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Abstract

One area of considerable importance in modern biotechnology is the preparation of
highly active and selective enzyme based biocatalysts for applications in organic sdvents.
major challenge is posed by the tendency of enzymes to cluster when suspendgahic
solvents. Because the clustelsstructthe transport of substrates to the active site of the enzyme,
the observed activity isftenseverely reduced. Over the past two decagesyystrategies have
been proposed to mitigate this problem. We htaekled this major hurdle bydevising an
immobilization strategy thattilizes fumed silica as carrier for the enzyme molecules. Fumed
silica is anonporousnanoparticulated fractal aggregate with unique adsorptive propdrties.
enzyme/fumed silica prepationis formed in two steps. The buffered enzyme molecules are
physically adsorbed on the fumed silica and then lyophiliZéis protocolwas shown to be
successfulvith two enzymes of industrial relevané@andida antarcticaLipase B (CALB) and
subtilisin Carlsberg The maximum observed catalytic activity in hexane reached or even
exceeded commercial immobilizates amdnbuffer salt based preparationshe results
demonstrated that catalytic activity has an intricate relationship with the nominatesurfa
coverage (%SC) of the support by the enzyme molecsle€arlsbergexhibited & ever
increasing activity as more surface avessprovidedper enzyme molecule. The activigveled
off when a sparse surface populatimas reached. CALB showed a maximuim catalytic
activity at an intermediate surface coverage with steep decreases at both lower and higher surface
coveragelt was shown thathis maximum results from the presence of three distinct surface
loading regimes after lyophilization: 1. a low e coverage where opportunities for multi
attachment to the surface likely lead to detrimental conformational changes, 2. an intermediate
surface coverage where interactions with neighboring proteins and the surface help to maintain a
higher population ocatalytically competent enzyme molecules, and 3. a Aaylér coverage
where mass transfer limitations lead to a decrease in the apparent catalytic activity.
Conformational stability analyses with bothidtescence and CD spectrosceppwed evidence
that these regimes are most likely formed during the adsorption step of our protocol. A low
conformational stability region was detected at low surface coverage while adsorbates with
highly stable enzyme ensembles were observed at high surface coveragelaBestructural

analysis of the lyophilized nanobiocatalysts with FTIR confirmed a substantial decrease-in the



helical components at low surface coveragesummary, the work presented here traces the
phenomenological observation of the catalytic béraef a nanobiocatalyst to moleculievel:

enzymeenzyme and enzyrupport interactionsvhich are specific to the intricate properties of

the enzyme molecules.
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Abstract

One area of considerable importance in modern biotechnology is the preparation of
highly active and selective enzyme based biocatalysts for applications in organic solvents. A
major challenge is posed by the tendency of enzymes to cluster when suspendgahic
solvents. Because the clusters obstruct the transport of substrates to the active site of the enzyme,
the observed activity is often severely reduced. Over the past two decades, many strategies have
been proposed to mitigate this problem. We htaekled this major hurdle by devising an
immobilization strategy that utilizes fumed silica as carrier for the enzyme molecules. Fumed
silica is a norporous nanoparticulated fractal aggregate with unique adsorptive properties. The
enzyme/fumed silica prepation is formed in two steps. The buffered enzyme molecules are
physically adsorbed on the fumed silica and then lyophilized. This protocol was shown to be
successful with two enzymes of industrial relevari@andida antarcticaLipase B (CALB) and
subtilisin Carlsberg The maximum observed catalytic activity in hexane reached or even
exceeded commercial immobilizates amdnbuffer salt based preparations. The results
demonstrated that catalytic activity has an intricate relationship with the nominatesurfa
coverage (%SC) of the support by the enzyme molecsle€arlsbergexhibited an ever
increasing activity as more surface area was provided per enzyme molecule. The activity leveled
off when a sparse surface population was reached. CALB showed a maximcattalytic
activity at an intermediate surface coverage with steep decreases at both lower and higher surface
coverage. It was shown that this maximum results from the presence of three distinct surface
loading regimes after lyophilization: 1. a low e coverage where opportunities for multi
attachment to the surface likely lead to detrimental conformational changes, 2. an intermediate
surface coverage where interactions with neighboring proteins and the surface help to maintain a
higher population ocatalytically competent enzyme molecules, and 3. a Aaylér coverage
where mass transfer limitations lead to a decrease in the apparent catalytic activity.
Conformational stability analyses with both fluorescence and CD spectroscopy showed evidence
that these regimes are most likely formed during the adsorption step of our protocol. A low
conformational stability region was detected at low surface coverage while adsorbates with
highly stable enzyme ensembles were observed at high surface coveragelaBestructural

analysis of the lyophilized nanobiocatalysts with FTIR confirmed a substantial decrease-in the



helical components at low surface coverage. In summary, the work presented here traces the
phenomenological observation of the catalytic béraef a nanobiocatalyst to moleculievel:

enzymeenzyme and enzyrsupport interactions, which are specific to the intricate properties of

the enzyme molecules.
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3D contour plots to identify regions of conformational stability and to subsequently
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CHAPTER -1 Introduction

1.1 Research Motivation

Over the pasttwo decades much effort has been investedardsthe development of
efficient enzyme based biocatalysts for synthetic applicationsganic solvents’. Enzymes are
well suited for these applications due to their high specificity and selet{fityor instance,
complicated multi-step synthesis schmes involving chemical catalystcan be effectively
replaced with ongot processes catalyzed by enzyhi&s As a result, numerous research
groups at both fundamental and applied levels have started programs to deepen understanding of
some of the majoissues raised by the use of enzymes in organic syrtheSi¥. These efforts
have resulted in a plethora of methodologies, hypotheses, and general mechanistic descriptions
that decipher and further exploit the aforementioned catalytic abilitieenafmes when
operating in organic mixturés™ %32 |n this regard, a major limitation for enzymes to be
attractive candidates as catalytic agestheir tendency to deactivate in the presence of organic
solvents, which are the preferred media in orgayicthesi® 2" 2 Hitherto, however, this
phenomenon remains poorly understood and despite the extensive experimental work to address
it, no definitivechemicalexplanations have been elucidated. One important strategy to overcome
this limitation is theimmobilization of enzymes on solidorous and noporoussupport&®®’.
This approach has been quite successful, and indeed most of the commercially available enzyme
preparations make use of it. For instance, the wikebwn enzymeCandida antarctica.ipase
B (CALB) is commercially available througdovozymesdnc., as a supported biocatalyst. In this
case, the enzyme is immobilized by adsorption on macroporous polymeric®e$inshis
preparation has been applied for the laboratory scale synthesis of a broad range of compounds of
commercial interest including polymers apHarmaceuticafé**. The large scale application,
however, is still quite limited mainly because of the hjgite of thepreparation® 3% %
Additionally, unequal enzyme distributions and diffusional limitations due to the porous nature
of the supports are somewhat worris6é® *' In general, the production of enzyme
immobilizates with the desirable gperties has been hampered by a lack of information on the
complex proteirprotein and surfaeprotein interactions taking place when enzymes are

adsorbed on solid supports.



The advent of nanotechnolofws broughto light a new set of nanostructured nmitis
that can be examined as potential supports for addressing this major bottleneck. Due to the
comparable size scale to that of enzymes, these materials also offer an opportunity for a
molecular level understanding of the involved immobilization everiss is the case of the
immobilization of enzymes on fumed silica nanoparticles. By immobiligirgiilisin Carlsberg
and CALBon fumed silicathe apparentatalytic activiy in hexaneincreased by nearlthree
orders of magnitudevith respect to thdyophilized native enzyme suspended in the same
solvent **. Nevertheless, much work remains to be done in order to decipher the relationships
between activity/selectivity and conformation. Thus, next steps should be intended to develop
strategies for thedentification and assessment of the major parameters modulating the
orientational and conformational arrangements responsible for the obseoadlytic
performance in organic media. The resulting correlations represent an unprecedented opportunity
for a g/stematic nanoscale level tailoring of fumed silica supported enzyme biocatalysts.
Hitherto, however, most developments in the field have resultedmf purely empirical
approaches, which havearrowedthe applicability of the obtained enzyme preparatiams t
processes for the production of costly specialty chemicals.

1.2 Research Objective

This PhD research projeatevelopedstrategies for visualizing and quantifying the
induced conformational chang#isat occurwhen enzymes are physically adsatben fumed
silica nanoparticles.The new information can then be usedo prepare highlyactive
nanobiocatalysts in organic solvents. This will be accomplishedntploying stateof-the-art
spectroscopic techniques. These tools prod@@at the molecular levelwhich in turn advance
our mechanistic understanding of the specific interactions and driving forces inherently present
during the adsorption process. The detailed insighd #me structurecatalytic function
relationshipgained from this projecshouldallow for the tailoring and engineering dfighly
competitive and sustainable enzymatic technologies. This will ultimately expand the scope of

nonaqueous enzymology tobeoader range of commercially relevant nonaquemuications



1.3 Dissertation Outline

The chapters of this dissertation are reproductions of either already published/submitted
papers or manuscripts ready to be submitted for publication. Detailed information of each
chapter isshownbelow:

Chapter 2decribesthe main attributes and challesgef incorporating enzymes as
catalysts for synthesis in organic medidis is followed by a discussioof the different
alternativesusedto obtainhighly efficient processeas organic mediaThe chapter also explains
how emerging nanomaterials are neigting alternatives tproduce biohybrid conjugates with
unique functionalitie®f interest in different fieldNext, the discussion focuses on the myriad of
interplayingfactorspresent whemanomaterialgire interfacedvith proteins. Particular atteotn
is given tointerfacing process based on physical adsorption. The chapter also shows
depending on thadsorption pathwayconformational changes in the protein structure inay
important Finally, the concept of protein conformatiorsbility is introduced as well as some
experimental methods to assess it.

Chapter 3 is a published pafrethat discusses the development of CALB/fumed silica
nanobiocatalystdor the esterification of geraniol with acetic acithe paper describes the
adsorption kinetics of CALB on fumed silica as a function of surface coverage. The enzyme
distribution after lyophilization is experimentally asseskgaonfocal microscopy. The impact
of the surface coverage on the catalytic\aistiis correlated with gossiblemodel of surface
loading.Finally, the solvent longterm-, and temperaturestabilitiesof the CALB/fumed silica
preparationgsrediscussed.

Chapter 4 is a manuscriptibmittedfor publication to the Journal of Bioteablngy. This
chapter discusses the application of CALB/fumed silica nanobiocatalysts @mah&oselective
transesterification ofRS)1-phenylethanol withvinyl acetate A model of surface loading that
involves three regimes of surface coverage is prgbés explain the observed catalytic activity.
Finally, the solvent longterm, and temperature stabilities of the CALB/fumed silica
preparationgirealso discussed.

Chapter 5 is a manuscricceptedfor publication in Colloids and Surfaces B:
Biointerfaces.This manuscript explores the applicability of intrinsic fluorescence spectroscopy
in the detection of tertiary conformational changes of hydrolases adsorbing on fumediséica.
kinetics of unfolding is studied as a function of the surface covdoagaydrolases witHow,



intermediate, and higbonformational stabilitiesThe surface loading regimes the lyophilized
nanobiocatalystare correlated with regions ehzymeconformational stability identifieds a
function of the surface coveragehe manuscript alsexplores the use of structural modifiers to
elucidate thetype of proteinsurface interactionseading tothe adsorption of the enzyme
molecules

Chapter6 is a manuscript to be submitted for publicationColloids andSurfaces B:
Biointerfaces. This manuscript explores the applicabilit¢bf spectroscopin the detection of
secondaryonformational changes of hydrolases adsorbing on fumed s$ilidalding is studied
as a function of the surface coverage for hydrolases Veitty intermediate and high
conformational stabilities The manuscript further supports the correlation afzyme
conformational stabilitywith the surfaceloading regimes proposed for the Iyophilized
preparationsChanges in the secondary structure for the lygmdl preparations are estimated
from FTIR data.

Chapter 7 summarizes the major findings of the research project and fqressgestive
avenues to continue tdeeply understand and expand the scope of fumed silica based

nanobioconjugates.
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CHAPTER - 2 Background

2.1 Enzymes in Organic Media

The prepration of highly active and selective enzyme based biocatalysts for applications
in organicmediahas proven to ban important fieldn modern biotechnolody*. A myriad of
synthesis protocols involving enzymes in organic media have been developess ooduction
of various compounds of commercial intere§tor instance, an increasing number of
pharmaceuticalde.g., anticancer and antiviral compoundsg produced by enzymatically
catalyzed processes in organic solvents, which represents amiilitin dollar business?>.
The exquisite abilityof enzymesto catalyze selective chemistriesis the driving force to
incorporatethem into these procesé&sAdditionally, enzymesoperate at aniént temperatures
and pressureswhich is quite advantageousofm the processing standpdint One major
limitation, however, arises from the fact that enzymes are not fully active when immersed in
typical organicprocessing medfd © 7 13 28% These media are the choice for most applications
due to the enhaed solubility and stability of the conventionally involvedjanicsubstrates®* ©
713,19, 281 g5ome other advantages of using organic over aqueous media are summarized in
Table2.1.

Table 2.1. Advantages of incorporating enzymes in organic as opposed to aqueous méfia

e The thermodynamic equilibrium can be shifted to faymtisesis over hydrolysis

e Enzymes physically adsorbed on solid supports can be incorporated with minimal leac
e Ea= of product recovery due to low boiling and high vapor pressure of solvents.

e Enhanced thermal stability of enzymes.

e Possibilities formicrobial contamination are highly reduced.

e Easfor adapation to currently established chemical processes.

¢ High substrate specificity due to conformational rigidity.

Aqueous as opposed to organic media mosemendous challenge for the downstream
processingecause of its high boiling point and low vapor pre<duelditionally, the presence

of water is likely to promote a number of unwanted side reactions (e.g., hydrolysis, racemization,



polymerization, and decomposition) that caltimately supprss or competewith the main

synthetic reaction. This will likely decrease theerall yield of the process

A number of mechanisms have been proposed to explain the loss of activity exhibited by

enzymes when operating in organic médi& *°including: (i) decrease in the polarity of the

microenvironment surrounding the enzyme, (ii) decrease on the conformational dynamics and

fl

exibility of the enzyme, (i i)

| oss

of t

specific residues, (iv) disrtipn of the active site machinery by solvent penetration, and (v)

changes on the delicate secondary structure of the enzyme when lyophilized for use in solvents.

