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Abstract

We have recently introduced an immobilization protocol for preparations of enzymes on
fumed silica for catalysis in organic solvents. The observation of a maximum in apparent
catalytic activity at intermediate surface coverage for one enzyme while another enzyme showed
continuously increasing apparent catalytic activity with decreasing surface coverage led to
speculation on the impact of surface coverage on apparent catalytic activity through different
relative surface-protein and protein-protein interactions, combined with different “hardness” or
resistance towards unfolding by the enzymes. The kinetics of tertiary unfolding of Candida
antarctica Lipase B (CALB), subtilisin Carlsberg, and the Lipase from Thermomyces
lanuginosus (TLL) adsorbing on fumed silica nanoparticles were inferred here from tryptophan
fluorescence for 2%SC to 1250%SC, 0.5 mg/mL to 4.70 mg/mL enzyme concentration in
aqueous buffer solution, and in the presence of the structural modifiers 2,2,2-trifluoroethanol

(TFE) and Dithiothreitol (DTT). The results shown here confirm the earlier speculation that
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“hard” enzymes can perform well at low and intermediate surface coverage of the solid fumed
silica particles until multi-layer packing imposes mass transfer limitations, while “soft” enzymes
unfold at low surface coverage and therefore show a maximum in catalytic competency at
intermediate surface coverage before declining apparent activity is caused by multi-layer

packing.
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Introduction

The synthesis of organic compounds often requires non-aqueous media due to solubility and
stability issues, and undesirable side reactions in the presence of water [1-7]. Many chemical
synthesis schemes require multiple steps and may involve toxic inorganic catalysts as well as
generate undesirable by-products [8, 9]. One avenue to overcome the issues with chemical
synthesis has been the extension of enzymatic catalysis in aqueous media to non-aqueous media
exploiting the exquisite regio- and stereo- selectivity of enzymes [2, 5, 10] in addition to the fact
that enzymatic catalysts are generally renewable and non-toxic. However, poor enzyme
solubility in solvents [11] generally requires to either solubilize the enzyme or immobilize it on a
solid support [12-18] to avoid mass transfer limitations for the desired reaction. There has been
an increasing interest in the immobilization of enzymes on nanoparticles due to their unique
properties including the extremely large surface area per mass [19].

We have recently introduced an immobilization protocol with an inexpensive nanostructured
support [16-18]. Fumed silica is a fractal aggregate that consists of individual spherical non-
porous nanoparticles linked in necklace-like structures [20-22]. This material has proven to be an
exceptional adsorbent for proteins and polymers [23-25]. In our two-step immobilization
protocol, the enzyme molecules are first physically adsorbed on fumed silica in an aqueous
buffer. The adsorbate is then lyophilized. We have previously considered subtilisin Carlsberg
and Candida antarctica Lipase B (CALB) to assess our immobilization protocol, alterations in
physical properties, and the impact on the catalytic competency. These enzymes were chosen due
to their wide range of applications in nonaqueous media. The maximum observed catalytic
activity in hexane reached or even exceeded commercial immobilizates of CALB [13-15] and

what has been termed “salt-activated” preparations for s. Carlsberg [26, 27]. CALB is a
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monomeric 317 residue protein [28] with five tryptophan (Trp52, Trp65, Trp104, Trpl113 and
Trp155) nine tyrosine, and ten phenylalanine residues, which can be monitored to follow
conformational changes [28]. CALB’s structure is stabilized by four disulfide bridges [28]. The
s. Carlsberg protein is a single polypeptide chain consisting of 274 amino acid residues [29]
including one surface exposed tryptophan (Trp117) and thirteen tyrosine residues [30, 31]. The
Trp fluorescence of s. Carlsberg, however, dominates mainly due to quenching and energy
transfer mechanisms [30, 31].

We have previously reported on the relationship of surface coverage to apparent catalytic
activity of enzymes immobilized on fumed silica [16-18]. The s. Carisberg exhibited a constant
increase in apparent catalytic activity as more surface area is provided per enzyme molecule for
immobilization. This enzyme increase levels off after sufficient area is available for a nominally
“sparse” surface population. CALB, however, showed a maximum in apparent catalytic activity
with steep decreases at both higher and lower surface coverage. In accordance with previously
reported observations [12-15], we postulated that this maximum in apparent catalytic activity
corresponds to a surface loading regime at intermediate surface coverage that results from the
overlapping of two other surface regimes at high and low coverages: 1. low surface coverage
with opportunities for multi-point attachment of the enzyme on the support promoting
detrimental conformational changes, II. an intermediate surface coverage where some
interactions with neighboring enzyme molecules in addition to interactions with the support
surface help to maintain a higher population of catalytically competent enzyme molecules, and
III. increasingly multi-layer coverage where mass transfer limitations reduce the apparent

catalytic activity with increasing enzyme loading per support area.
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The multi-point attachment and deformation under regime 1. appears to promote substantial
conformational changes and consequently loss of catalytic activity for CALB. Previous
investigations have demonstrated that proteins can either deform or maintain their structure upon
adsorption on nanomaterials [32-35] depending on the chemistry, size, and curvature of the
nanomaterials [36], the intricate intermolecular forces between the surface and the protein [37],
and the conformational stability of the protein [38, 39]. A more complete understanding of these
phenomena appears crucial not only for enzyme based biocatalysis but for a number of emerging
fields including nanobiophotonics [40, 41] and nanobioelectronics [42, 43].

