hydrogen bonds per amino acid, which could trans-
late into increased intrinsic thermal stability of
AdhD.

In this study, we chose hydrophilic, unmodified
silicon dioxide nanoparticles as the surface for sev-
eral reasons. On hydrophilic surfaces, in the absence
of strong electrostatic forces, protein stability is a
key parameter that determines surface activity, as
structural rearrangement is the main entropic driv-
ing force favoring adsorption.2®3¢ Colloidal silica
also has favorable size, refractive index, and light
scattering properties, which render the particles CD-
compatible, allowing in situ structural analysis dur-
ing adsorption. A final benefit of using colloidal sys-
tem is our ability to target a wide range of surface
coverages. This is a key parameter for our system of
interest: proteins in delivery devices, where thera-
peutic concentration can vary by orders of magni-
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tude. Thus, relevant coverages extend to the plateau
region of the adsorption isotherm.3” To minimize
and normalize the effect of electrostatics, experi-
ments were performed at a pH slightly greater than
the isoelectric point of each protein, (AdhD pI 5.5,
hAR pI 6.9; system pH 5.7 for AdhD and 7.2 for
hAR) thus imparting a slight negative charge on
both proteins. The sodium cacodylate buffer (pK,
6.3) was selected as its effective buffering range was
compatible with the desired conditions. Zeta-poten-
tial experiments shown in Supporting Information
Figure S4 confirm this slight negative charge on
each protein, and the data demonstrate that there is
no significant charge difference between proteins
@00 = —48 + 1.7 mV; @hF? = 3.2 = 0.6 mV).
The same silica particles, with a point of zero charge
between 2.0 and 3.0, were used in both systems.
Therefore, the particles are negatively charged at
both pHs and are in both cases more negatively
charged than the proteins. However, as Supporting
Information Figure S4 demonstrates, there is a dif-
ference in zeta potentials for the two suspensions:
(@7 — 12,0 + 5.0 mV; (B2 = —26.6 = 3.4 mV).
The difference between the protein solution and the
respective silica suspension is greater in the case of
hAR (23.4 mV difference) than for AdhD (7.2 mV dif-
ference). The potential implications of this charge
difference will be discussed in detail further below.
Our results shed new light on the relative role
of structural stability in the different kinetic proc-
esses depicted in Figure 7. During surface attach-
ment (Step I, Fig. 7), the Langmuir curves in Figure
2 compare the surface affinity and adsorbed
amounts of hAR and AdhD. Although we anticipated
hAR to have a significantly greater affinity for the
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surface due to its lower thermostability, we find its
K value is comparable with that of AdhD. Similarly,
the differences in maximum surface coverage can
most likely be attributed to the size difference
between the proteins. The aforementioned differen-
ces in the electrostatic potentials could also contrib-
ute to the differences in the Langmuirian parame-
ters between the two systems. However, these
results indicate that structural stability does not
play a significant role in protein-surface attachment.
Figure 3 shows hAR and AdhD exhibit similar struc-
tural transitions on the surface (Step II, Fig. 7).
While both proteins undergo significant structural
perturbation, the extent of a-helical loss and con-
comitant [B-sheet formation is nearly identical.
Although such disruption of intermolecular forces
upon adsorption was expected for hAR, it is remark-
able that the extremely thermostable AdhD under-
goes such drastic conformational changes on a
hydrophilic surface. Another interesting finding is
the lack of correlation between surface coverage and
structural denaturation for either protein [Fig. 3(C)].
Coverage-dependence of adsorption-induced unfold-
ing has been reported previously.?>3®