Table 2.2. Oxidation of p-anisidine catalyzed by Horseradish Peroxidase in different
organic solvents.

A Co n dimMipanisidine, 0.2 mM KD,, lug/mL peroxidase, 0.25% v/v acetate buffer, 10 mM, pH 5.
Solvents were saturated with acetate

v

The biological function of enzymes has been typically linked to the presence of water. Some

studies suggest that nature has developed sophisticated mechanisms to strategically organize

Solvent Reaction rate umol mg enzymé" min**
Toluene 60.0
Benzene 54.0
Hexane 75.0
Methylene Chloride 9.6
Ethyl Acetate 45.0
Diethyl Ether 105.0
Methanol 0.0
Dioxane 0.0
Dioxane +5% aqueous buffer 7.5
Dioxane +15% aqueous buffer 33.0
Dioxane +30% aqueous buffer 129.0

buf fer

prior

Particular attention has hegiven to the role of the organic solvent in the loss of activity.

water molecules within the enzyme structure to maximize funttich It has been postulated

that the presence of organic solvents could lead to the breakdown of the naturally occurring

organizational dynamics of water molecife€xamples in nature, howey demonstrate that

1C

he

t

(o]



bulk water where theéhermodynamicactivity is unity (@=1), is not necessarily required to
sustain properly functioning enzymes. Halophilic enzymes, indeed, have adapted to function in
very low water activity environmentge., a —0) where salt concentrations approach>4#i.

The ability to relocate water molecules is thought to be responsible for maintaining functionality
even under the harsh conditions of these extreme environments. This ability is corroborated by
the superior calytic activities observed for some enzynsespended in hydrophobic solvents
(e.g., horseradish peroxidasefere low water activities are also commonly found. The case of
hydrophilic solvents appears to be different; their presence promotes substrataration and
ultimately disruption of the catalytic machin&y*®> A number of hypotheses have been put
forward to try to explain this phenomenon. One of them is the increased affinity of hydrophilic
solvents towards polar and charged residues whateris tightly bound to the enzyme structure
through electrostatic forc& This facilitates water desorption from the enzyme surface into the
bulk of the solvent. The impact of solvent type is illustrated@able 2.2 for the oxidation ofp-
anisidine catalyzed by horseradish peroxidase. When the aliphatic/aromatic solvents (i.e.,
hexane, toluene and benzene) are used as reaction media, relatively high valuegyoivact
observed. As expected, the enzyme suspended in hydrophilic solvents showed no activity if no
water is added to the reaction mixture. In summary, enzyme activity increases as solvent polarity
decreases and hydrophobicity increases. Additionatteffmve been devoted to further correlate
some other solvent properties (e.g., dielectric constant, partition coefficient and solubility factor)
to enzyme activity and selectivify Hitherto, however, such relationships are not sufficiently
reliable to nake robust predictions.

Table 2.3. Representative examples of currently available excipients for activation of
enzymes in organic medid.

Excipient Enzyme Solvent Degree of
activa

Trehalose SubtilisinCarlsberg  Hexane 14
Methyl-b-cyclodextrin  SubtilisinCarlsberg 1,4-Dioxane 100
PEG Soybearperoxidase Acetone 35
KCI (98% w/w) SubtilisinCarlsberg  Hexane 1920
CsAc(98% w/w) Penicilinamidase Hexane 35000

AThisis calculatedastheactivity of treatedenzymen identicalsolventconditions
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Another example of retained functionality at low water activityhe tyophilization
process. Lyophilization is a common practice in the biotechnology industry to prolong the
lifetime of enzyme preparatiohdn this process, water is removed by sublimation and reduced
to a concentration of approximately58 (w/w)'°. Even under this extreme condition of
dehydration, numerous reports have described highly active prepdtatithshas been
hypothesized that the lyophilization process could promote substantial structural changes. FTIR,
Raman and solid state NMR studies/é shown, however, evidence that this hypothesis could be
imprecisé**°. These studies came to the conclusion that the conformational changes induced by

lyophilization are essentially reversibie

Biphasic Media Reverse Micelles
Substrate in organic phase N Substrate in organic phase
G i
Aqueous enzyme ﬁ Reverse micelles for maintaining
A aqueous environment
Water Mimicking Compounds Water Miscible Co-Solvents
(ot Enzyme and substrate in Substrate in organic phase
7, e @ organic phase
e . ;| eWater mimickingcompound (2. ¥h] Cossolvents with increased water
—_— (e.g.,formamide i o solubility

Figure 2.1. Solvent engineering strategies for enzymes in organic solvehfS.

A number of research initiatives have been devoted to alleWiatenfavorable loss of
activity in solventsby providing avenues taddress some of the above discussed hurdles
majority of available methodologies are based upon the lyophilization of the enzyme in presence
of a variety of excipientsTable 2.3 shows representative exampldstlve currently available
methods to activate enzymes in organic medidyophilization
Anot her i mportant strategy i s t he engi ne

engi né& &% In thiy approach, different reaction media are proposed to nmithai
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structural integrity of enzyme molecules. Some of the engineered media include aopgeois
biphasic mixture¥, reverse micelléd and the addition of water mimicking compoutids
Figure2.1 schematically shows some of the available solvent engineering strategies.

Along with the development of simplend successfuéxperimental procedures, these
initiatives have provided new insights into the mechanistic detiaéis govern some ofthe
aforementioned deactivation processes. Hitherto, however, there is not clear consensus among

nonagueous enzymologistbout the hiarchy and relative magnitude thlese processes.

2.2 Activation of Enzymes in Organic Solvents

Despite the significant number of factors detrimeritalthe activity of enzymes in
organic solvents, several avenues have been explored to address this issue witly striking
positive results. A significant body of literature describes the activation of enzymes iR non
agueous media by their lyophilization iretpbresence of excipients. The compounds commonly

st 2 solidstate buffers, competitive

used as excipients are carbohydrite¥, polymer
inhibitors* *5 and nonbuffer safts ***°. It has been widely suggested that the increased
catalytic activiy is duemainlyto the influence of the excipient as structpreserving agent. For
instance, the activatiopromotedby carbohydrates and polymers have been attributed to their
lyo- and crye protectant properties, respectivel§® °> ®* It has beerreported thatn both
situations,the excipient is capable of maintaining an increased fraction of the enzyme in its
native conformation during lyophilization as compaveith the excipienfree preparatiotf’ ®

This protected fraction of enzyme molessilwill likely remain catalytically competent. Of
particular interestdue to its simplicity and high activation leveis lyophilization in the
presence of nonbuffer salth. has been hypothesized ththe presence o$alts is likely to
maintainwater mobility and lubricityin close proximityto the enzyme structute ® which in

turn leads to an increased enzyme conformational dynamics and flexikiliight of recent
findings by Wurges et &F, however this hypothesis may be imprecise. This gtdémonstrated

that comparable activation levels are achievable by incorporating fumedasilszgpporprior to
lyophilization. Unlike the nonbuffer salts, fumed silica is an inert partculatedmaterial of

high surface area per unit volume and exoepi adsorptive abiliti€§®®. This suggests,
therefore, that some other associated phenomena may be responsibleofisetivedevels of
activity. Based on the physical properties of fumed silica, it has been proposed that a relaxation
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of the diffusional limitations for the substrate is likely to fresponsible> ® Fumed silica is
providing, therefore, means for the enzyme molecules to increase their interfacial contact with
the solvent otherwise restricted by solubility reasons.enegal, this immobilizatiomprotocol

consists of two major sequential steps. First, the enzyme molecules are physically adsorbed on
the nanoparticles from aqueous suspensions of fumed silica. Second, the resulting preparation is
lyophilized to produce theupported nanobiocatalysts that canflher used innumerous
solvents. Theadsorptionstage isthought to play apivotal role in defining the resulting

conformational/structural properties of involved enzyme molecules.

Table 2.4. Catalytic efficiency (Kca/Km)app Of free and immobilized a-chymotrypsin in

different organic solvents for the transesterification of N-acetylL-phenylalanine ethyl
ester. Upon immobilization the efficiency increased by 1 to 2 ordsrof magnitude respect to
the free suspended native enzyme

Solvent (Kead Kim)app (Keat Kim)app Ratio”
[M min™]*100 [M min™]*100

Free enzyme  Immobilized enzyme

n-octane 221.0 19120.0 87
Carbon Tetrachloride 15.0 2150.0 141
Toluene 7.7 557.0 72
Diethyl Ether 33.0 1370.0 42
Tetrahydrofuran 7.2 91.0 13
Acetonitrile 0.0 56.0 -

AThe ratio was defined a-kcﬂKm)app, immobilized (kca/Km)app, free

The immobilization of enzymes on solid supports for biocatalysis in organic solvents has
reached a stage afonsiderable maturity. Besides its applicability for decreasing potential
diffusional limitation$® "? this approach has proven useful to enhance enzyme stability
Both covalent and neoovalent chemistries have been used to attach enzymes tcaolats.
Examples of supports where covalent attachment is exploited for enzyme immobilization include
glass, alumina, silica, stainless steel, charcoal, ceramics, gels, metallic oxides, resins, and
chitosari® " The increased interfacial area obtaingwmn immobilization generally results in a

significant increase of the reaction rates in solV&nf$ Additionally, some supports appear to
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have the ability to bind water molecules that could be useful for caf8lysible 2.4 clearly

shows that the immobilization ef-chymotrypsin on glass beads increased the catalytic activity
in solvents by nearly 1 to 2 orders of magnituden respect to free enzyrffeAs in the casef
immobilization on fumed silica, the resulting enhancement in catalytic activity does not appear to
be related to significant changes in the final water activity of the preparation. This conclusion
was supported experimentally with Karl Fisheration and Electron Paramagnetic Resonance
(EPR) spectroscop$ Substantial structural changetthe free enzymavere correlated with
increased enzyme stability andeduced tendency to form aggregates. Besides the relaxation of
diffusional limitations and enhanced stability, immobilization is a convenient method of
activation as it provides straightforward avenues for cyclic operation and reusability, enzyme and
product recovery, and feasibility for continuous operation. More recently, the immobitizati
nanostructured supports has been explored as an alternative for improving enzyme activity and
stability®’. The main attributes of these materials include theirdrigtrface area, highmaspect

ratio, higker thermal and chemical stability, |l@w diffusional resistance, and inertness.
Successful examples include nanotdbéd nanofiber®’, and nanoparticlés % ¢ During the

past few years, considerable attention has been given to Siajleand MultrWall carbon
nanotubes. Numerous chemistries have been consideratihth proteins including diimide
activatio’, physical adsorptidf, and functionalization wit surfactants and polymé&ts
Hitherto, however, the applicability of these supports in nonaqueous media remains poorly
explored. It is expected, therefore, that the development of nandmsad immobilization
strategies for applications in organic saltgwill expandin the coming years.

2.3 Interfacing Proteins with Nanomaterials

Most attempts to interface proteins with nanomaterials have focused on the development
of Aismarto materials with specific bi ol ogi ce
physico-chemical properties on the structure and conformational stability of the proteins remains,
however, poorly understood. Recent studies have suggested that the size of the nanostructured
support may have a significant impact on the secondary strugftactsorbed proteins. Vertegel
et al®® and Lundqvist et aC studied the impact of nanoparticle size on the secondary strofture
adsorbed lysozyme and carbonic anhydrase. Tbercluded that adsorption on small

nanoparticles largely prevesit secondarystructural changes when compared with large
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nanoparticlesThey attributedthe effectto changes in the surface curvature associated with
particles of different size. High curvature was linked to the small particles while low curvature to
the large onesRoach et af* found, however, that fibrinogen denatured upon adsorption on small
size nanoparticles. Similar results were found by Karajanagi®éfal.chymotrypsin adsorbed
on SingleWall carbon nanotubes. Generalizations should be, therefore, ddineextreme
caution as proteins exhibit strikingly rich chemical and physical landscapes that may lead to
multiple scenarios of conformational stability. The surface chemistry of the nanomaterials can be
tuned to control the structural properties of adstip®teins. For instance, Rotello efahave
recently shown that by functionalizing CdSe nanoparticles it is possible to control the surface
loading and ultimately the population of active conformations. This conformational change was
further exploitedo control spacing in 3D architectures of satsembled nanopartictés

The ability to produce proteinanomaterial conjugates with specific architectures and
functionalities creates opportunities for new applications in various fields including
nanobioéectronics, nanobiophotonics, biomedicine and biosensing. For instance, the preparation
of highly efficient proteirbased solar convertors could érghancedThe commercial success of
these devices mainly relies on the ability to produce highly orderegsaaf photosynthetic
proteins on conductive materidls’® This can be accomplished by properly tuning the nanoscale
environment for directional protein assenthly

The development of highly selective therapies could be also improved with biohybrid
nanengineered drug carriéfs One strategy is based on the conjugation of nanomaterials (e.g.,
guantum dots, nanoshells, carbon nanotubes) with targeting proteins such as transferrin or
antibodies for enhancing cellular uptake and tissue peneffati®hThis approach has proven
useful forin vivo mitigation of breast carcinoma cells by increasing the temperature with
externally applied NIR radiatidff". It has been also an important alternative for the treatment of
cardiovascular and immunologiceiseases. As pointed out by Farokhzad and LaRhgere
therapeutic efficacy largely depends on the proper distribution and stability of the targeting
protein on the Rguma2csehemaiicaly describesudiud delo/ery. to cancer
cells mediated by proteifunctionalized nanocarriers. It is also important to discuss the
application of nanobioconjugates in the development of sensors. The exquisiteispexdif
proteins can be exploited to detect minute changes in compd&itiditherto, glucose detection

remains as the most successful and perhaps the only goaisd sensing application of
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commercialrelevancé®® % Additional attempts remain cinmscribed to the laboratory stage
mainly due to pr ot iAmarked decrdase rinesansitivity, s&biligy,bandl i t y

selectivity is commonly detected as time pat&es

Cancer cell receptor

Therapeutic compounc

Figure 2.2. Active tumor targeting involves the use of proteins conjugated with
nanostructured carriers. These proteins are able to specifically interact with cell receptors.
Therapeutic compounds are delivered into the cell once the carrier is taken up by
endocytosis. The dicacy of therapy mainly relies upon the ability to maintain an abundant
population of structurally stable proteins on the surface of the nanocarrief.