Hitherto, information regarding in-situ conformation/structure of immobilized enzyme
molecules remains scarce [44]. A characterization of the folding/unfolding tendencies for
enzymes interacting with surfaces will help to engineer strategies for the development of
structurally stable and highly active biocatalysts for use in solvents [39, 44-46]. Fourier
Transform Infrared- (FTIR), Circular Dichroism- (CD), Intrinsic Fluorescence-, Raman optical
activity- and Nuclear Magnetic Resonance (NMR) spectroscopy techniques are the preferred
techniques for conformational assessment of proteins [39, 44-49]. The intrinsic tryptophan
fluorescence has been described as particularly well suited for characterizing tertiary
conformational changes of adsorbed proteins on nanomaterials [39, 45, 46, 50]. Fluorescence
spectroscopy is applied here to probe the kinetics of tertiary conformational changes of enzymes
adsorbing on fumed silica nanoparticles from the aqueous phase for CALB, s. Carlsberg and the
Lipase from Thermomyces lanuginosus (TLL). TLL was added as an external control
representing high intrinsic conformational stability.

We show evidence that for CALB in hexane the previously observed maximum in apparent

catalytic activity, at an intermediate surface coverage of fumed silica nanoparticles, is most
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likely related to the low conformational stability of this enzyme. Conversely, the s. Carlsberg
and TLL enzymes appear to be conformationally more stable. The time-course of unfolding
during and after adsorption on fumed silica followed for about 40 minutes clearly shows that
CALB undergoes some unfolding and refolding until a equilibrium is reached as would be
expected for a “soft” enzyme [51]. Structurally “hard” s. Carlsberg and TLL, however, unfold
gradually before reaching equilibrium on fumed silica at both low and high surface coverages. At
equilibrium, all three enzymes exhibited distinctly different regions of conformational stability.
Comparison with the apparent catalytic activity of the lyophilized enzyme adsorbates in hexane
demonstrates that the postulated impact of changing surface coverage on the stabilization of
adsorbed molecules is corroborated by the spectroscopic unfolding measurements. We will also
discuss the impact of structure modifiers on the conformational stability conditions and thereby
on immobilization on fumed silica.

To our knowledge the data presented here represents the first attempt to understand the
impact of surface packing density changes on the conformational stability of enzymes adsorbed
on fumed silica nanoparticles. Previous reports [39, 45, 46] have considered colloidal silica
nanoparticles which have bigger hydration layers and narrower particle size distributions
compared to fumed silica. This study also explores a wide range of surface coverages which
allows detection of optimum conditions for preparations of the immobilizates. More narrowly
focused studies in regard to surface coverage [39, 45, 46] may not allow appreciation of the
intricate impact of enzyme properties, surface coverage, and support surface properties on the
catalytic competency of the immobilizate. We introduce 3D contour plots to comprehensively
correlate visually represent the folding state of inherently different enzyme molecules and the

catalytic competency under various regimes of surface coverage. This approach is expected to be
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extremely useful for emerging applications where subtle changes in the physical or chemical

properties of the support need to be evaluated to assure optimal functionality.
Materials and Methods

Materials

Crude CALB (lyophilized; specific activity of 28U/mg solid) and TLL (lyophilized; specific
activity of 1400U/mg solid) were obtained from Codexis, Inc. (Pasadena, CA), stored at 4°C, and
used as-received. TLL is a glycosylated monomeric protein with 269 amino acid residues, among
them four tryptophans (Trp89, Trpl17, Trp221, Trp260) [52-55]. TLL is used for the
interesterification and hydrolysis of vegetable oils and animal fats [56]. Subtilisin Carlsberg (EC
3.4.21.14; proteinase from Bacillus licheniformis; specific activity of 8 U/mg solid), fumed silica
(purity of 99.8 wt.%, specific surface area 255 m?/g, primary particle diameter ~7-50 nm, as
reported by the manufacturer), ultrapure Guanidine Hydrochloride (GdmCl), 2,2,2-
trifluoroethanol (TFE), and dithiothreitol (DTT) were from Sigma-Aldrich (St. Louis, MO), and
used as received. Glass vials (24 mL screw-capped, flat-bottom) were used to prepare the

enzyme-fumed silica suspensions.