The results of this study reveal differences
between hAR and AdhD during detachment and
refolding (Steps III and IV, Fig. 7). The desorption
isotherms [Fig. 4(C,D)], and structural (Fig. 5) and
kinetic (Fig. 6) characterization of the desorbed
states indicate that while adsorption is irreversible
in both cases, desorption follows different pathways
for hAR and AdhD. For AdhD, some of the struc-
tural loss incurred upon adsorption is regained upon
detachment; however, native-like refolding is not
complete and ~35% enzymatic activity is lost. These
findings re-emphasize the surprising effect adsorp-
tion-induced instabilities have on a thermally stable
protein. AdhD also exhibits hysteresis in its refold-
ing pathways as shown in Figure 4(C). The path-
ways appear to be a function of surface coverage
(possibly due to microscopic difference in surface
arrangement). Although such examples of hysteresis
are not commonly reported, Norde et al. found simi-
lar behavior for albumin.?® To schematically capture
this incomplete refolding and pathway-dependent
hysteresis behavior of AdhD, we believe that the sin-
gle diagonal arrow in Figure 7 (Step V) can be
replaced by multiple arrows representing different
pathways. In contrast to AdhD, we find two distinct
desorbed populations for hAR: at high coverages, the
desorption isotherms follow a single pathway to
native-like structural refolding and the desorbed
protein has no activity loss. These results are unex-
pected due to the low thermal stability of hAR. At
low coverages, desorbed hAR maintains high levels
of structural loss and ~80% activity loss, which
more closely represents our hypothesis. Unlike
AdhD, no hysteresis is found. This coverage-depend-
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ent desorption behavior can be represented in Fig-
ure 7 by a combination of arrows both at Step III
(desorption to a perturbed state, the low coverage
case) and at Step V (desorption to a native-like
state, the high coverage case).

Two driving forces are likely to govern the
adsorption and structural unfolding of the proteins
on the silica surface. One driving force is enthalpic-
based, due to charge differences between the protein
and silica. Although we have set the pH of the sys-
tem to minimize overall point charge of the proteins,
the surface charge profiles of the two proteins vary,
and localized charged patches can attribute to
attractive/repulsive forces with the substrate. Three-
dimensional molecular models are shown in Sup-
porting Information Figure S5 to illustrate the dis-
tribution of surface charge on both hAR and AdhD.
Based on these diagrams, qualitative assessment of
the differences between the two proteins can be
made. While both proteins have a few localized
patches (both positive and negative) this charge dis-
tribution is generally homogeneous across the sur-
face of the protein for hAR. By contrast, AdhD has
more localized patches of both charges, with very
few neutral areas. Specifically, positive patches seem
to be larger for AdhD. The implication of these dif-
ferences in surface charge distribution is discussed
below. The other, entropic-based, driving force can
be due to unfolding of secondary structure which
increases conformational entropy of the protein mol-
ecule. This has been cited in previous studies.?®
Both proteins demonstrate a helix-to-sheet transi-
tion, which indicates that once the protein comes
into proximity of an interface, less favorable inter-
molecular interactions, which constrain the molecu-
lar dynamics of the protein, are lost in favor of a
more relaxed conformation and more possible sur-
face-interactions.

One possible explanation for the adsorption-
induced denaturation of the thermophilic AdhD is
the presence of the aforementioned positive patches
on the surface of the protein, as seen in Supporting
Information Figure S4. Because the surface is nega-
tively charged, strong Coulombic attraction would
lead to high levels of surface affinity, with possibly
concomitant structural unfolding as favorable attrac-
tive forces lead to mnew protein-surface bond
formation.

Unlike previous results that indicate only two
states exist: a native-like desorbed and a highly per-
turbed adsorbed state,>” we see evidence of a non-
native like desorbed state. There is also indirect evi-
dence that differentially unfolded states exist on the
surface. This hypothesis is supported as follows:
first, hAR desorbs in a coverage-dependent manner.
This may be a consequence of two (or more)
adsorbed protein populations: at low coverages, pro-
teins arriving early have longer residence times,
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allowing the occupation of more optimal attachment
sites, formation of stronger surface bonds, and lat-
eral intermolecular interactions. The detachment of
clusters would require greater free energy consump-
tion, resulting in decreased desorbability.?® Con-
versely, at high coverages, a greater packing density
may inhibit optimal protein-surface interactions.*!
Second, previous results show differences in elutabil-
ity, bound fraction, and interfacial area in adsorbed
proteins, indicating that the existence of a single
adsorbed population is unlikely.'**2 Finally, evidence
for molten globule-like adsorbed states is postulated
by studies involving carbonic anhydrase,*® lyso-
zyme,** and human growth hormone.*?