The current myriad of available nanomaterials with unique electronic, optical, chemical,
and mechanicgiroperties has promoted a revival of this field by providing avenues to overcome
the aforementioned hurdf®@& Some advantages of nanobiosensors include the reduction of mass
transfer constrains due to their high surface area, detection in the attoarada; and the
possibility for multisubstrate detectiii *** The detection of biotinylated enzymes at picomolar
concentrations was achieved with streptavictimjugated Single Wall carbon nanotul3és
Antibody-conjugated carbon nanotubes have beew alsccessfully applied for detecting
antigens at nanomolar concentrati¥isSilica nanowirebased sensors have been incorporated
in a labelfree detection scheme where small molecules like ATP can be quantified at extremely
low levels upon interaction Wi the immobilized proteins (e.g., tyrosine kind%e)The
development of electrochemical nanobiosensors has also attracted considerable attention. This is

due to the ease for directly linking enzymes to the surface of the nanomaterials, and to the
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suitability for signal amplification upon biorecognition eveli{s'®® These miniaturized devices

also offer low cost and power requirements which make them very attractive for environmental
and biomedical applicatioh' *® Among the electrochemical nanobsénsors, those based on
enzymatic reactions have performed very well in detecting analytes of environmental and clinical
importance. Redox enzymes like flavoenzyme, glucose oxidase (GOx), lactate oxidase, and
peroxidase have been preferentially interfaceth nanoelectrodes due to the ease for
monitoring changes in the electrochemical signal upon biorecognition ¥ertke main
challenge is to directly connect the redox center to the electrode to assure an efficient flow of
electrons. This has been #@mled with different approaches. For instance, GOx has been

assembled on a nanoforest of carbon nanotubes that was linked to a gold éféctrode

Table 2.5. Examples of Nanobiosensors based on Enzymatic ReactibHs

Nanostructure Enzyme Description

Gold Nanopatrticles GOx Assembly of golehanopatrticle
reconstituted GOXx electrode with
FAD on the dithiolmodified Au

Electrode.

Zinc Oxide Nanoparticles Peroxidase Ultrasensitive Colorimetric
Biosensor

SWCNT Horseradish PeroxidaseUltrasensitive Electrochemical
Biosensor

CdTe QD + CNT GOx Relatively High Sensitivity

CNT GOx Assembly of carbon nanotube

reconstituted GOx electrode with
FAD on thedithiol-modified Au

Electrode.

GOXx: Glucose Oxidase; SWCNT: Single Wall Carbon Nanotubes; QD: Quantum Dots; CNT: Carbon Nanotubes

The enzymatic reaction that allowed the electron flow was the conversion of glucose into
gluconic acid. Another strategy fre alignment of enzymes on electrodes is the use of metallic

104

nanoparticles as electron rel&s'® Conductive polymebased nanobiosensors have been also

considered as interesting avenuesiforvivo detection due to their fast response and minimal
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oxygen consumptiof*. Table 2.5 shows examples of nanobiosensors that incorporate redox

enzymes.

2.4 Enzymes and their Interactions at Aqueous/Solid Interfaces

When enzymes are in contact with solid surfaces, they are subjectetractions that
may ultimately lead to their adsorptidf ' This spontaneous accumulation of enzymes at the
interface has been widely exploited as a mild method of immobiliZatiBA Most controlling
events while immobilizing enzymes takeapé at the interface between the adsorbate (i.e., the
enzyme molecules) and the adsorbent (i.e., the solid sulport)> In general, the
immobilization events are mainlgriven by two types of interactionslectrostatic and
hydrophobi¢®. The formercan be either attractive or repulsive depending on the net charges of
the adsorbent and the adsorbate while the latter are mostly due to the presence of water
molecules surrounding the enzyme molecules. These water molecules are likely to promote the
asso@tion of the hydrophobic patches of the enzyme with similar groups at the surface of the
adsorbent. A complete understanding of the enzyme adsorption mechanisms is challenging due
to the immense variety of parameters involved in the profedhese carbe classified into
three major categories: (1) protein characteristics, including isoelectric point, net charge and
distribution, three dimensional structure in solution, and conformational variability; (2) surface
properties, including topography, elecai potential, water binding, and hydrophobicity; (3)
medium conditions, including pH, temperature, ionic strength, and buffer type. Numerous studies
have been attempted to elucidate the relationships and hierarchy of these famieeer no
comprehensie model has been reported with the capability of predicting such a complex
intricacies and interdependencies. Of particular importance for this project are the
conformational changes induced when enzymes are adsorbed on hydrophilic surfaces such as
thosepresent at the fumed silica surface. The extent of these structural modifications is crucial to
determine the ultimate catalytic competency of adsorbed enzymes.
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2.5 Rearrangements in the Enzyme Structure upon Adsorption on Solid

Surfaces

As one of the modulating parameters for enzyme adsorptiongenzgmed native
structural variability hasattracted considerableattention from numerous biotechnological
applications. For instancen biocatalysis applications wherié is important to constently
produce surfaces filled with catalytically competent and stable enzymes, this parameter plays a
central rolé®. It is welkknown thatwhenenzyme molecules undergo substantial conformational
changesthey are likely to beome less active'® ! Despite the relative importance of the
structural rearrangements, it is noteworthy to point out that their effects are not independent.
These changes can also be involved in parallel processes such as charge redistribution and
exposure of apolar residd&s ™% In general, as soon as enzyme moleculeomesin contact
with the adsorbent, the intramolecular hydrophobic interactions responsible for the stability of
the enzyme are considerably altered. In fact, water at the interface of this ensemble is displaced
and consequently, hydrophobic patches that terie buried in solution are expod®d'* This
exposure results in the destabilizatiorboth the secondary and tertiary structuidsreover, if
the sorbent surface is able to form hydrogen bonds as is thefaagdes, a significant decrease
in secondary structure is likely to be expect®d'!’ This general description suggests that the
resulting surfacenduced conformational changes of the adsorbed enzyme molecules can be
minimized by properly balaimg the energetically favorable interactiotisat facilitate the
process. In this regard, experimental evidence indicates that the majority of enmjreas
interacting with hydrophilic surfacesare likely to be less susceptible to conformational
change¥® 8 However, based on the extent of gtauctural rearrangements upon adsorption,
proteins have been classified into two groups. Those proteins exhibiting minor changes on their
conformation are r &% @nrthe etder harsd, pfoteinsrwithda temderncy te i n s
spread when adsorbeir e consi der ed' aThesefiobserfations epcouvageel i n s
researchers to identify those conditions playing major roles as controlling agents for the
adsorption pathways for each of the aforementioned protein groups. Thus, it was discovered that
hard proteins only adsorb on hydrophilic surfaces if a net charge difference exists between the
surface and the protein. In contrast, for the soft proteins adsorption is controlled by changes in
the induced conformational entropy. In this case, even imnalisence of charge differences,

adsorption is possible at expense of a sufficiently large entropy change. Further research has
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demonstrated that pH and ionic strength are factors exertisgyraficant impact on the
electrostatic forces associated withstaeonformational chandg$ *?° In this regard, it has been
demonstrated that the electrostatic effects on the structure can be reduced by adsorbing the
enzyme at pH val ucé'8 Addigonal reductiom in eenatuyatioa dvents pnay

be acheved by maximizing the surface concentration of enzytheShese holistic remarks

about protein adsorption have to be assumed with caution as great variability is expected among
enzyme molecules due to their extremely rich surface chemistry and pliygio®2.3 shows a
schematic description of the major factors involved on enzyme adsorption and their impact on

the observed conformational changes.

PROTEIN-SORBENT INTERACTIONS

dispersion interaction
®
| =]

redistribution of charged groups (electrochemical effect)
___,_.--—'—_—__- \

ppposite charges on similar charges on
protein and sorbent protein and sorbent
® ©
I
dehydration of the sorbent surface and part of the protein surface
.—--‘-"'-'—-____- -—_—_—_-‘-——-_
hydrophobic surface hydrophilic surface
® @
I |
structural rearrangements in the protein affecting intramolecular H-bonding
e — |
decreased decreased but compensated
@ © by protein-sorbent H-bonding

structural rearrangements in the protein affecting conformational entropy

I
decreased increased increased

S ® ®

Figure 2.3. Major factors controlling the adsorption of proteins on solid supports.
Electrostatic interactions, hydrophobicity of the surface and conformational dynamics are
all interdependent. The + sign represents a favorde pathway for adsorption while thei
sign, unfavorable conditions for adsorption®®
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2.6 Physical Adsorption EnablesEnzymeImmobilization on Fumed Silica

Fumed silica is described as an exceptional adsorbent due to facilitated adsorption
pathways for avariety of compounds including polymers and prot&in€ This is a direct
consequence of the hydrophilic chemistry present at the surface of fumed silica. In fact, the
majority of reactions at the fumed silica surfaces occur with the participatiogldy meactive
silanol groups (=SOH)'*. Besides the favorable surface chemistry of fumed silica, many other
factors govern the predominant adsorption pathways. In general, the mechanisms can be
influenced by the chemical, spatial, and electronic strastof the adsorbates (i.e., the enzyme
molecules); structural features of silica (e.g., surface area, surface topography, and particle size
distribution) and availability of other components at the interfaces (e.g., adsorbed%vater)
Some of these facterare markedly influenced by physicochemical properties resulting from the
very synthesis of fumed silica. This material is synthesized by high temperature hydrolysis of
SiCls in an Q/H, flame™?® Fumed silica is an amorphous material, nonporous, andieshi
large specific surface area (up to 506/gn At the beginning of the synthesis process,
protoparticles (&2 nm) are produced followed by their agglomeration and coalescence.
Subsequently, they are covered with additional silica layers to form nyripaaticles (average
diameter = 80 nm, density 2.2 g/cr). These particles tend to collide and fuse into aggregates

of approximately 100 500 nnt®2.
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Figure 2.4. Individual fumed silica nanoparticle and the functional groups at its surface.
This nanoparticle exhibits a diameter of approximately 10 nm

Figure 2.4 shows a schematic of a typical primary particle of fumed silica with their
associated surface functional groups. The fractal dimension for these aggregates was calculated
as 2.5, which represents a surface of relatively high roughness. The morphologg of t
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aggregates is in general determined by the temperature, coordination numbers, and type of
bonding. Three major types of bonding have been described as pivotal for the stability of
aggregated® (1) chemical =SD-Si =; (2) i nter mol ecand (P withth&i OH &
participation of wat exyé. md(eHo) uSlies 9 %i OoH déer (t Q@
understand the adsorption process, the dynamical behavior of the complex enzyme/fumed silica
aggregate should be examined in detail. Thus, fromstipport viewpoint, it is imperative to
decipher the changes in morphology and surface chemistry induced by the presence of buffered
enzymes. Previous attempts to address these issues have elucidated the main environmental
factors susceptible of being modtdd to effectively promote detectable changes. As a result,
pH, ionic strength, and water concentration were determined as controlling parameters when
selective changes in charge, electronic transfer, particle size distribution, and chemical bonding
weredesirablé?. This may lead to enginestrategies for controllinthe adsorption process for
the production of target immobilizates for specific applications.

After examining the implications of adsorption on fumed silica from both the enzyme and
the supprt viewpoints, the following general statements can be n@adene hand,he surface
activity of an enzyme is a cumulative property influenced by a number of factors including size,
charge distribution, hydrophobicity, and conformational stability. Oa d¢ther hand, the
adsorptive characteristics of fumed silica are mainly modulated by morphological/textural (e.g.,
particle size distribution and aggregation) and chemical properties (e.g., active silanol groups and
their ability to form complexes). The wmonmental conditions that largely dominate both the
enzyme and support physicochemical properties during adsorption are pH, and ionic strength.
Due to the high diversity exhibited by enzymes in terms of structure and chemical functionality,
one can expécthat multiple adsorption pathways will lead to adsorption. The inherently
associated changes in structure and consequently in catalytic activity are the main focus of this

researclproject

2.7 Protein Conformational Stability

The complex structure of prots is essentially maintained by a number of
intramolecular forces acting in a concerted matifiet”> These forces include hydrophobic
interactions hydrogen bonds, and dispersive and electrostatic fovéeen the environmental
conditions change, protes continue to function properly by adopting different conformatféns
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125 This is mainly achieved by altering ti@ramoleculaforces which in turrpromotefolding
into specific structures with minimized conformational ener§yom this viewpoint the
conformational stability is, therefore, a thermodynamic qudftiti?>
The formation of hydrogen bonds represents one of the major contributors to protein

stability in solution, they are indeed involved inhelix and p-sheet formatiott 2> Each
residue has the ability to form one hydrogen b6hd* Protonsare small in size and can
become in contact with electronegative atoms easily. Proteins in the unfolded state tend to form
intermoleculathydrogen bonds with watéf” '% It appears that tmaintain an energy balance,
intramolecular hydrogen bonds need to form. The dispersion forces are important to maintain the
packing density of the structure. Some proteins are as tightly packed as crystals in the folded
staté®* ' The presence of ctged and ionizable groups creates attraction and repulsion
between side chains. These forces define intramolecular distances in both native and denatured
state$? 122

Among the intramolecular forces, hydrophobic are perhaps the most easily noticeable as
they are involved in holding together the interior of protéfhs$®®> These forces are generally
regarded as entropically driven due to their relation with the organizational dynamics of the
surrounding water molecules. It has been suggested that tlephgbic interactions may
contribute to minimize the free energy of the protein by decreasing the exposure of nonpolar
residues (buried in the structure) to the aqueous métium

The environmental conditions largely define the protein stability. A lamgy bof

literature describes that extreme pH and temperatures may induce unfolding. Salts or ligands
may selectively bind to the protein structure thereby increasing st&Bility

2.7.1 Measuring Protein Conformational Stability

The most common approach determine the conformational stability of proteins is to
perturb the unfolding equilibrium while monitoring structural chaffge8iophysical methods
to probe the structure include enzyme activity and spectroscopic methods such\as UV
absorbancefluorescence, circular dichroism (CD), Fourier Transform Infrared (FTIR), Raman,
Electron Spin Resonance (ESR) and Nuclear Magnetic Resonance (NMR). Unfolding is
generally promoted by increasing the temperature (thermal denaturation) or by adding strong

chemical denaturants (chemical denaturatioh)The former generally leads to irreversible
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denaturation while the latter igenerally reversible.Figure 2.5 shows a tymal guanidine
hydrochloride denaturation curve. A similar approach was used in this research project to
estimate unfolding levels of hydrolases in phosphate buffer solutions. An alternative method for
measuring conformational stability that has gained smrable popularity is
hydrogerdeuteriumexchange. In this approach, regions that become exposed upon unfolding
are accessible to exchange their hydrogen atwitsdeuteron¥™. The rate of exchanging can

be further correlated with conformational stapiend dynamics. For instance, this method has
been particularly useful to determine the mobility of intramolecular regions in the protein

structuré®.
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Figure 2.5. Guanidine hydrochloride (GuHCI) induced denaturation for the B-domain of
protein A. Denaturation was tracked with circular dichroism at 222 nnt?>.