Unfolding of Enzymes by GdmCl in Aqueous Buffer Solution

The intrinsic fluorescence spectroscopy method to detect unfolding was tested for reference
with the powerful denaturant GdmCl in aqueous buffer solution. Unfolding relocates Trp
residues [45, 46, 55, 57] which is detectable by fluorescence spectroscopy. Crude enzyme was
weighed in a glass vial and 10 mM monobasic phosphate buffer (0.5 to 4.7 mg enzyme/mL,
adjusted to pH 7.8 by KOH) containing GdmCI with final concentrations in the range of 1M to

8M was added followed by vortexing for about 30 seconds. Trp is excited at 288 nm. At least
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five scans were performed and averaged for each sample. Unfolding was monitored in a quartz
cuvette (3mm pathlength; Starna Cells, Atascadero CA) by collecting the emission spectrum
from 300 to 500 nm (Cary Eclipse spectrofluorimeter, Varian, Cary, NC, 25°C). Excitation and
emission bandpasses were set at 5 nm. Maximum emission intensity (Imaxem) and maximal

emission wavelength (Amaxem) Were extracted from the spectra.

Two phenomena have been identified for globular proteins undergoing unfolding initiated by
changing from low to high concentrations of GdmCI: 1. Decrease in Iyaxem and 2. shifting of
Amaxem towards the red through exposure of the Trp residues to the buffer [54, 55, 58]. Fig. 1
shows typical tryptophan emission spectra for the unfolding of CALB in aqueous buffer solution
by GdmCI from zero to 8M about 30 seconds after the denaturant was added to the enzyme
solution. The spectra are assumed to be at equilibrium since no further changes after this
measurement were detected over 40 minutes. The decrease in the maximum intensity is
attributed to a significant reduction in the quantum yield of the now increasingly exposed Trp
residues [54, 55, 58], while the red (right) shifting is attributed to the increased hydrophilicity of
the environment surrounding the Trp residues [54, 55, 58]. Inset in Fig. 1 shows the decrease in
Imax/em for CALB as the chemically-induced unfolding proceeds. Similar trends were obtained for
s. Carlsberg and TLL, however, with a less pronounced reduction in intensity most likely due to
their rigid structures (data not shown). The enzymes were then ranked in order of increasing
conformational stability: CALB, s. Carlsberg, TLL. This is corroborated by CALB’s plasticity
and molecular dynamism [59] as opposed to the rigidity of structurally “hard” s. Carlsberg and

TLL [31, 60].
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Unfolded Fraction Inference for GdmCIl Unfolding in Aqueous Buffer Solution

The unfolding data in the presence of GAmCI can be normalized to define an unfolded fraction

(@) as follows [45, 46]:

IS _ IBM GdmCl
A A .
> Equation 1

=1
GdmcCl N M 1
m IX—IS deC}L

where @gamcr 1s the unfolded fraction (0, native; 1, completely unfolded).

I®, is the emission intensity at a fixed wavelength for enzyme molecule ensembles at any state of
unfolding, IY 4 is the emission intensity at a fixed wavelength for ensembles of native enzyme
molecules, and I*™ ¢9™, is the emission intensity at a fixed wavelength for fully unfolded
enzyme ensembles all in aqueous buffer and in arbitrary units (a.u.).

The wavelength was selected as 330 nm for CALB and TLL and as 305 nm for s. Carisberg.
These wavelengths were found to produce the best resolution for detecting different unfolding
levels. The @gamcr values showed a linear dependency on the GAmCI concentration [45, 46] and
served as reference to determine the extent of tertiary unfolding in the presence of fumed silica
nanoparticles (Fig. 2). Similar calibration curves were prepared for other enzyme concentrations

as well as for the other enzymes under study.

No significant changes in Amavem Were detected for s. Carlsberg, which limits the application
of this approach for monitoring unfolding under the conditions of our buffer solutions (data not

shown).
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Baseline for Kinetic Experiments

Buffer only (no enzyme) and nanoparticles in buffer (no enzyme), as well as enzymes in buffer
were served as the controls at typical concentrations. These solutions showed no time-dependent
change in intensity over 40 minutes as expected [45, 46] leading to the conclusion that all
changes with time were attributable to changes in the enzyme molecules introduced by

interaction of enzymes, nanoparticles, and added chemicals.

Kinetics of Tertiary Conformational Changes of Enzymes Interacting with Fumed Silica

The time evolution of the tertiary conformational changes of enzymes interacting with fumed
silica nanoparticles were monitored by following the emission intensity of Trp residues at a fixed
wavelength. Crude enzymes (i.e., CALB, s. Carlsberg and TLL) were weighed in a glass vial
and 10 mM monobasic phosphate (adjusted to pH 7.8 by KOH) was added followed by vortexing
for about 30 seconds. Fumed silica was then added and vortexed until visually homogeneous
suspensions were formed (about 30 seconds) as described elsewhere [16-18]. Table 1 shows a
summary of the amounts of fumed silica and enzyme used to form the suspensions at the various
percentages of nominal surface coverages %SC of enzyme in the final enzyme/fumed silica

adsorbates.