Our results indicate that overall adsorption
behavior of these homologous proteins on silica does
not correlate strongly with thermostability. These
results are surprising, as the structural stability of
mutants has been previously hypothesized to strongly
influence their surface affinity, degree of structural
perturbation, and desorbability. The main difference
in our study is that we assess a greater difference in
thermostability, by using proteins with naturally
evolved structures that have been optimized for their
environment. As such, these homologs have similar
topology and tertiary structure, but vastly different
primary sequences. In contrast, stability mutants
have similar primary and tertiary structure, but of-
ten different topologies. Both approaches introduce
parameters into the system whose effect on adsorp-
tion behavior is unknown: for stability mutants, we
hypothesize that altered topology may inhibit optimal
protein/surface interaction, thus artificially reducing
(or promoting) extent of surface-induced perturba-
tion. However, with naturally occurring homologs, we
cannot be certain that observed adsorption behavior
is not due to differences in specific amino acid and
surface interactions (due to the differences in pri-
mary structure). We argue that although both sys-
tems have some limitations, the use of physiologically
relevant systems which allows a wider range of ther-
mostabilities to be studied provides valuable insight
which may have been previously overlooked.

We also find interesting differences in the de-
sorption behavior of hAR and AdhD. One explana-
tion is that desorption is sensitive to structural sta-
bility because the same intermolecular forces which
drive protein folding in solution will determine
whether desorption is energetically more favorable.
However, we cannot be sure that the observed differ-
ences are not protein dependent. In their natural
environments, we know that these proteins are cys-
tolic and may fold with the help of chaperones. Fur-
thermore, thermal stress causes irreversibly unfold-
ing in hAR while having no effect on AdhD.
Therefore other intrinsic parameters, such as pri-
mary sequence may be the dominant factor in deter-
mining desorption behavior.
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For more insight into the role of surface adsorp-
tion as a catalyst for protein destabilization, we com-
pare the denaturing effects of the surface to other
well-known stresses. Supporting Information Figure
S6 shows the far-UV CD spectra of hAR following
thermal, chemical, and surface-induced stress. Ther-
mal effects results in almost complete loss in second-
ary structure, while both surface- and chemically
induced stress cause only partial structural loss.
Such differences are likely due to the probability of
breaking the hydrogen bonds which maintain sec-
ondary structure in the presence of various disrupt-
ing forces.*® Interestingly, thermal versus surface-
induced stress have a markedly different effect on
AdhD, while extreme temperature excursions cause
essentially no structural alteration, the surface is ca-
pable of irreversibly perturbing its structure.

To the best of our knowledge, this study marks
the first time that naturally occurring stability var-
iants have been evaluated for interfacial behavior,
by studying their differences and interdependencies
along each step of the adsorption lifecycle. Our
results show that there is little correlation between
a protein’s thermostability, surface affinity, and sus-
ceptibility to surface-induced unfolding. Additionally,
we show interesting desorption behavior between
the proteins and the importance of surface coverage
in determining refolding pathway. Our results reveal
that role of thermostability in interfacial behavior
may be less dominant than previously thought while
protein surface properties may be a more important
determinant of this behavior. These conclusions shed
some doubt on the notion that improving thermo-
stability is the main way to reduce the effects of
adsorption-induced changes of proteins.

Experimental

Materials

DNA oligonucleotides were synthesized by Inte-
grated DNA Technology (IDT; Coralville, IA). Isopro-
pyl B-np-1-thiogalactopyranoside (IPTG) was obtained
from Promega (Madison, WI). Fumed colloidal silica
particles (Cab-o-sil M-5, <99.8% purity) were pur-
chased from Cabot Corp. (Boston, MA) and used
without further treatment. Bicinchoninic acid (BCA)
and QuantiPro BCA Assay kits were purchased from
Thermo Fisher Scientific (Rockford, IL). Restriction
enzymes Ncol and HindIIl, T4 DNA ligase, and
Phusion DNA polymerase were purchased from New
England Biolabs (Ipswich, MA). All other chemicals
were obtained from Sigma-Aldrich (St. Louis, MO).