2.7.1.1 Spectroscopic Techniquds Monitor Structural Changes

2.7.1.1.1 Intrinsic Fluorescence Spectroscoffy' 1#’

Fluorescence spectroscopy is one of the mostiaftidechniques fothe analysis of
protein structure, high affinity interactionand conformational dynamics. This is due to the
remarkable sensitivitpf some residueto chemical and environmentehangesFor instance,
the intrinsic fluorescencef tryptophanresidueshas been extensively uséa understand the
impact of solvent plarity on protein conformation. Three intrinsic residues in proteins may act
as chromophores, namely tryptophan (Trp), tyrosine (Tyr), and phenylalanine (Phe). Trp has the

highest quantum yield while Phe the lowest. Tyr fluorescence is very often quenatiede
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proximity to Trp or by ionization mechanisms. This has made Trp residues the preferred choice
for most studies. The intensity and position of the fluorescence signal strongly depend on
environmental parametersuch as polarity and hydrophobicityrhis has allowed robust
guantitative analyses in protein conformation studies. For instance, the emission maximum of
Trp solvated in aqueous medium is approximately 350 nm and moves to shorter wavelengths
(i.e,. blue shift) as the residue is buried inte nonpolar environment at the interior of the
proteinor upon insertion into membranelp mutants have been generated to probe structural
features of different regions in a protein. By replacing or eliminating Trp residues ofTrpulti
proteins it is pssible to simplify the analysis of fluorescence. This approach has to be followed
with caution as the recombinant proteins may have altered spectroscopic properties or decreased
structural stability.

An alternative approach considers Trp analogues susiinggroxytryptophan (5HWV) or
7-azatryptophan (7AN) to produce the recombinant proteins. These analogs showed no
substantial modification of the physichemical properties of the obtained proteins and more
convenient absorption and fluorescence spettra.absorption spectrum of T{ilax. abs.: 275
nm) contains that of Ph@Max. abs.: 25 nm), the absorption spectrum of T¢plax. abs.: 280
nm) contains those of Plend Tyr. Trp dominates because it has the strongestSgtransition.

The emission maxim for Phe and Tyr are 27m and 303nm, respectively. As described
above, the emission maximum of Trp can be located in the region é85818m depending on

the polarity of the medium. The overlapping of the absorption and emission spectra for the three
aminoacids opens the opportunity for Foster resonance energy transfer (FRET) framlphe

or Trp, Tyrto Trp or Trp to Trp.

Trp residues are not typically present in various polypeptide hormones, in such a case,
Tyr and Phe could be interesting alteivies. Shea et &f° investigated the binding of calcium to
calmodulin with Phe and Tyr fluorescence. Calmodulin is a protein that regulates important
cellular activities including glycogen metabolism and DNA replication. Fluorescence is detected
with spedroflourimeters a typical instrumental arrangement for detection of fluorescence is

shown inFigure2.6.
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Figure 2.6. Schematic of a typical spectroflourimeter.Before impacting the sample light
from the sourceis filtered with an excitation monochromator. After impacting the sample
the emitted light is collected hrough an emission monochromator andrecorded with a
photomultiplier sensitive between 206.000 nm The light at the source is usually generated
with high-intensity xenon arc lamp or a laser in which case the monochromator is not
required*?’.

2.7.1.1.2 Circular Dichroism

Circular dichroism (CD) spectroscopy is one o most efficient techniques for determining
the secondary structural content of proteins, polypeptides, and peptide structures. This method
exploits the fact that these molecules (chiral in nature) may respond differently to left or right
circularly polaized light?®. Particularly, the absorbance spectra in the far ultraviolet (UV) regions
may exhibit slight di fferences .andThn sf the amida di r e
groups Figure 2.7). Moreover, the intensity and energy of these transitions are influenced by the
geometry of the polypeptide bor#s As a result, the angleg and ¢ in Figure 2.7 will change

according to the type of secondary structure present.
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Figure 2.7. Schematic of a peptide bond and its corresponding transition dipoles (thick
arrows)**

When light is circularly polarized the oscillating electric field vector rotates either to the
left or to the right about the propagation axis of the electromagnatie.vAs a result, the tip of
the vector follows a helical path along the b&2nt*® CD is based on the differential absorption
of these two components. If after passing through the sample the components of the light are not
absorbed or equally absorbetthe emerging radiation will be in the original plane. If the

components are differently absorbed; however, the emerging radiation will be elliptically

129, 130

polarized Figure?2.8)

(1) (I)

Figure 2.8. Basis for the CD effect: (I) resulting radiation when neither the L nor the R
components are absorbd or they are equally absorbedIl) preferential absorption of
either the L or R components results in an elliptically polarized radiatior™.

CD instruments measure the difference in absorbance between the L and R components

at a particular wavelength. Therefore, we have
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AA = (Agp — A}) Equation 2.1
Where
Aris the absorbance of the R components of the polarized field.
A is the absorbance of the R components of the polarized field.
It is a common practice to describe CD data in ternibeo€llipticity €, in units of millidegrees.

The following expression allows for inteonversion betweeéland AA:

0 = 32,980 * AA Equation 2.2
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Figure 2.9. Depending on the type of secondary structurethe CD spectrum shows a
number of distinctive features Solid line, a-helix; long dashed line, antiparallel B-sheet;

dotted line, type | B-turn; cross dashed line, extendedx-helix or poly (Pro) Il helix; short

dashed line, irregular structure*.
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A number of chromophorese present in proteins thadn be successfully used to extract
structural information including: (i) the peptide bond (absorption below 240 nm); (ii) aromatic
amino acids such as phealdnine, tyrosine, and tryptophan (absorption in the range 260 to 320
nm) and (iii) disulfide bonds (weak broad absorption bands @emtaround 260 nnif°. Due to
the presence of differertypes of regular secondary structure in protestsaracteristic O
spectracan be detecteah the far UV (Figure 2.9). Particular attention has been dedicated to
values of the CD signals at 208 nm and 222 nm since they are strongly influencedoby the
helical conterit®. Besides estimation of the secondary structure, one may attempt to collect
information on the tertigrstructure of proteins with CD. In this case, spectra in the region from
260-320 nm must be collected. These data arise from the aromatic amino acids. Trrgeed,
shows a peak close to 290 nm with fine structure between 290 and 305 nm; Tyr a peak between
275 and 282 nm, with a shoulder at longer wavelengths often otddeyitlgands due to Trp; and
Phe shows weaker but sharper bands with fine structure between 255 and Zif@usnthe
shape of spectra in this region can be linked with the mobility, nafutfee @nvironment, and
spatial configuration of these residues in the protin

CD spectroscopy can be also used to estimate the stability and folding state of proteins. It
is possible to promote denaturation with chemical agents and track the chatige€hsignal.
Similarly, it is possible to monitor the refolding process of denatured proteins and, therefore, to
determine the time scales for rebuilding of secondary and tertiary stfd&ture

CD data is generallpresented either as ellipticity][ or differential absorbance4f).
However, software for data analysis may require normalization to molar concentrations. One

approach is to normalize by the Mean Residue WelR\W) which is defined as follows:

M .
MRW = —— Equation 2.3
N-—-1 g

WhereM is the molecular mass of the polypeptide chain (in Da),Nargdthe number of amino
acids in the chain. For most proteins MBWis 110Gt5 Da.
The mean residue ellipticity at wavelendtls, therefore, given by:

MRW 9,1

[0]mrwa = Tovdec Equation 2.4

Where
MRWis the Mean Residue Weight as defined above

6, 1s the observed ellipticity in degrees.
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dis the pathlength in cm.
cis the concentration in mg/mL.
A further conversion may be required into molar ellipticity which is given by:

100 * 0,

Equation 2.5
mxd

[g]molar,l =

Whered, andd have the same meaning as above ransl the protein molar concentratioBoth
[ A w2 @and[ @l nolar 2 have the units
deg * cm? x dmol ™!
It is also possible to convert the collected absorbance into a differential molar CD extinction

coefficient as follows:

AA
mx*d
The units forAs are M* cm™.

Ae = Equation 2.6

There is a simple numerical to irteonvert[ g mmw. Or [ @ molar,, aNdAe:
[0]mrwa = 3298 * Ae Equation 2.7
The accuracy of a CD experiment can be checked against the data for a hypothetical protein with
100%a-helical, which has a mean residubpgicity at 222 nm of about34,000 deg cridmol™
(Ae = —9M1em™1).

After data collection, next step is to quénthe secondary structure of the sample. The
simplest approach is to consider that the spectrum is a linear combination of each of the
contributing secondary components weighted by their relative abundance in the*frctais
approach has proven, hewer, to be very inaccurate due to the absence of pure secondary
standards. Two main alternative approaches have been developed to solve this issue. In the first
one, polypeptide standards with known secondary structure (determined by IR-ragd X
scattemg) are used for referenicé The second approach compares spectra of unknown proteins
to standards previously characterized by crystallographyhe algorithms for this comparison
include leassquare, ridge regression, singular value decompositioD)S$VD with variable
selection, the selfonsistent method, and neural network analysis. Some of the available
packages to calculate secondary structural contents are describetfbelow
Linear regressionThis method is primarily useful for globular peats. It is based on direct

comparison with polypeptide standards. The most basic fitting can be performed with the
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program LINCOMB. Recent refinements to the main algorithm include convex constrain (CCA)
and nonconstrained multilinear regression (MLR)e Thajor limitation is the absence of single
standards fop-turns.

Ridge regression (CONTINEssentially fits the CD data by linearly combining spectra of known
conformations. If mutations or denaturing agents are introduced new customized standards must
be prepared.

Singular value decomposition (SVOhe program uses a set of spectra for known proteins to
extract specific nodes. The data are subsequently incorporated in a weighting algorithm to
determine the content of each secondary structural fedthee method is only useful fax-

helical content.

Variable selection (VARSLC, CDSSTR)ses a large database with known proteins. It operates
with a reduction algorithm that provides the best candidates for fitting. It can be really slow due
to the sizeof the database. It is not useful for polypeptides and protein fragments.

Seltconsistent method (SELCON]}. works with the same reduction algorithm as variable
selection method. However, in this case the process is accelerated by the inclusion of the
spectrum under analysis to the database. Hitherto, three versions of the program have been
producedlt is not useful for polypeptides and protein fragments.

Neural networks(CDNN, K2D, SOMCD)These programs use a neural network to find the
correlations inhe CD data. The networks are trained with a reference set of proteins. This
approach gives good results for both proteins and polypeptides.

The typical instrument arrangement of a Circular Dichroism spectropolarimeter is shown below
(Figure2.10).

32



i PMT
Light source Monochromator Modulator [ \
Tt~ A B
L/R

Analysis and display

Figure 2.10. Schematic of a typical CD instrument. A very intense light source is required
to extend into the farUV. The circularly polarized light is generated by superposition of

photons with different handedness. A piezoelectric crystal can be used to select aithght

or left circularly polarized light *’.

2.7.1.1.3 Infrared Spectroscopy

Infrared spectroscopy has been extensively used in protein structural analyses due to its
exquisite sensitivity to chemical composition and architetttir€® IR has been successfully
applied to study molecular mechanisms of protein reactions, folding, misfolding, and
unfolding** **3 IR analysis is also advantageous due to the ability to detect structural changes in
small and large proteins, high resolution in very short times, ratelés low operational costs,
and low sample amounts. Important structural information of proteins can be potentially
extracted from the mithfrared spectrum. A typical miohfrared absorbance spectrum for a
protein is shown irFigure 2.11. Even though the spectrum appears to be simple, meaningful
structural information is highly convoluted. This is due to the superposition of various

vibrational bands.

33



——= {653

1542

3285

0.5+

Absorbance
2957
2854

B T e
3500 3000 2500 1500 1000

Wavenumber / cm’’

Figure 2.11. Mid-infrared spectrum of membrane protein Calcium ATPase. Vibrations
that contribute the most to the observed absorption bands are: 3285 Emprotein amide A;
2957 cm™- v(CHs); 2924 cm’- v(CH>); 2854 cm'- v(CH,); 1738 cni™- v(lipid C=0); 1653
cm'’- protein amide I; 1542 cni'- protein amide 1I; 1455 cmi*- §(CH3); 1389 cni*- v(COO)
of Asp and Glu; 1236 cn- v(Lipid PO5); 1171 cm'- v( lipid C-O-O-C); 969 cni*- v( CN)
of lipid; 820 cm*- v(lipid P-0)*34,

A large body of literature has been devoted to develop strategies for deconstructing the
IR information related to protein structure. In this respect, most studies suggest that special
attention should be given to spectral regions where the same tygwatfon is abundant in the
protein structure. This is the case of the amide | region where C=0 vibrations dominate. There
are 8 more vibrational modes associated with the amide group, namely amide A and B, and
amide IFVII. Due to its sensitivity to secomdy structure, the amide | region has been preferred
for correlating spectral information with structtite

The sensitivity of the amide | is attributed to thecsdled transition dipole coupling
(TDC). Depending on their relative location and orientatbm the protein backbone structure,
neighboring amide groups have the ability to resdffat€his coupling interaction gives rise to
the splitting of the amide | fd3-sheet structures. Conformational changes will alter the transition

dipole moments, wikh ultimately leads to a shift of the amide | frequencies. Thus, each
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particular secondary structure component has a specific range of absorption as shatle in
2.6.