The suspensions were transferred to quartz cuvettes and placed in the spectrofluorimeter
maintained at 25°C. The excitation was set at 288 nm and the emission recorded at 330 nm for

CALB and TLL and at 305 nm for s. Carlisberg.

Unfolded Fraction Inference for Kinetic Experiments with Fumed Silica in Aqueous Solution

The kinetics of tertiary deformation of the enzymes in the presence of fumed silica were

normalized according to Equation 2 [45, 46]:

10
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where @rs is the instantaneous unfolded fraction for enzymes in the presence of fumed silica
nanoparticles (0, native; 1, completely unfolded).

Irs® 5 is the net average emission intensity at a fixed wavelength of enzyme molecule ensembles
interacting with fumed silica at any instantaneous state of unfolding (obtained by subtracting the
corresponding instantaneous contribution of buffer and nanoparticles), I" j is the average
emission intensity at a fixed wavelength for the ensembles of native enzyme molecules, and I*™
GdmCl

» 1s the average emission intensity at a fixed wavelength for fully unfolded enzyme

ensembles all in aqueous buffer and in arbitrary units (a.u.).

Regions of Tertiary Conformational Stability: 3D Filled Contour Plots

Enzyme solutions of CALB and s. Carlsbherg at concentrations of 0.5, 0.7, 3.30, and 4.70
mg/mL were mixed with nanoparticles to form adsorbates with different %SC according to Table
1. For TLL 0.5, 0.7, and 3.30 mg/mL were explored. Each suspension was monitored over about
40 minutes for changes in the tertiary structure via spectrofluorimetry (above). The final
equilibrium values for deformation (as a function of total enzyme molecules present) for each
enzyme are plotted as the elevation (z-direction) of contour plots where the y-axis is the
concentration of enzyme in the solution at the beginning of preparing the adsorbate and the
horizontal x-axis represents the expected %SC by the enzyme molecules in the obtained
adsorbates (Table 1). Fig. 3 shows the deformation data for CALB on fumed silica as an example
to introduce this type of plot. A total of 20 data points for CALB and s. Carlsberg, and 15 points
for TLL were used to develop contour plots (see below). An inverse-distance algorithm

(SigmaPlot®) was used to interpolate. Fig. 3 indicates that at low surface coverage deformation

11
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becomes very significant, no matter what the initial concentration to prepare the adsorbate was.

Detailed discussions follow below.

Results and Discussion

Deformation of Enzymes Interacting with Fumed Silica in Aqueous Solution

Time-dependent fluorescence intensity changes from the Trp residues were used to monitor the
structural alteration kinetics of enzymes interacting with fumed silica. Only events after ~30 s
could be monitored due to the time needed to mix and vortex suspensions. Baselines for
nanoparticle suspensions as well as for the enzyme solutions remained approximately constant as
a function of time with a combined error of 7%. Error propagation analysis for the unfolded
fraction function (@rs) (Equation 2) indicates an error of ~2% or equivalently @rs + 0.02.
Deviations from the linear behavior and beyond this error limit can be, therefore, attributed to
structural changes.

Fig. 4 compares the time evolution of the unfolding of CALB, s. Carlsberg and TLL in the
presence of fumed silica. Here, we explore tertiary structural changes of enzymes adsorbing on
fumed silica that occur at long time scales (order of several minutes). This time framework
encompasses adsorption events that lead to surface saturation as reported previously [16]. In this
case, adsorbates forming a low surface coverage of 2%SC are shown. The three enzymes
underwent an initial rapid structural change (high initial @rs values). Those initial events are
thought to occur within a very short time scale on the order of milliseconds [46] and
consequently cannot be tracked with the techniques used in this study.

Unfolding studies by others for proteins adsorbing on colloidal silica nanoparticles revealed

rapid initial unfolding for both 3 lactoglobulin (1200 min) [45] and Cytochrome ¢ (10 min) [39]

12
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followed by slower unfolding. For lysozyme (600 min) [46], on the other hand, three events were
detected: an initial rapid unfolding followed by a slower refolding, and finally a slow unfolding
leading to apparent equilibrium.

Over the initial 20 minutes, CALB molecules undergo both unfolding and refolding until an
apparent equilibrium is reached. This might be attributed to the already demonstrated
plasticity/dynamism of this enzyme [59]. CALB’s structure is composed of seven central 3
strands flanked by ten o helices [59]. The a5 and al0 are highly mobile regions thought to be
involved in CALB’s molecular dynamism also demonstrated by CALB’s catalytic promiscuity
[61]. Trp 113 (detected by our technique) is in close proximity to a mobile a5 region.