Cloning

The hAR gene was amplified from human placental
c¢cDNA (Clontech, Mountain View, CA) using overlap
extension PCR to eliminate an internal Ncol restric-

tion site present in the hAR gene. Detailed
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information about the primers can be found in the
Supporting Information Table SI. The purified PCR
fragment was doubly digested and ligated into a
similarly digested pET-24d (Novagen, Gibbstown,
NJ) vector containing a poly-His tag. Ligated plas-
mids were electroporated into BLR Escherichia coli
cells (Novagen) and selected on LB agar plates sup-
plemented with 50 ng pL~' kanamycin. Colonies
were grown in terrific broth (TB) with 50 ng pL~!
kanamycin and stored as glycerol stocks at —80°C.
The correct insertion of the hAR gene was verified
by DNA sequencing.

Protein purification

AdhD from the hyperthermophilic archaea P. furio-
sus was expressed and purified as previously
described.?? hAR was expressed and purified as fol-
lows. Following transformation and expression as
described above, the cells were induced with 0.2 mM
IPTG at ODggg of 0.6. After incubating 18 h at 37°C
with agitation, the cells were harvested by centrifu-
gation. The pelleted cells were resuspended in one-
tenth of the expression volume in 20 mM Tris-HCI,
150 mM NaCl, and 40 mM imidazole (pH 7.5) and
supplemented with 1x HALT protease inhibitor
cocktail (Thermo-Fisher). The cells were lysed by
sonication with an 8-min run time with pulses of 5 s
with a 5-s rest between each pulse. The cell debris
was pelleted by centrifugation at 15,000¢ for 30 min.
The hAR was purified from the clarified lysate using
a HisTrap column (GE Healthcare) on a GE AKTA
FPLC. The fractions containing hAR, (verified by
SDS-PAGE) were pooled and concentrated using
Amicon (EMD Millipore) centrifugal filters with a 30
kDa MWCO. Protein stocks were stored at 4°C.

Protein concentration

Concentrations were determined by UV absorbance
at 280 nm and the BCA total protein assay (macro
assay: 1-0.025 mg mL™! and micro assay: 0.05—
0.0005 mg mL™!). Absorbance measurements were
conducted on a SpectraMax M2 spectrophotometer
(Molecular Devices, Sunnyvale, CA). Extinction coef-
ficients for AdhD (e9g0 = 1.97 mL mg™! em™!) and
hAR (g950 = 1.1 mL mg! ecm™!) were measured
experimentally. Preparation of standards for the
BCA assays and protein samples for extinction coef-
ficient measurements are described in the Support-
ing Information Table SI.

Activity assay

The 2,3-butanediol oxidation activity of AdhD and
D,L-glyceraldehyde reduction activity of hAR were
measured using spectrophotometric assays under
saturation conditions. NAD™ and NADPH were used
as cofactors for AdhD and hAR, respectively. For
AdhD, the absorbance at 340 nm (tracking NAD™"
reduction) was measured at 45°C with final concen-
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trations of reaction buffer (glycine, pH 8.8), sub-
strate, and cofactor of 50 mM, 100 mM, and 1 mM,
respectively. For hAR, the absorbance at 340 nm
(tracking NADPH oxidation) was followed for reac-
tions at 25°C with concentrations of reaction buffer
(sodium phosphate, pH 7.0), substrate and cofactor
of 100 mM, 100 mM, and 0.5 mM, respectively. Raw
absorbance change was converted to specific activity
using enzyme concentration and cofactor extinction
coefficient (e340nm = 6.22 x 10% em™* M~1).