Table 2.6. Assignment of amide | secondary structural component®

Secondary Structural Component  Frequency (cmi’)

a-helix 16421660
B-sheet 16151641, 16721695
Turns 16531691
Disordered 16391657

To recover quantitative information from the amide | band, two approaches have been
mainly applied: (i) baneharrowing followed bycurvefitting of the component bands, and (ii)
deconvolution into basis spectra with the aid of a calibration set of known ptdteins

In the curvefitting approach, the idea is to deconstruct the amide | into the contributing
subbands to subsequentlygmeed with their assignment to secondary structural components.
The procedure starts by applying a mathematical Hsanbwing algorithm to determine the
position and type of the component bands. At each position Gaussian curves are then fitted and
integraed to estimate the percentage of contribution of each component. A variety ef band
narrowing algorithms have been developed to resolve the amide | components including second
derivative, Fourier deconvolution, and fisgucture enhancement. The minimatio¢ second

derivative are directly linked to each of the overlapping components.
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Figure 2.12. Comparison of the most commonly used bandarrowing techniques of protein
amide I. (a) IR absorbance spectrum of papain recorded at 2 chresolution. (b) Second
derivative of papain spectrum multiplied by -1. The emerging peaks can be assigned to
different secondary structural components according tdrable 2.6. (c) @ ) Fine structure
enhancement with a smoothing range of 12 cfand a weighting factor of 0.985; ii1)
Fourier self deconvolution using a Lorentzian line shape with a resolution enhancement
factor of 2.6. All three methods generated very similar component bantfs.

In the Fourier deconvolution method, the Fourier transform of the spectrum is multiplied
by a line-shapedependent function that produces sharper spectral characteristics where the
component bands are located. In the -Btreicture enhancement approach, the spectrum is

smoothed out, multiplied by a factor, and subtracted from the original spedthisngives rise
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to a much finer spectrum where structure details are exalted. Thenaaoding procedures are
compared irFigure2.12**® After resolution enhancesnt with the banaharrowing algorithms,

curve fitting procedures are applied to quantitatively estimate the contribution of each secondary
structural component. One of the preferred methods is the Gaussianfittinye In this
approach, the spectrum igtéd by a sum of Gaussian bands. The area of each band can be
estimated with conventional integration algorithms. The relative contribution of each structural
component can be further calculated from their fractions of the total area of the amideArband.

example of the Gaussian cusfiting procedure is shown iRigure2.13.

a-helix A [>-sheet

unordered

IR absorbance

/ A 1 side chain

1720 1700 1680 1660 1640 1620 1600

wavenumber (cm )

Figure 2.13. Gaussian curvefitting of bovine pancreatic trypsin amide | spectrum.
Gaussian bands for the individual structural components are shown in colors. The original
spectrum was bandnarrowed with Fourier self deconvolution. The fractions of the
secondary strictural components were 26% a-helix and 41% B-sheet, which are in
agreement with26% a-helix and 45% B-sheetobtained with X-ray analysis-*

The second set of methods to quantify secondary structure mainly relies on the
comparison with large databases oftpins with known structures. Partial least squares, factor
analysis, and singular value decomposition algorithms are commonly implemented to reduce

these large database sets to representative linearly independent spectra. These spectra are then
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properly combined to reproduce the spectra of the unknown protein. This allows a complete
guantification of the secondary structural content. IR spectra are collected with infrared
spectrometers which are usually Fourier Transform Infrared Spectrometers (FTIR). In
conventional instrument layout, monochromatic light is generated by a source and subsequently
divided in two with a beam splitter. The first beam, which is approximately 50% of the original

beam, is reflected back to the splitter with a fixed mirror padses through it to reach the

detector.
Fixed mirror
Source A
SA)=f(A) Beam
S@) 1 Splitter
Gm 4 . Movable
R mirror
ko A ———
LA 4 d/2
Sample
A Detector
S®) | (d) ~ 1+cos (Zd/A)
A
Ao A
Fourier Transform
So’) A

Ao N JEL,=

Figure 2.14. Basic instrumental arrangement of a Fourier Transform Infrared
spectrometer®

The second beam is reflected in a movable mirror and returns to ifter sphere only
half passes and continues until is collected in the detector. These two beams have the chance to

interfere with each other in the detector. Depending on the optical patbyvéys(interference
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could be constructive or destructive. Thetioment generates an interferogram of the light
intensity relative to the position of the movable mirror. This interferogram is the Fourier
transform of the spectrutS(1)). The measured data is then converted back into a spectrum

(S@)) with a second Fater transform.Figure 2.14 schematically describes a typical FTIR set
134

up
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CHAPTER - 3 Immobilization of Candida antarcticaLipase B:

Esterification of Geraniol in Hexane

3.1 Abstract

Enzymes are usually immobilized on solid supports or solubilized when they are to be
used in organic solvents with poor enzyme solubility. We have reported previously on a novel
immobilization method fos. Carlsbergon fumed silica with results that reachsome of the
best previously reported catalytic activities in hexane for this enzyme. Here we extend our
method toCandida antarcticdipase B (CALB) as an attractive target due to the many potential
applications of this enzyme in solvents. Our CALB#d silica preparationexceededhe
catalytic activity of commercial Novozym 485for a model esterification in hexamehen an
intermediatenominal surface coverag@oeSC) of approximatelyl7% was approached An
intriguing observation was that the catalyactivity at first increases as more fumed silica was
made available to the enzyme but then decreased precipitoelshy approximatelyl7%SC.

This was not the case far Carlsbergwhere the catalytic activity leveled off at high relative
amounts of fmed silica. We determined adsorption kinetics, performed variations of the pre
immobilization aqueous pH, determined the stability, and applied fluorescence microscopy to the
preparations. A comparison with recent concepts by Gross et al. may poirdd@mvaationale

for an optimum intermediate surface coverage for some enzymes on solid supports.

3.2 Introduction

Enzyme based biocatalysts are an attractive option to perform the chemical synthesis of
various compounds in neagueous medta® This approacthas for example proven to be
promising for the production of polymérs’, anticancer and antiviral druysaromas and
fragrance ’, and surfactanis Performing biocatalysis in organic solvents is advantageous
mainly because the solubility and stability substrates and products are increased, thereby
facilitating their transformation °, and because undesirable reactions, including hydrolysis,
racemization, polymerization, and decomposition may be reduced when compared to aqueous

system$ *©
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The caalytic activity of enzymes tends to decrease sharply when they are suspended in
organic solvents compared to aqueous environrfentduch effort has been focused on
strategies to overcome this issue, including enzyme immobilization on porous apdroas
solid support® **  chemi cal modification of the enzyme
with solvent$*, protein engineerirfy and enzyme ctyophilization with different types of
excipients, such as cyclodextrifis® crown etherS™’, and inorgnic salt$¥?°. Specifically, the
co-lyophilization of enzymes with inorganic salts from agueous solution, termed salt activation,
has been remarkably successful. Salt activation has been reported to increase catalytic activity by
three to four orders ahagnitude compared to simply suspending the enzyme in the sélvent
We have recently reported a new immobilization technique based -tyoptulization of an
enzyme with commercial fumed sili¢@SY* % The catalytic activity okubtilisin Carlsberg
immobilized on fumed silica reached or even in some cases exceeded the best activities reported
for salt activation while the immobilization process was somewhat simplified. Fumed silica is an
amorphous material consisting of Rparous silica nanospherdsised into necklackke
structures, which is obtained by the hydrolysis of silicon tetra chloride inéiy @amée** 2>
Fumed silica possesses a large specific surface area and exhibits exceptional adsorptive affinity
for various organic molecules iaqueous solution including proteins and polyrffél's The
adsorption of proteins onto fumed silica has been reported to be essentially irreéieréible
Adsorption is promoted by the formation of roovalent interactions between the available
groups onthe surface of the fumed silica and the carbonyl or amino groups present in the
enzyme moleculéd * In general, these interactions are electrostatic in nature and driven by the
net charges of the protein and the surface, therefore, they can beveepulattractivé® 34 The
main challenge when adsorbing enzymes on solid supports is to indentify and predict the
mechanisms that control these interactions, which are highly dependent on temperature,
concentration, ionic strength and $H** As enzyme exhibit a tremendous chemical and
physical diversity, it is expected that multiple adsorption pathways may be significant. For
instance, it has been reported thgbth change can increase enzyme adsorption and specific
catalytic activity".

This work isaimed at extending the immobilization of enzymes on fumed silica for
catalysis in hexane to Lipase B fradandida antarcticf CALB). Among lipases, CALB is one

of the most recognized biocatalysts because of its high degree of selectivity in a broaof range
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synthetic applications of industrial importance, including kinetic resolutions, aminolysis,
esterification, and transesterificattSft. We benchmark our work against the commercial
preparation Novozym 435 (Novozymes A/S), which consists of CALB palgiadsorbed onto

a macroporous acrylic polymer resin (Lewatit VP OC 1600, Bayer).

Gross and coworket§* have recently set out to further improve on the highly successful
Novozym 435 by studying the protesurface interactions. They discovered thatalytic
activity improves with even distribution of the enzyme throughout the support and with
increasing loadings/densities per area or volume of support matéfiaDne concept put forth
by Gross et al. is confirmed in the work with CALB presenteidhoptimum catalytic activity of
an immobilized enzyme may be found not at low surface coverage but somewhat counter

intuitively at an intermediate surface coverage.

Here we report a study of the immobilization of CALB on fumed silica by lyophilization,
and the catalytic activity of the resulting preparations for a model esterification that we used
previously' " ** Adsorption of CALB on fumed silica pigophilization from aqueous solution
at different pH levels and silig@-enzyme ratios was investted by fluorescence microscopy.
Catalytic competency, thermal stability, and stability during storage were examined.

The somewhat surprising maximum of catalytic activity at an intermediate surface
loading of the enzyme on fumed silica is rationalizeligint of recent similar results by Gross et

al.>** for the same enzyme on a different support.
3.3 Materials and Methods

3.3.1 Materials

Crude CALB (lyophilized; specific activity of 28U/mg solid) was obtained from
Biocatalytics, Inc. (Pasadena, CA), stored &,48nd used aeceived. Commercial Novozym
435® was purchased from Sigma, stored at 4°C, and usedcawed. Novozym 435 is
reported to be CALB immobilized on macroporous acrylic particles-(0.8 mm diameter) with

a reported catalytic activity obaut 7,000 PLU/g (Propyl Laurate per gram).

Hexane (optima, aseceived water content about 10 ppm), monobasic potassium

phosphate (purity >99%), acetate buffer solution (pH 4.0, certified), sodium bicarbonate
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(certified ACS), and glacial acetic acid (wp&, purity >99.7%) were from Fisher Scientific
(Pittsburgh, PA). Fumed silica (purity of 99.8%, specific surface area 2%8 pnimary particle
diameter ~750 nm, as reported by the manufacturer), geraniol (purity 98%), and geranyl acetate
(purity 98%) were from SigmaAldrich (St. Louis, MO), and useds received. Glass vials (24

mL or 125 mLfor low and high wt% fumed silica, respectively, screapped, flabottom) were

used for lyophilization of the aqueous enzyfumed silica suspensions. Glass vig@g mL or 2

mL, Teflon screwcapped, flabbottom) were used to perform the batch activity assays.

3.3.2 Enzyme Immobilization

An overview of our immobilization procedure on fumed silica is given here with details
available elsewheré. Crude CALB was weighed in a glass vial followed by aqueous buffer
addition, and vortexing for about 30 seconds. Fumed silica was added, and the mixture was
vortexed for 23 minutes resulting in a visually homogeneous suspension. This suspension was
sonia@ted for ten minutes in a water bath (room temperature) and then placed in a refrigerator at
-20°C for several hours until frozen. The frozen sample was then lyophilized (48h primary
drying, 24h secondary drying, VirTis model-MR-TR; Gardiner, NY).Table 3.1 shows a
summary of the amounts of fumed silica and buffer used to form our preparations at the various
%SC of enzymein the final CALB/fumed silica preparation$he %SC valuesin the final
preparation are calculated from the mass of crude CALB and the mass of fumed silica initially
weighted in(Table3.1). The mass of buffesalts that may be contained in the final preparations
is at most 10wt% of the final preparation and was neglected for calculation ofSGéen%he

final preparations.

3.3.3 Enzyme Adsorption Kinetics

CALB adsorption from the aqueous phase on fumed silica fallowed for 9 minutes
after vortexing for about 30 second$e aqueous pH was pa€justed to 4.0, 7.8 and 9.5 using
50 mM sodium acetate buffer, 10 mM monobasic phosphate buffer, or 50 mM sodium
carbonate/bicarbonate buffer, respectively. The coratmtr in solution was measured
spectrophotometrically at 595 nm (Bradford as&yThe amount of adsorbed CALB was then

calculated by mass balance.
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Table 3.1. Summary of the amount of fumed silica and buffer employed to prepare CALB supported nanobiocatalysts with
different nominal surface coverage$%SC). In all cases, the amount of crude CALB was 5.83 mg.