An alternative explanation of the unfolding/refolding of CALB is reorientation of CALB
molecules on the surface of the nanoparticles towards a low energy state as suggested in the
literature ([46] [51]). As opposed to CALB, both TLL and s. Carlsberg, showed no significant
further conformational changes as indicated by essentially constant @gs values. This is most
likely a consequence of the stable structures of these two enzymes. In all cases, no significant net
conformational change was observed beyond the initial value.

As shown in Fig. S1 in Supporting Information, decreasing the amount of nanoparticles to
form adsorbates with 100%SC leads to both lower initial and equilibrium deformation was
observed for all three enzymes as reported by others [46] for lysozyme adsorbed on colloidal
silica nanoparticles at high protein surface concentrations. The lower extent of denaturation was
attributed to the higher crowding regime where protein-protein interactions become more
dominant and help to stabilize the protein conformation. CALB showed a rapid initial unfolding
followed by a slower phase as reported for [ lactoglobulin [45]. A significant net unfolding

above the initial value was also observed for s. Carlsberg. No significant net unfolding for TLL
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was observed. The equilibrium values of unfolding correlated with the conformational stability
or “hardness” of the enzymes. “Hard” TLL unfolded the least while “soft” CALB unfolded the
most.

The amount of fumed silica added was decreased even further to form adsorbates with
400%SC (Fig. S2 in Supporting Information). The equilibrium unfolding values for the three
enzymes are quite similar. This further supports the notion that increased protein-protein
interaction precludes structural perturbations. The unfolding pathways for CALB and s.
Carlsberg show logarithmic trends over time. This can be attributed to a two-stage model of
unfolding [39]. The unfolding trace for TLL is essentially horizontal and consequently reflects

no significant net unfolding with respect to the initial value.

Regions of Tertiary Conformational Stability for Enzyme/Fumed Silica Adsorbates

A general view of tertiary conformational stability for the three hydrolases adsorbing on fumed
silica was obtained by conducting multiple unfolding experiments for various surface coverages
and enzyme concentrations according to Table 1. Fig. 5 combines the equilibrium values of
unfolding for CALB. Two different regions of conformational stability are observed at surface
coverage values above and below approximately 200%SC (vertical dotted line). Adsorbates
obtained at high surface coverages (i.e., above 200%SC) exhibit highly stable conformations
(region IIT). The tertiary structure remains essentially intact in this region (lighter shading).
Below 200%SC (region I), however, the adsorbed enzymes deform significantly (darker areas).
Some may even appear to be completely denatured at very low surface coverages as indicated by
@rs values near unity. Region II is a transitional region. Adsorbates with different %SC have
been previously obtained along the diagonal line (Fig. 5). The catalytic competency of these

lyophilized adsorbates in hexane [16] is schematically shown in the inset (Fig. 5). The three
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regimes of surface loading and the catalytic competency can be linked: 1. (enzyme conformation
controlled, region I) low surface coverages where the enzyme molecules have enough space to
maximize their contact with the surface. This can alter the native conformation especially for
“soft” enzymes thereby leading to reduced catalytic activity while “hard” enzymes suffer less
impact [17], 2. intermediate surface coverages (region II) have active enzyme conformations
where enzyme-enzyme interactions stabilize even “soft” enzymes and prevent excessive surface
interactions, and 3. (reactions are diffusion controlled, region III) high surface coverages where
the enzyme molecules are densely packed in multi-layers on the surface leading to mass transfer
limitation of catalysis. [62].

The usefulness of the above introduced 3D contour diagrams to correlate conformational
stability and catalytic competency was further exploited with “hard” s. Carlsberg and TLL. As
shown in Fig. S3 in Supporting Information, s. Carlsberg also shows three regions of
conformational stability but s. Carlsberg shows more resilience against denaturation in region I
where the “soft” CALB denatures strongly. Catalytic competency of lyophilized preparations of
s. Carlsberg along the diagonal in Fig. S3 is shown in the inset (Fig. S3), corroborating that s.
Carlsberg shows high catalytic competency at low surface coverage which would denature
CALB. A similar diagram for TLL is shown in Fig. S4 in Supporting Information. TLL exhibits
three regions of conformational stability similar to the enzymes discussed above. Region I,
however, has only partially altered enzyme conformations as evident from a maximum @gs value
of 0.6. This is perhaps not surprising for the enzyme with the least tendency to denature of the
three considered here. This finding also further supports the proposed relationship between the
inherent conformational stability of enzyme molecules and their tendency to undergo

conformational changes upon contact with solid surfaces. While “soft” enzymes require
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intermediate surface coverage to stabilize them, “hard” enzymes exhibit well maintained
structures already at low surface coverage.

In summary, our findings confirm the critical role that the surface area availability plays by
defining the physical arrangement of the enzyme molecules on the surface of the nanoparticles.
Additionally, visualizing conformational stability regions as a function of the surface packing
density and further correlation with activity data can be facilitated with the aid of the 3D contour

diagrams introduced here.