Adsorption isotherms

Silica particles were suspended in 20 mM sodium
cacodylate buffer pH 5.0 (AdhD) or pH 6.9 (hAR) to
achieve a concentration of 12 mg mL ™. Equal parts
of protein solution and silica suspension were mixed.
Protein concentrations of 0.1 to 6 mg mL lwere
achieved by diluting with 20 mM Tris pH 7.5. Final
pH resulted in 5.7 for AdhD and 7.2 for hAR. The
samples were rotated on a rotisserie shaker for 16 h
at room temperature. Supernatants were collected
and surface coverage was calculated as described
previously.®”

Desorption

After removal of the supernatant, the particle pellet
was resuspended in 0.8 mL of 10 mM sodium caco-
dylate buffer pH 5.0 (AdhD) or pH 6.9 (hAR). Sam-
ples were weighed to determine the particle loss
over time. A solution density of 1.02 g cm™® was
used to determine the resuspension volume. After
resuspension, the samples were incubated on a rotis-
serie shaker for 30 min. Then, supernatant was col-
lected in the same as in the adsorption experiments.
Resuspension was repeated for a total of 10 superna-
tants, from which a desorption curve was obtained.
It was assumed that by the third resuspension cycle
all the protein had interacted with the particles, and
these samples were used for CD and Kkinetic activity
evaluation.

Circular dichroism

A Jasco J-815 CD spectrometer (Jasco, Inc., Easton,
MA) equipped with a Peltier junction temperature
control was calibrated with 0.06% d-10-camphorsul-
fonate solution and used for far-UV CD measure-
ments. Quartz cuvettes with path lengths of 0.01,
0.02, 0.05, or 0.1 cm were used. Protein solutions
and protein-particle mixtures were measured using
buffer or silica blanks, respectively, for subtraction
of the baseline signal. Measurements were taken
from 185 to 240 nm with a 0.1 nm interval, 1 nm
bandwidth, 8 s response time, and scanning speed of
50 nm min !. For desorbed protein structure, the
0.1 cm cuvette was used, and the scan was cut off at
200 nm due to buffer interference. For each sample,
three accumulations were measured and averaged.
Raw CD signal, 6, was converted to mean residue
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ellipticity (MRE) using the equation [0lygrg = 6/
(10 x C, x l) where C, is the protein concentration
(M x residue number) and [ is the cuvette path
length (cm).

Measurement of adsorbed protein structure

The pellets from the adsorption isotherm were resus-
pended with gentle pipetting using a 1:1 mixture of
20 mM Tris HCI pH 7.5 and 20 mM sodium cacodyl-
ate pH 5.0 (AdhD) or pH 6.9 (hAR). An aliquot was
removed for CD assessment, and the rest of the solu-
tion was pelleted through centrifugation (as
described above) and supernatant concentration
measured. The CD spectra of the supernatant were
also recorded. Using the known amount of adsorbed
protein, concentration in the resuspended pellet was
determined. Using the MRE signal of the resus-
pended pellet, [6],e1, and of the supernatant [6]gsy,
and the fraction of total protein concentration in the
supernatant, ysn, the adsorbed protein structure
was calculated using Eq. (2):

[0]aas = ([0lpen — % % [0]sn)/ (1 — %sn)- (2)

Deconvolutions

The CD spectra were deconvoluted using the CD Pro
software package.?” With each deconvolution algo-
rithm (Continll, Selcon3, and Cdstr), three different
reference sets were applied: SP37, SPD42, and
SMP50. The average across all three algorithms and
three bases are used to estimate the helical, sheet,
and disordered content of each sample. The o-helix
and B-sheet content is reported as the sum of the
distorted and regular classes.

Electrophoretic mobility

A Malvern Zetasizer Nano-ZS was used to measure
particle size distribution and zeta potential of the
silica particle suspensions in the pH = 5.7 and pH =
7.2 tris/cacodylate buffers, or protein—silica mix-
tures. A 50 mW laser operating at a wavelength of
532 nm was used. Scattering intensities were
recorded at a 90° angle. A clear, disposable zeta cell
was used for zeta potential measurements. All meas-
urements were performed at 25°C.
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