Target preparations Aqueous Fumed Enzyme Amount of preparation
(Nominal Surface buffer [mL] Silica® [mg] concentration [mg/mL] containing 35 U (mg of
Coverage [%SC]) lyophilized preparation®)

2 58.3 651.3 0.1 131.4

4 58.3 325.7 0.1 66.3

12 19.4 108.6 0.3 22.9

17 8.3 76.6 0.7 16.5

230 15 5.7 4.0 2.3

538 1.1 2.4 5.1 1.7

2087 0.9 0.6 6.3 1.3

N/A 0.9 0.0 6.7 1.2

Novozym 43® - - - 5.0

®The required mass of fumed silica was calculated according to the following expressions:
(1) Area of FS = (3.32 iV %SC)*100

where3.32 nf is the projected area of enzyme (assuming a diameter of 6.4 nm for CALB) and %SC is the targeted nominal surface coverage.
(2) mgFS = (Area of FS / 255Aig)*1000

®The amount of preparation containing 35U of activity (mg 35U) is computed as follows
(3) Units/mg preparation = (Units of weighed CALB)/(mgFS + mgCALB)

where mgFS are the milligrams of fumed silica and mgCALB the milligrams of crude CALB
(4) mg35U = 35U / Units/mg preparation
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3.3.4 Transmission Electron Microscopy (TEM) Analysis
An FEI CM100 Transmission Electron Microscope (100 kV) equipped with an AMT
digital image capturing system was used. Only enzyme preparations obtained from adsorption at

pH 7.8 were analyzed.

3.3.5 Imaging of Enzyme Distribution on Fumed Silica Surfaces by Confocal Laser
ScanningMicroscopy
CALB was labeled with Alexa Flu@ 488 carboxylic acid, TFP ester, bis
(triethylammonium saltjEx:494 nm, Em:519 npMW~885) following the procedures provided
by Molecular Probes. Briefly, 0.5 mL of CALB solution (2 mg/mL in Phosphate Buffered Saline
(PBS)) was added to a vial of reactive dye. The mixture was then stirred in the dark for 1 hour at
room temperature. Unbound Alexa Fl@on88 was separated from thenjugated CALB by
size exclusion chromatography (Biad Biogel P6 size exclusion purification resin). The
conjugated CALB fraction was collected and stored°& #h PBS buffer. Immobilization of
Alexa Fluor conjugated CALB on fumed silica was then qgrenked as described previougbee
section 3.3.2) To determine the distribution of CALB immobilized on fumed silica, confocal
laser scanning microscopy was employed (Zeiss Pascal 5 Laser Scanning Microscope). The
fluorescence emission signal was obtainbdough a dichroic mirror (NFT 545) and a
535-30nm band pass filter. Images were captured through a Plan Apochromat Objective 100x,
1.4ANA, and oil immersion. The distribution analysis was performed only for enzyme
preparations obtained from adsorptiopEt7.8

3.3.6 Analytical Methods for Assays in Hexane

Gas chromatography was used to detect geranyl acetate (product) and geraniol (reactant)
in the reaction mixtures. L of the reaction solution was injected into a Varian Model 3800 gas
chromatograph (GC, FIDHP-5 crosslinked 5% HP ME siloxane column, 30 m, 0.25 mm i.d.,
0.25 um film thickness, column 120°C, injector an detector 250°C, split ratio 1/200, Hewlett
Packard). Alternatively, a capillary column BBAX (30 m, 0.25 mm i.d., linear column

temperaturgamp 56200°C at 30C/min; J&W Scientific) was used.
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3.3.7 Initial Reaction Rate Measurements and Kinetic Parameters

Initial reaction rates were measured in a solution of substrates (geraniol and acetic acid),
and products formed (geranyl acetate (GerAc) angnveén hexane. The reaction rate remains
essentially constant below about 20% of conversion. Thus, the initial reaction rates were
determined by linear fitting of the data up to about 65 min. The reactions were carried out
catalyzed by our preparationstbe commercial Novozym 435 in 2dL vials (reaction volume
5 ml, 3G:0.05°C). An equivalent of 35 PLU was always employiab(e3.1). Fumed silica only

showed no catalytic activity.

The apparent kinetic constants (maximum veloaity;, and MichaeligVienten constant,
Kma Where G stands for geraniol) at pH 7.8 were detegd by carrying out the enzymatic
reactions at initial geraniol concentrations ranging froni18® mM. The initial acid
concentration was always maintained at 100mM. LineweBuek plots were used.

3.3.8 Thermal Stability Measurements
Temperature stability as investigated by measuring the initial reaction rates at 40, 55,
and 70C for our preparations prepared from pH 7.8 aqueous suspensions only. Novozym 435

was also evaluated for reference.

3.3.9 Storage Stability in Hexane

Enzyme preparations containidg%SC, 12%SC, 4%SC, and2%SC fumed silica were
suspended in 5 mL of hexane and incubated &€ 3thder shaker agitation (250 rpm). After
selected incubation times, the substrates were added and the product formation followed as
described previously. Only enzymeeparations obtained from adsorption at pH 7.8 were

analyzed.

3.3.10Long-Term Stability
The longterm stabilities were determined by measuring the initial reaction rate after
storage of lyophilized preparations in closed vials &€ 4or 6 months. Only enzyme

preparations obtained from adsorption at pH 7.8 were analyzed.
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3.4 Results and Discussion

Wirges et al. have recently reported on a highly active immobilizate of the protease
subtilisin Carlsbergon fumed dica for biocatalysis in hexaffe This previousvork is extended
hereto immobilization of the hydrolase CALB on fumed silica. CALB is an attractive enzyme

for enzymatic catalysis in solveft§ 3" #48

. Some aspects of the immobilization process and
the physical characteristics of the immobilezate discussed below before presenting results for

enzymatic catalysis using the CALB/fumed silica immobilizate.

Fumed silica is generally thought to consist of solid spherical primary particles (several
nm diameter) formg by a flame hydrolysis procé§s®™ “° The primary particles fuse into
necklacelike structures which then form entangled agglomerates with a size on the order of
100nm. Both the synthesis process and the resulting material are futalgnuifierent from
silica gef® *° A transnission electron micrograph of a CALB/fumed silica immobilizate reveals
the expected size of the fumed silica aggregates (order of 100nm) with some indication of
individual fumed silica particles in the expected neckldee arrangement visible betweenreth

agglomeratesHigure3.1). A schematic rendition of a fumedisa agglomerate is also shown.

| Ind|V|duaI
silica ‘
particle

g a2 A l' '
9 6‘.’ ‘h.’ -.‘
Figure 3.1. Transmission Electron Microscopy (TEM) image and schematic representation
of a typical lyophilized fumed silica/enzyme preparation.
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The initial interaction of CALB with fumed silica in aqueous suspension before freezing
and lyophilization was explored waryingthe pH of theaqueous phase using different buffers.
Enzyme adsorption was tracked by difference using the Bradford assay of the liquid phase.
Typical kinetic adsorption data in aqueous solution are shovwingure 3.2. The data indicates

that sorption equilibrium was reached or at least approached.

0.40

0.30

mg Enzyme/n¥FS 0.20

0.10

Time (min)

Figure 3.2. Adsorption kinetics of CALB on fumed silica in aqueous suspensions at pH7.8
(phosphate buffer, 0.1M; 25 °C).Surface coverage (7865C, 26 BC, @9%6SC, ( 3)
2%SC (y-error bars represent the standard error of multiple analyses of identical samples).

Figure 3.3 shows the combined end points of the adsorption experiments at different pH
values. FromR%SCto 12%SC (%SC= 100*(projected area of enzymm®minal surface area of
FS) the adsorption proceeds to timeaximum expectedsurface loading(indicated by the
diagonal line), independent of pH. Thaues in thdine werecalculated by dividing the mass of
enzyme by the nominal surface area of the mass of fumed silica weighed in as reported by the

manufacturerlt appears that there are sufficient opportunities for all of the enzyme material to
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adsorb on the fumed silica, both below and above the isoelectric point of CALB as long as the

silica surface area is abundant.

04 r
03
mg Enzyme/n¥FS 3
0.2 | d
i ¢
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0.1 r
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©)
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0
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Nominal Surface Coverage (%SC)

Figure 3.3. Surface loading of fumed silica with enzyme at different pH values as a function

of the nominal surface coverage ( &) pH = 4.0, (06) pH = 7.8,
from the final steady-state of the adsorption kinetics experimerd. The solid line is
calculated by dividing the mass of enzyme weighed in by the nominal surface area of the
fumed silica that was used. The impact of pH relative to the isoelectric point is only
important when surface area availability start to be reducel (Above 12% SC).

When the surface area for interaction becomes more scarce, howevet2%&8 and
abové the data seem to indicate that the strong expected electrostatic interaction between silica
(negative) and enzyme (positive) below the isoelectric point becomes more important. This leads
to lower adsorption above the isoelectric pH when the fumed ail@is scarcer. This situation
is schematically shown irFigure 3.4. The catalytic experiments reported below were all

performed with immobilizates originating from aqueous solution at pH 7.8.
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Figure 3.4. Schematic of surface charges for CALB and fumed silica nanoparticles in
agueous suspensions relative to the isoelectric point (pl). (Water molecules are not shown).
Arrow widths illustrate the anticipated strength of the electrostatic interactions

The queson of how the enzyme is distributed on the fumed silica surfaces can be
investigated using laser confocal microscopy of the immobilizate in hexane. The more uniform
appearance ifrigure3.5 panel A compared to the more clustered appearance in panel B reflects
our experience that the dispersion of the fumed silica/enzyme immobilizate in hexane is more
uniform for preparations dbwer %SClikely due to the surface prepies of silica being more
prominent alow %SC The roughly doubled surface intensities fr@PbSCto 4%SCfumed
silica (Figure3.5 panel Al vs. panel B1) correspond to a theoretical estimate of an increased in
surface loading (mg enzymefiiumed silica) of 34% when assuming the nominal surface area of
fumed silica, and a known size of CB (all protein assumed as CAPB. The reascable
correlation of the predicted increase in surface loading from simple mass balance and physical
size of the molecule vs. the available nominal area, and the direct evidence by confocal
microscopy also confirms that the enzyme largely remains withmth®bilizate and is not lost

elsewhere.
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Figure 3.5. Confocal images of the distribution of CALB immobilized on fumed silica (FS).
(A) 2%SC and (B) 4%SC. The corresponding surface fluorescence intensities ashiown in
panels Al and B1. The doubling of the intensity corresponds roughly to a doubling of the
enzyme loading per area of fumed silicaHigure 3.3, 4%SC and 2%SC, diamond symbols).
The originally green fluorescence areas in panel B are emphasized by dashed contours.

The catalytic performance of our CALB/fumed silica preparations was first successfully

benchmarked against our previous work with CALB where we use2ym 435’ (data not
shown).

The catalytic activity of CALB/fumed silica preparations significantly increased as the
nominal surface coveragapproachedl7%SC (Figure 3.6). Our preparationexceededthe

commercial Novozym 435 on an equivalent PLU basis.
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Figure 3.6. Catalytic activity of CALB immobilized on fumed silica as a function of the
nominal surface coveragdn the final preparation. Geraniol: 0.1 M. (3) Experiments over
the entire domain of%SC. Experiments to confirm the surprising decrease in reaction rate
at high fumed silica content: ¥) first replica of 17 SC and 12%SC fumed silica, ¢)
second replica 0of12% SC, 4% SC and 2% SC, (x) test to rule out mass transfer Initations,
reaction volume 15 mL, 12%SC and 4%SC. Solid line represents Novozym 438; dashed
lines and y-error bars represent the cumulative standard error from the calculation of
conversion and the linear assumption of the initial reaction rate

However, while the catalytic activity f&. Carlsbergmmobilized on funed silica in our
previous work?® slowly increased further and essentiakyéled off when even more fumed
silica surface area was available for adsorpfian, at %SC below 17%ye found a precipitous
drop in the activity for CALB at high fumed silica content. We successfully replicated this
surprising result at high fumedlisa content by testing two additional batches of e#$HC
referred to as first and second replicagigure 3.6. The possibility of mass transfer limitations
causingthe drop in activity at high fumed silica content was excluded through a reference test
with 1/3 of the CALB/fumed silica preparation in the same amount of solution. The activity was

not substantially different suggesting that mass transfer limitatienkkafy not responsible for
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the drop in catalytic activity at high fumed silica content. We therefore conclude that the steep
drop in catalytic activity at high fumed silica content for CALB preparations is indeed a real
phenomenon that highlights thebsie differences between different enzymes even when they are
immobilized with identical procedures on the same solid support. A possible rationale for the
somewhat counterintuitive activity decrease as abundant area becomes available for enzyme

immobilizetion is attempted below.

According to Gun'ko et &f, the adsorption of proteins (e.g., Bovine Serum Albumin) on
fumed silica in aqueous suspensions has many intricacies and depends on the morphology of the
fumed silica, the protein type and concentration, pH, ionic strength, and fumed silica
concentrationamong other parameters. To form the preparations at the v&t8@Gshown
here, a rapidly increasing amount of fumed silica was requifieblé 3.1). Prior to
lyophilization, the area of fumed silica per mass of protein (enzyme plus any inactive proteins in
our purchased crude enzyme) available for adsorption is significantly largmw &SC One
might speculate thabelow 17%SGC the probability of strong surface/protein interactions as
opposed to protetprotein interactions significantly increases. Confinement of the enzyme
molecules by multipoint attachment of the enzyme to the fusilied surface (for example in the
Anecko regions of the fused spherical pri mary
structural changes of the enzyme. Enzyme molecules may also deactivate simply by strong

interaction with silica at high stla surface availability.

Recently, Gross and coworkers have physically adsorbed CALB on a series of
macroporous polymeric supports and have investigated catalytic activit§ingn opening
polymerizations and polycondensations in organic sol¥&tts Gross et al. suggested that
CALB molecules adsorbed in a more clgmeked configuration are more likely to preserve
their native structure and catalytic activity then when CALB molecules are adsorbed widely
separated from one anotfief® In agreement wh our findings, Gross et al. demonstrated that
an intermediate enzyme loading can be found where no further improvement in activity is
detected when more support material is provided per unit mass of enzyme. Their data suggest
that this optimum enzyme/spprt ratio is highly dependent on the surface chemistry and
morphology of the adsorbent. This research group has also reported that CALB molecules spread

upon adsorption on their supports as?Thims bee
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effect s likely to be accentuated when excessive area is available for adsorption supporting the

notion that structural changes are promotddwt%SCin our preparationf~igure3.7).