Impact of Tertiary Structure Modifiers for Enzymes Interacting with Fumed Silica in Aqueous

Solution

Tertiary structure modifiers (2,2,2-trifluoroethanol (TFE) and Dithiothreitol (DTT)) can be
added prior to adsorption on fumed silica to gain more insight into the type of intermolecular
interactions predominating during the adsorption process. TFE induces structural changes in
hydrophobic protein segments while DTT reduces disulfide bonds to the unbounded thiols. The
time dependent conformational changes of the three enzymes in the presence of 30% (v/v) TFE
for adsorbates with a 100%SC is shown in Fig. 6 panel A. Addition of TFE to both s. Carisberg
and TLL resulted in increased initial values of deformation (data in the absence of TFE is
superimposed in Fig. 6 panel A). The shape of the absorbance changes for these two enzymes
were similar to those in the absence of TFE, i.e., logarithmic for s. Carlsberg and linear for TLL.
Overall, the extent of denaturation substantially increased over the initial values (40% and 30%
for s. Carlsberg and TLL, respectively). This most likely indicates that the disrupting
intramolecular contacts hasten denaturation, suggesting that these contact regions are responsible

for stabilizing the structures of these two enzymes.
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The initial impact of TFE on CALB unfolding was essentially negligible and some refolding is
observed, likely due to the different content of groups in CALB that interact strongly with TFE.

The presence of DTT showed no significant impact on the time-course and extent of unfolding
for s. Carlsberg and TLL (Fig. 6 panel B). This is most likely due to the absence of thiol
sensitive disulfide bonds. CALB, on the other hand, contains DTT-sensitive disulfide bridges
and showed decreased initial and equilibrium unfolding values (Fig. 6 panel B). The exposed
residues are then available for interaction with the nanoparticles. This further supports the notion
that increased interactions lead to repression of dynamism and ultimately to less opportunities for
continued unfolding. This could also explain why the observed DTT-disrupted CALB unfolding
pathway resembles those of the “hard” enzymes. The exposure of regions suitable for interaction

with the surface is therefore likely to occur more gradually in the presence of DTT.

Regions of Conformational Stability for Enzyme/Fumed Silica Adsorbates in the Presence of

Structure Modifiers

Fig. 7 panel A shows that the region III originally observed for CALB was destabilized by
TFE. It is likely that groups exposed by TFE facilitated additional opportunities for unfolding by
increasing the affinity towards the hydrophilic solid surface. The unfolding extent in this region
increased by nearly 50% with respect to the absence of TFE (Fig. 5).

Fig. 7 panel B summarizes the impact of DTT on CALB’s tertiary structure. Once disulfide
bridges are disrupted, CALB’s structure is destabilized and some previously occluded regions
are exposed. The extent of unfolding in the lower part of regions II and III (i.e., below 2.5
mg/mL and surface coverages above 100%SC) remains low. This could support the argument

that the DTT-induced destabilization of CALB may possibly be compensated by interactions

17



364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

with the neighboring molecules. This further supports the idea that protein-protein interactions
outweigh protein-surface interactions in region III.

As the enzyme concentration increases, the extent of unfolding also increases at both low and
high surface coverages (upper part of regions I and III in Fig. 7 panel B). The accessibility of
DTT to the enzyme at high enzyme concentrations is likely to be compromised by the crowding
of enzyme molecules. This leads to a behavior resembling that of the enzyme molecules in the
absence of DTT.

A similar study with structural modifiers was conducted for s. Carlsberg. As in the case of
CALB, the exposure of hydrophobic groups leads to a substantial loss of conformational stability
at high surface coverages (data not shown). Due to the tightly packed structure of s. Carlsberg,
the exposure of hydrophobic groups is rapid. This led to a relatively higher net unfolding than
that observed for CALB in this region. Below 100%SC, unfolding was reduced when compared
with the enzyme in the absence of TFE. This could be also a direct consequence of the rapid
initial unfolding. Once fully extended binding is promoted at the outset of the experiment, the
unfolded enzyme molecule’s structure is rapidly attached to the abundant solid surface area
provided in this region. No additional opportunities are present that would allow for further
unfolding. The case of DTT-induced conformational changes for s. Carlsberg is very different.
Due to the lack of open moieties on the structure suitable for reduction, no major changes were

observed and the regions of stability remained essentially unaffected (data not shown).
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Conclusions

We have shown evidence that the extent of tertiary conformational changes of three hydrolases
adsorbed on fumed silica is mainly dependent on the density of the surface covered by the
enzyme molecules, which is described here as a nominal surface coverage (%SC), and the
inherent conformational stability and dynamics of the enzyme molecules (“hardness”). At low
%SC, the unfolding pathway of CALB, a “soft” enzyme, on fumed silica showed continuous
unfolding/refolding events. This was attributed to CALB’s conformationally dynamic and
fluctuating structure. “Hard” s. Carisberg and TLL, in contrast, exhibited approximately linear
unfolding with time which was attributed to their higher inherent conformational stabilities.
When moving to high %SC, the unfolding pathways exhibited fewer fluctuations due to
stabilizing protein-protein interactions.