[ X
100% SC %

2 P2,
vt ;“‘?;f

2% SC

Figure 3.7. Schematic model for enzyme/fumed silica interactions at different surface

loadings. The enzyme arrangement changes from a crowded surface approximately

single molecule adsorptionas the surface availability increases. The opportunity for

maximum interaction of the enzyme with fumed silicais perhaps enhanced by surface
topography (availability of Anecko positions)
enzyme molecule. (Base®n corcepts put forth by Gross et af® *° The schematic is

roughly to scale, primary fumed silica nanoparticle diameter ~10 nm; CALB molecular

diameter ~6 nm®Y).

To benchmark our best preparations against Novozym® 488 compared the apparent
kinetic constantsK,, (ability to bind substrate) and,, (max. rate of reaction with sufficient
substrate) as well as the catalytic efficiendy; ( K.) (Table3.2)*3. The caalytic efficiency for
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our 17%SC preparation and Novozym 4@b5are of the same order of magnitudin addition,

Table 3.2 shows that the catalytic efficiency of olir%SCpreparation was about 90% higher
compared ta2087%SC This confirms the crucial role of fumed silica availability relative to
adsorbing enzyme in enhancing the catalytic activity of the enzyme. The effectiveness factor (the
ratio of the observed rean rate and the reaction rate absent all diffusional limitations) is also
shown in Table 3.2. The effectiveness factors for our preparations approach unity. This
demonstrates the absence of diffusion limitations for adsorbed enzyme on tpemoos fumed

silica nanoparticle aggregates. CALB molecules are confined to particle surfaces where their
exposure to substrate molecules is maximized. In contrast, Novozyshd@5 an effectiveness
factor of 0.2 likely due to diffusion limitations in the confined spaces of the porous support
beads.

Table 3.2. Apparent kinetic constants and catalytic efficiency of CALB ceyophilized with
fumed silica (FS) compared to Novozym 438

Catalytic efficiency  Effectiveness

Preparation Ve (uMOlgeracd/min) - Kmg (MM) Ve /! Kme factor
(umOlgerac Mint mM™) n
2087%SC 0.3 238 0.0014 0.9998
538%SC 3.6 781 0.0046 0.9614
230%SC 15 245 0.0063 0.9951
17%SC 1.8 161 0.0114 0.9928
Novozym 43® 2.7 204 0.0134 0.2144

Figure3.8 shows the catalytic activity of our preparations up to 70°C. As the temperature
is increased from 30°C to 40°C an Arrhenriyge activation is observed for all preparations. A
clear and incrasing loss of activity is however detected at 55°C and above.2%feC
preparation is still somewhat active at 70°C where the other fumed silica preparations are almost
completely deactivated. This appears consistent with the stabilization abadsenzges by
solid support&' > The catalytic activity of Novozym 435 up to 70°C is also shown. A similar
Arrheniustype activation is observed but Novozym 435 is significantly more temperature stable

than our preparations.
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Figure 3.8. Effect of temperature on the catalytic activity of CALB immobilized on fumed
silica at various %SC. (186N SC, (1R%SC, (48635C, (2%$C. Effect of
temperature on the catalytic activity of Novozym 435 ¥). y-error bars represent the
cumulative standard error from the calculation of conversion and the linear assumption of
the initial reaction rate.

Figure 3.9 shows the initial reactiorates of our preparations in hexane up to four days.
For comparison, the results for Novozym 435 are superimposed. The activity of the fumed silica
preparations declines quickly in the first 24h and about 50% of the initial activity remains after 4
days of incubation while Novozym 435 retained about 60%. The data point at 48 hours for
Novozym 435 is likely impacted by random errdhe significant initial loss of activity has been
attributed by others to events at the active site of the enzyme moleciulejng the breakdown
of the acidbase catalytic properties and changes in the protonatate of the involved
residue¥. Gross et al. have recently speculated on desorption of the enzyme as a contributing

cause of deactivation as seerFigure3.9*
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Figure 3.9. Storage stability of CALB immobilized on fumed silica (FS) in rph e x an e .
17%SC, 149%SC, @%8C, @%9C. (*) Novozym 435 shown forcomparison. y-
error bars represent the cumulative standard error from the calculation of conversion and
the linear assumption of the initial reaction rate

The residual activity of our lyophilized preparations mflemonths of storage (4°C,
closed container) is shown #rigure 3.10 along with data for fresh preparations. T2&SC
preparationmaintained the same albeit low lewal activity. This can be seen to support the

stabilization due to the enzyme/support interactions discussed above.
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Figure 3.10. Long-term stability of CALB immobilized on fumed silica as a function of the
fumed silica content: ( T ) -aded mrepdratiop (4&Cp eosealt i o n ,
glass vials).y-error bars represent the cumulative standard error from the calculation of
conversion and the linear assumption of the initial reaction rate

3.5 Conclusions

We have extended our recently developed procedure (lyophilization in presence of fumed
silica) to immobilize enzymes on fumed silica for catalysis in hexane &oMarlsbergto
Candida antarctica.ipase B(CALB). Adjustment of the aqueous pldlative to the isoelectric
point of CALB (prelyophilization) at low fumed silica surface availability can reduce the
adsorption of the enzyme on fumed silica likely due to a change in surface charge of the enzyme.
The impact of predyophilization pH adjstment is not significant for adsorption at high surface

area availability.

The catalytic activity of our best CALB/fumed silica preparatierceededthe

commercially available biocatalyst Novozym 435 The surprising decrease of catalytic activity
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of our preparations at verpw %SCwas confirmed by multiple reproductions and reference
tests since our previous experience vathCarlsbergshowed no sign of this. An "optimum”
surface coverage may be hypothesized to be due to excessive or multipomednmned silica
interactions at high fumed silica surface availability leading to denaturation as hasdyzeseg

by Gross and caorkers® “° This could be enzyme specific as our previous results svith
Carlsbergindicate.We confirmed that CALB isctivated when the temperature is increased up
to 55°C as has been observed for other enzymes. A clear loss of activity is observed at even
higher temperatures. The fumed silica preparation with the highest fumed silica c2#&Q) (

is the most temperaterstable and shows the best long term stability while showing overall
lower activity than our bestl{%SQ preparations. This supports the argument of enhanced
enzymefumed silica interactions at high fumed silica surface availability which may deactivate
some enzyme molecules but confers stability on those still catalytically competent.
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CHAPTER -4 Immobilization of Candida antarcticaLipase B on
Fumed Silica: Enantioselective Transesterification of (RS)-

Phenylethanolin Hexane

4.1 Abstract

Enzymatic catalysis to produeeolecules such as perfumes, flavors, and fragrainass
the advantage of allowing the products ® b | a b e | e ¢or niarketingin the U.&., in
addition to the exquisite selectivity and stereoselectivity of enzymesdhabean advantage
over chemical catalysis. Enzymatic catalysis in organic solvents is attractive if solubility issues
of reactats or products, or thermodynamic issues (water as a product in esterification)
complicateor preventaqueous enzymatic catalysis. Immobilization of the enzyme on a solid
support can address thenerallypoor solubility of enzymes in most solvents.

We have recently reported on a novel immobilization method Gandida antarctica
Lipase B on fumed silica timmprovethe enzymatic activity in hexane. This research is extended
here to study the enantioselgettransesterification of (RS)}-phenylethanol with vinyl acetate.

The maximum catalytic activity for this preparatienceededhe activity (on an equal enzyme
amount basis) of the commercial Novozyme® 4R&fnificantly. The steadystate conversion for
R-1-phenylethanol waabout75% asconfirmed via forward and reverse reaction. The catalytic
activity steeply increases with increasing nominal surface coverage of the support until a
maximum is reached at a nominal surface coverage of 230%. We hypothesize that the physical
state of theenzyme molecules at a low surface coverage is dominated in this case by detrimental
strongenzymesubstrate interactionEnzymeenzyme interactions may stabilize the active form

of the enzymeas surface coverage increasedile diffusion limitations redce the apparent
catalytic performance agaat multi-layer coverage The temperaturesolvent, and longterm

stability for CALB/fumed silica preparations showed tliaese preparations can tolerate

temperatures up to 707 €ontinuous exposure to solverdnd long term storage.
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4.2 Introduction
Nonagueous enzymology is an attractive option for the synthesis of vanesules in
nonaqueous medta®>. Promising egeriments for polymer synthe%i§ anticancer and antiviral

drugs, aromas ath fragrane<” /, and surfactanthave been reported.

The performance of biocatalysis in organic solvents significantly extends the applications
of biocatalysts. This is mainly because water is a poor solvent for many organic compounds of
commercial iterest. Futhermore, undesirable side reactions such as hydrolysis, racemization,
polymerization and decomposition are largely repressed in solvents when compared to aqueous

solutiorf'°.

Nevertheless, the catalytic activity of enzymes in organic solvents tendsniachdower

than in aqueous environments

To overcome this issue, different approaches have been developed. Immobilization of
enzymes on porous and nparous solid suppasthas been intensively explot&d'’ The
preferred matrices for immobilizati include macroporous polypropylene particl&s
hydrophilic silicon waferS, microemulsions and organogéls Additional efforts include
improving compatibility with the solvents by chemical modif at i on of t h'® enzyn
protein engineering and celyophilization of the enzyme with variouadjuvants, such as
cyclodextrit® *’ inorganic salt$ *° and crown ethets % %

The immobilization on organic and modified inorganic natractured supports is
considered now as an attractivetion for immobilization. A variety of these materials is
available including epoxgactivated nanobeads, zirconia nanoparticles, and fumed silica. The
main advantage is the large specific surfacea provided by such materfdl&. We have
recently repded on a new immobilization technique for the activation of two different enzymes
on commercial fumed silic (FS): Candidaantarctica LipaseB (CALB)* and
subtilisinCarlsberd*?®. The enzyme is etyophilized from the aqueous phase with fumed
silica. The significant activation of the enzyme reached or in some cases even exceeded the best
activities reported for salt activation while theocess is somewhat simplifféd®> The details

can be found elsewhéfg®,

The main driving forces for proteirdsorption on solids are thought to be of hydrophobic

and electrostatic nature. These interactions are essentially driven by the net charge difference
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between the protein and the surf4t€’. An important issue associated with the adsorptive
immobilization of enzymes is that conformationgianges are sometimes obselvetf 2/ 28

These conformational changes may modify the native enzyme structure and promote fluctuations
in activity at low enzyme loadings (in this work, referred as low nominal sudacerage).

Thus, a large excess of surface area maximizes the interactions of the lipase with the surface,

which can result in the above described strucithiahges and in reduced activity.

To retain more lipase molecules in the active conformati@fter adsorption, one may
consider mechanisms to suppress the tendency of the enzyme to deform when sufficient surface
area is provided. This might be achieved by increasing the presence of neighboring molecules at
increasedsurface coveragés'® 2’ Masstransfer limitations may start to be significant at multi
layer coverages thereby, potentially leading to reduced apparent activity. The overall result is
low apparent activity at low surface coverage, maximum apparent activity at an intermediate

coverage, and again low activity ligh or multilayer coveragée$ %’

This work reports on the performance @dndida antarcticaLipase B immobilized on
fumed silica in an enantioselective transesterification reaction in hexane. Our findings reproduce
the maximum of catalytic activity at an intermediate surface loading, reported previously for
nonstereoselective reactith We also investigated the steastpte conversion, the thermal
stability, the solvent stability, and the loteym stability at 4°Cfor preparations with various

surface coverages.
4.3 Materials and Methods

4.3.1 Enzymes

Crude CALB (E.C. 3.1.1.3; lyophilized; specific activity of 30 U/mg solid) was
purchased from Biocatalytics, Inc. (Pasadena, CA), stored at 4°C, and useckiasd.
Commercial Novozym35® was purchased from Sigma, stored at 4°C, and useste@ised.
Novozym435® is a preparation of the lipase B fro@andida antarcticaadsorbed on
macroporous acrylic particles (6039 mm diameter) reported to have about 7000 PLU/g (Propyl

Laurate Units per gram preparation).
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4.3.2 Chemicals and Materials

Monobasic potassiumhpsphate (>99.9%), potassium hydroxide, hexane (98.5%, Acros
Organics), isopropanol (99.9%, Fisher, Sighldrich), vinyl acetate (99%, Alfa Aesar),
acetaldehyde (99.5%, Acros Organics, stored at 4°C) were purchased from Fisher Scientific
(Pittsburg, PA).

The chemicals for calibration, enzymatic reactions, immobilization, and Karl Fischer
t i t r arhethglbenzyldgtate (98+%, SAFC sampling solutions)l-Bhenylethanol (97%,
SigmaAldrich), 1-phenylethanol (98%, Sigmaldrich), HYDRANAL®-Coulomat AK anbyte
(Fluka), HYDRANAL®-Coulomat CGK catholyte (Fluka), and Fumed Silica (99.8%, specific
surface area 2551y, primary particle diameter 7-50 nm, as reported by the manufacturer)
were purchased from Sigafddrich (St. Louis, MO). A chiral High Perfornmae Liquid
Chromatography (HPLC) column (Chiralcel éd) 0.46cm inner diameter, 2&n length;
Daicel Chemical Industries, Tokyo, Japan) and a Shimadzu HPLC system (Shimadzu, Kyoto,
Japan) were used (Pumps LGDATvp liquid chromatography, degasser DGWA, auto
injector SIL-10ADvp, system controller SGLOAvp, column oven CTEQOAvp, diode array
detector SPEM10Avp, Shimadzu Chromatography Laboratory Automated Software System
Version 7).

A 20 pL-200 pL and a 100 1000 pL Finnpipette (Fisher Scientific) we used for
pipetting. 1.5 mlglass vials and caps with passembled septa for HPLC sampling were from
Sun Sri. For storage the septum caps were replaced with solid caps (Fisherbrand, Fisher
Scientific).