Three regions of conformational stability were identified for the three hydrolases at
equilibrium with the aid of 3D conformational diagrams: I. a region at low % SC where
adsorbates of “soft” CALB exhibited low conformational stability most likely due to multi-point
attachment to the surface, II. a region of transitional stability at an intermediate %SC
(~200%SC), and III. a region of high stability at high %SC where protein-protein interactions
exert a stabilizing effect. These regions correlated well the observed apparent catalytic activity in
hexane. The low stability region correlated well with poorly active preparations due to
denaturation for “soft” CALB, the transitional region with an optimal in activity, and the high
stability region with low CALB catalytic activity due to mass-transfer limitations. In the case of
“hard” s. Carlsberg, resilience to denaturation at low %SC when compared to CALB explained

the constantly increasing apparent catalytic activity observed in this surface loading regime.
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Details of the structural interactions were further resolved by adding TFE and DTT to the
adsorbing mixtures. TFE exposed hydrophobic segments that for all enzymes appeared to help to
stabilize the structure in the “crowded surface” Region III. In the sparsely populated surface
Region I, the maximum extent of unfolding for both CALB and s. Carlsberg was reduced. This
was explained by lower content of interacting groups for CALB and by a rapid attachment of the
rigid unfolded state for s. Carisberg. The addition of DTT to CALB’s adsorbing mixtures
showed no significant impact in the unfolding levels in the lower part of region III, which
confirmed that protein-protein interactions outweigh surface-protein interactions in this region.
Upon DTT-induced disruption, Region I showed less unfolding most likely due to a gradual
attachment of the very flexible unfolded state of CALB. This was corroborated with unfolding
pathways that resemble those of “hard” enzymes.

The complex enzyme/solid interactions in regard to catalytic activity that were investigated
here can be used to rationalize and optimize catalysis with enzymes in solvents. The conclusion
that for “soft” enzymes there is an optimum enzyme/surface area ratio for immobilization while

there is not for “hard” enzymes appears not obvious.
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587 Tables

588  Table 1

589  Summary of the amounts of fumed silica and enzyme employed to form the suspensions with
590  different nominal surface coverages. The enzyme concentration for each suspension was varied
591  from 0.5 mg/mL to 4.70 mg/mL.

Mass fumed silica (g)
Enzyme Enzyme mass (mg) 2%SC"  17%SC  100%SC  230%SC  400%SC  1250%SC
CALB 7 0.718 0.092 0.016 0.0068 0.0039 0.0013
TLL 5 0.350 0.040 0.010 0.0030 0.0018 0.0006
s. Carlsberg 5 0.315 0.036 0.009 0.0027 0.0016 0.0005

592  * The Nominal Surface Coverage (% SC) was calculated as follows:

Projected area of enzyme molecule

593 %SC = * 100 Equation 3

Nominal surface area of Fumed Silica

594  The projected area of enzyme is calculated assuming a spherical shape for the enzyme molecules. The diameter of
595  the enzyme molecules from crystallographic data were 6.4 nm [28], 5.0 nm [63], and 4.2 nm [29] for CALB, TLL
596 and s. Carlsberg, respectively. The nominal surface area of fumed silica is as provided by the manufacturer:
597  255m%/g.

598
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Figure Captions

Fig. 1. Tryptophan fluorescence spectrum of the unfolding of CALB induced by GdmCl in
aqueous buffer solution. (0) Native, (0) 1M GdmCl, (A) 2M GdmCl, (x) 4M GdmCl and (*) 8M
GdmCI. Decrease in the maximum emission intensity (Ipaxem) of Trp residues due to GdmClI-
induced denaturation is shown in the inset. y-error bars represent the standard error of multiple
analyses of identical samples. Enzyme concentration was maintained at 0.5 mg/ml and pH 7.8.

Fig. 2. Normalized fluorescence intensity for the GdmCl induced unfolding of CALB in aqueous
buffer. The tryptophan emission was monitored at 330 nm. Measurements were carried out at
enzyme concentration of 0.5 mg/mL and pH 7.8. Similar calibration curves were obtained for s.
Carlsberg and TLL (data not shown).

Fig. 3. Unfolding data for CALB on fumed silica (z-axis) as a function of initial enzyme
concentration (y-axis) and nominal surface coverage (x-axis). These data will be shown in 3D
contour plots to identify regions of conformational stability and to subsequently correlate them
with the surface loading regimes previously postulated for the lyophilized adsorbates.

Fig. 4. Unfolding kinetics of () CALB, (0) s. Carilsberg and (A) TLL adsorbing on fumed silica
nanoparticles to form adsorbates with a nominal surface coverage of 2%SC. Data is normalized
with the corresponding calibration curves and subsequently expressed as unfolded fraction.
Enzyme concentration was maintained at 0.5 mg/mL and pH at 7.8.

Fig. 5. Regions of conformational stability for CALB/Fumed Silica adsorbates. The dotted
vertical line at ~200%SC separates two different regions of conformational stability: Region I
delimited by a long-dash-dot line where adsorbates exhibit low conformational stability, and
Region III delimited by a short-dash-dot line where adsorbates have highly stable
conformations. The presence of these two regions is likely to be responsible for the observed
catalytic activity (rg) of the lyophilized adsorbates in hexane (inset). The low catalytic activity
observed at low %SC can be linked to Region I. Even though the structure is well preserved in
Region III, multi-layer packing is likely responsible for diffusional limitations of catalysis. The
maximum in activity between those two regions can be attributed to an optimal arrangement on
the surface where the structure is relatively well maintained without excessive clustering
(Region II, delimited by a dotted line).

Fig. 6. Unfolding kinetics of hydrolases adsorbing on fumed silica nanoparticles in the presence
of tertiary structure modifiers: (A) 30% (v/v) TFE and (B) 0.5 mg/mL DTT: (O) CALB, (M) s.
Carlsberg and (A) TLL. Data for unfolding in the absence of modifiers is superimposed for
comparison: ®) CALB, (0) s. Carlsberg and (A) TLL. Components were mixed to form a
nominal surface coverage of 100%SC. Data is normalized with the corresponding calibration
curves and subsequently expressed as unfolded fraction. Enzyme concentration was maintained
at 0.7 mg/mL and pH at 7.8.

Fig. 7. Impact of tertiary structure modifiers on conformational regions of CALB/FS adsorbates.
This was tested by forming buffered suspensions with (A) 30%(v/v) TFE and (B) 0.5 mg/mL
DTT. The previously identified Region III exhibits a higher unfolding in the presence of TFE.
The extent of unfolding in Region I decreased in the presence of TFE. The addition of DTT
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639  resulted in a substantially large Region III for low %SC and low concentrations. The same type
640  of lines as those in Fig. 5 were used to delimit the regions of conformational stability.
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Supporting Information

Conformational Changes and Catalytic Competency of Hydrolases Adsorbing on Fumed Silica

Nanoparticles: 1. Tertiary Structure
Juan C. Cruz', Peter H. Pfromml*, John M. Tomichz, Mary E. Rezac'

(1) Department of Chemical Engineering, Kansas State University, 1005 Durland Hall,
Manhattan, KS 66506 - 5106, USA.
(2) Department of Biochemistry and Biotechnology/Proteomics Core Facility, Kansas State

University, Burt Hall, KS 66506 - 5106, USA.

Fig. S1. Unfolding kinetics of ) CALB, (0) s. Carlsberg and (A) TLL adsorbing of fumed
silica nanoparticles to form adsorbates with a nominal surface coverage of 100%SC. Data is
normalized with the corresponding calibration curves and subsequently expressed as unfolded
fraction using Equation 2. Enzyme concentration was maintained at 0.5 mg/mL and pH at 7.8.

Fig. S2. Unfolding kinetics of () CALB, (0) s. Carlsberg and (A) TLL adsorbed of fumed silica
nanoparticles to obtain a nominal surface coverage of 400%SC. Data is normalized with the
corresponding calibration curves and subsequently expressed as unfolded fraction using Equation
2. Enzyme concentration was maintained at 0.5 mg/mL and pH at 7.8.

Fig. S3. Regions of conformational stability for s. Carlsberg/Fumed Silica adsorbates. The
dotted vertical line at ~200%SC separates two different regions of conformational stability:
Region I and III of low and high conformational stability, respectively. In this case, the catalytic
activity (rp) of the lyophilized adsorbates in hexane (inset) is constantly increasing. As opposed
to CALB, only partially unfolded enzyme molecules are present in the lower part of Region I at
low initial enzyme concentrations. This resilience to denaturation could explain the higher
activities observed for lyophilized adsorbates of s. Carlsberg at low surface coverages. The same
type of lines as those in Fig. 5 were used to delimit the regions of conformational stability.

Fig. S4. Regions of conformational stability for TLL/Fumed Silica adsorbates. The dotted
vertical line at ~250%SC separates two different regimes of conformational stability: Region I
and III of low and high conformational stability, respectively. Across the whole Region I only
partially unfolded conformations (@rs ~0.6) were identified, which confirms the resilience of
highly stable enzymes to denature at low surface coverages. The same type of lines as those in
Fig. 5 were used to delimit the regions of conformational stability.
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Fig. 2
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Fig. 3
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Fig. 4
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Fig. 5
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Fig. 6
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Fig. 7
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Fig. S1
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Fig. S2
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Fig. S3
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Fig. S4
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