To carry out the enzymatic reactions a PsyCro T€ontrolled Environment Incubator
Shaker (New Brunswick Scientific) was used. Reactions were performed i If2ass vials
with open top caps and septa from National Scientific. Solvent and temperature stability
experiments were performed using solid<@kimble). 4 oz glass jars with plastic screw caps
were used for conversicexperiments (Wheaton). A 1 ngastight syringe with Luer Lock head
and 3 inch needles (Hamilton, Reno, NV) was used for sampling. Samples were filtered with 0.2

pm PTFE syringeilters (Whatman Inc.).
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4.3.3 Enzyme Surface Coverage of the Support

The surface coverage of the solid support (fumed silica) by the immobilized enzyme is
tracked here by calculating a nominal surface coverage based on the projected surface area of a
CALB moleaile of 28.27nmh determined via say crystallography resulting in a sphetica

CALB molecule of 6nm diamet&t The surface coverage is determined according to

n
%SC= 1001AE Equation 4.1

where %SC is the nominal surface coverage in %, n is the number of moles of eAzisrtage
projected surface area of an enzyme molecule 4namd As is the surface area of the fumed
silica support in has reported by the manufacturer. Both the sphksitape of the enzyme and

the surface curvature of the support caaseial 100% monolayer surface coverage to likely
occur below 100%S@ominal surface coverage. This is exacerbated if the enzyme molecules
deform to maximize enzymsupport interactionsln summary, actual monolayer coverage is
expected below a calculated nominal 100%SC. Multi layer coverage will lead to nominal surface
coverages calculated above 100%SC.

4.3.4 Enzyme Immobilization

Details for thisprocess can be found elsewHéré® In aglass vial crude CALB and
aqueous buffer were mixed under vortexing for about 30 s. After adding fumed silica the
preparations were homogenized by vortexing followed by sonication fioiirlOThe suspension
was then stored a20°C in a refrigerator untfrozen. The frozen samples were lyophilized (48 h

primary drying, 24 h secondary drying, VirTis modetMI®R-TR: Gardiner, NY).

Table4.1 shows the amounts of aquedusgfer and fumed silica needed for the various % SC

preparations.

Our preparations and Novozy#35® are compared here on an equdlPasis. As reported
elsewher®, the fraction of active enzyme in the Novozy35® immobilizate is about 50.3%
(active sitetitration in organic media) The measured initial reaction rates for Novozyme®&435

were corrected to compare with our preparations using the relationship
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Table 4.1. Summary of the amourt of fumed silica and aqueous buffer for the various enzyme preparations. In all cases, the
amount of crude CALB was 5.83 mg.

Target preparations Aqueous Fumed Enzyme Amount of preparation
(% nominal surface buffer [mL ] silica® [mg] concentration containing 35 U (mg of
coverage) [mg/mL] lyophilized preparation)
2 58.3 651.3 0.1 131.4
4 58.3 325.7 0.1 66.3
12 194 108.6 0.3 22.9
17 8.3 76.6 0.7 16.5
50 2.1 26.1 2.7 6.4
100 1.7 13.0 3.5 3.8
150 15 8.7 3.9 2.9
230 15 5.7 4.0 2.3
300 1.2 4.3 4.7 2.0
400 1.2 3.3 5.0 1.8
538 1.1 2.4 5.1 1.7
1250 0.9 1.0 6.3 1.4
2087 0.9 0.6 6.3 1.3
Novozym435® - - - 5.0
#the required amount of FS was calculated as follows:
area FS =3.32 i % SC (1)
amount FS = area FS * (g / 255 2)

where 3.32 rhis the area of 1.17mg enzyme regarding an area of 3.12"xf@nolecule
®the amount of preparation waalculated as follows:

_ UnitsCALB in preparatio 33

_ _ ®3)
gpren Units'g preparatio Unitg/g preparatia

UnitsweighedCALB )
gCALB+gFS

Unit7/g preparatio =
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loplotted= 1o measured0-203 Equation 4.2

where p is the initial reaction rates wmol/s.

4.3.5 Mobile Phase
The mobile phase used for HPLC was a hexane/isopropanol mixture (9:1, v/v). The stock
solution was composed of 3600 raf_hexane and 400 maf isopropanol and stored in amber

glass vessels seal against the open atmosphere.

4.3.6 Analytical Methodsfor Reactions in Hexane

Substrates (dphenylethanol, vinyacetate) and prodts (R1-phenylethylacetate, 9-
phenylethanol) were tracked in the reaction mixture by HPLC. Kinetic parameters are based on
the appearance of-Rphenylethyl acetate. The conversion is defined in terms of a fractional

conversiorc as®”:

c=1—% Equation 4.3

where [R] is moles of R-phenylethanol from analysis, [S] is moles ef-phenylethanol from
analysis, [R{ is the initial amount of R.-phenylethanol in moles, and [S$ the initial amount

of S-1-phenylethanol in moles

4.3.7 Initial Reaction Rates

The enzyme mparation was weighed into i glass vialsTable4.1 shows the needed
weights for he different preparations. 6L hexane were then added. As substrates #8.4
vinyl acetate and 66g (RS}1-phenylethanol were finally added and the time of adding the
reactants was defined as time zero.

The vials were then placed in theubator (30°C, 280pm). 400uL samplesare taken
every 20min with 1 mL gastight syringes and are afterwards directly filtered with syringe filters
prepurged with hexane. 2Qf. are pipetted into 1.BhL HPLC vials with 110QuL mobile
phase. These HPL@als are refrigerated until used.
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4.3.8 Thermal Stability

Temperature stability experiments were carried out with enzyme preparations of
230%SC, 100%6SC, 1206SC, and 264SC nominal surface coverage and for Novozymei3%
measuring the initial reaction rates4&°C, 60°C, and 70°C.

4.3.9 SteadyState Conversion

To determine the steaebfate conversion forward reactions with a reaction mixture
volume of 48 mLwere performed. The amounts of preparations and substrates were properly
scaledup. Preparations with a ram@f nominal surface coverages between %3 and £0SC
were tested. The reactionere tracked by measuring the RB$henylethanol consumption. The
reverse reaction with the 230%SC preparation was performed to check the accuracy of the
steadystate coniion and the experimental procedures.

4.3.10Hexane Storage Stability
Preparations were suspended im& hexane and incubated (26fm, 30°C) for up to 4
days. The substrates were then added and initial reaction rate experiments were carried.

4.3.11 Long-term Stabilty for Storage at 4C
Initial reaction rates of enzyme preparations (17, 4, and 2 %SC) that had been stored dry

for one year at 4°C in glass vials closed with screw caps were determined (see procedure above).

4.3.12Water Content Analysis

The water content of oureaction mixture was measured by coulometric Karl Fischer
titration (Denver Model 275 KF titration module, Model 270 controller, Defwvstruments) of
about 1 mLsamples ta&n with a gas tight syringe (5mHamilton).

Due to the presence of the keto gro(=C=0) in the vinyl acetate, it is likely that
interference with standa Karl Fischer reagents occtirs Karl Fischer reagents
HYDRANAL® -Coulomat AK and HYDRANAL®Coulomat CGK (both Fluka purchased
from SigmaAldrich) were therefore used. Titratiof @ HYDRANAL® Water Standard
(Riedelde Haén, 100mg water/g) in six independent titrations in the same titration module
resulted in an average of 99.6 ppyCHstandard deviation 4.4 ppm).
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Syringes were carefully cleaned and always stored imleasicatar The water
concentrabn in our reaction mixture (6 mhexane, 60L (RS)1-phenylethanol, 45L vinyl
acetate, appropriate amount of CALB/FS preparation) was determined after filteringn(0.2

syringe filters) the homogenized mixtures three times.

4.4 Results ard Discussion
We report the enantioselective catalytic activity of CALB in hexane immobilized on a
non-porous inorganic support that consists of nacale spherical silica particles fused into

necklacelike arrangements (fumed sili¢a)
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Figure 4.1. Time evolution of the fractional conversion of R1-phenylethanol during the
transesterification with vinyl acetate for CALB/FS preparations with different nominal
surface coverages %SC (30°C, 48 ml reactiovolume, 35U of enzyme per preparation):
4%SC (, ), 12%SC (T YSC ()Y 100%SC (r ), 230%S C (6)%SC 400
(B ).Novozym435® during the initial 1.33 hours of reaction (X). Reverse reaction carried

out with 230%SC preparations (-); Solid lines added toguide the eye;y-error bars show

the cumulative standard errors and are obtained from the kinetic parameter calculations.
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The simplicity of the procedure to produce the preparation, the low cost and availability
of the fumed silica (commercially availalideth native and with surface modifications), and the
proven ability to operate the preparation in a packed betihcmus reactor are attractive™

The good match of the conversion (about 7%%gure 4.1) of the forward and reverse
reactions for the transesterification of {Rphenylethanol with vinyl acetate as acyl donor
catalyzed by CALB immobilized on fumed silica in hexane indicatesathaexperimental and
analytical procedures appear consistent. Comparison with the literature confirmshthigrid®
and other organic solvefits® The water content in our reaction mixtures was on average
33+5.5 ppm. This corresponds to a thermaigit water activity @ of 0.38+0.06 assuming a

saturation level of 89.4ppm of water in hexane at the reactioditions®.
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Figure 4.2. Catalytic activity of CALB/FS preparations as a function of the nominasurface

coverage %SC. (06) Enanti os el e-phenylstteenoltimTansest e

hexane. (y) Esterificat i onhexarfe. (-9 Reactioniratel for wi t h
Novozyme435® in the enantioselective transesterification of (RS) 1 gfylethanol; ¢)
represents Novozyme435® in geraniol systemy-error-bars and short dashed lines
represent the cumulative standard error from the calculation of the iniial reaction rates.

(30°C, 6 mLreaction volume, 35U of enzyme per preparation).
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The nitial reaction rates (2 hrs) for different nominal surface coverages show a
maximum at an intermediate nominal surface coverage of about 230F4@Ce(4.2). This
indicates multlayer coverage if the geometry of the enzyme molecule and the available fumed
silica surface assumed in the calculation of %SC is correct. Thismigarsto previous
observation¥” ?* 2° although the maximum occurs at different nominal surface coverages
(discussion below). The best reaction rate doubles that of commercial No48s@non an
equal PLU basis. The different CALB immobilizates on fumed silica all sholedame high

enantioselectivity; >99% (datanshown) as reported by oth&ts

2

Transition regime

nsfer-controlled regime

3

Substrate concentration

Conformatjon-controlled regime

. SIS P2 Ny
ro [wmol*min"*g o

/ [
T f

Nominal Surtace Coverage [%0SC]

Figure 4.3. Schematic of the three regimes controlling the catalytic activity per enzyme
molecule of FS/CALB preparations in fexane: 1. at low surfaces coverages, interactions
with the surface are maximized leading to detrimental conformational changes. 2. at
intermediate surface coverages, a transitional regime where enzyme structure is more
generally maintained. 3. at high surfice coverages multlayer coverage leads to mass
transfer resistance and low apparent catalytic activity per enzyme molecule.
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Based onthe literature and our resulits > 2" 3" 38 we postulate here that three

phenomena contribute to the observedIghtaactivity maximum: 1.detrimental conformational
changes of enzyme moldes upon adsorption on a sdfid?’, 2.beneficial interaction of
adsorbed enzymes with neighboring enzyme molecules at increasingly "crowded" conditions,
and 3. reactant and/orrquluct diffusional limitations due to multayer deposition of the
enzymé” 3" 3 A more detailed mechanistic explanation of each situation is given below and
schematically shown iRigure4.3

Figure4.2 can be interpreted in light of the three effects above. The possible detrimental
structural changes of the enzyme after adsorption on the solid may impact the more sensitive
stereoselective emction more severely than the simple esterification of geraniol. More
stabilization may therefore be needed to reach the maximum reactivity for the more complex
stereoselective catalytic process. This corresponds to a higher nominal surface coveeje need
to reach the maximum reactivity, pointing towards more protein/protein interactions. The decline
in reactivity then follows when increasing multi layer coverage causes mass transfer limitations.

This is schematically shown Figure4.3 where three regimes of surface loading are proposed:

1. Low nominal surface coverage where most enzyme molecules adsorb isolated from each
other thereby promotingonformational changes (by deformation upon multipoint attachment to
the surface). Few active enzyme molecules are responsible for catalysis, which explains the
considerable loss of activity per enzyme molecule in this regime. The presence of this

conformdion-controlled regime has begneviously suggested by oth&s

2. High catalytic activity per enzyme molecule at intermediate surface coverage where
enzymes are likely adsorbed on a previously formed enzyme monolayer and stabilized by

enzymeenzyme inteactions.

3. A high nominal surface coverage regime with multiple layers where diffusional mass
transfer barriers result in a low apparent catalytic activity per enzyme molecule. The existence

of this mass transfarontrolled regine was also suggested pi@usly’’.
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Figure 4.4. Temperature stability of CALB/FS preparations with various surface coverages
(%SC):2%SC ( 3%SC 121 WSC10®WSC2806). Temperdda®ure No
prepar at i oR.gnielfedipase immabjlized in agar organogels based on lecithin,

isooctane as solvent, shown for comparison (Zoumpanioti et al. 2008dlid lines added to

guide the eye;y-error bars show the cumulative standard errors from the Kkinetic

parameter calculdion. (Various temperature, 6 mL reaction volume, 35U of enzyme per
preparation)

Figure4.4 shows the impact of temperature on the catalytic actofityur preparations.
All enzyme preparations show Arrhenitygpe activation from 30°C to 45°C. The%SC
preparation remains at the same albeit low level of activity for all temperatures. This can be
interpreted to support the notion that the enzyme mtdsdn this preparation may have strong
interactions with the support due to the large surface area provided. This enhanced contact is
likely to lead to detrimental impact on the structure (resulting in low activity) but on the other
hand helps to maintaithe integrity of the still active atecules at higher temperaturesThe
12%SC preparation shows a similar progression, however, the denaturing effect of increased
temperature is more pronounced. Thus, after reaching a maximum at 45°C the actiwity deca
continuously.

Higher activity values for the 10SC and 2306SC preparations were observed at all
temperatures exceeding those of Novozgh®. Additionally, the 1006SC shows a 2-fold
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increase in activity from 30°C to 60°C and a precipitous deeréasn 60°C to 70°C. The
activity of the 2300SC preparation, however, increased-fbl from 30°C to 45°C and
remained at the same high level above 60°C indicating that the enzyme localization on the
surface largely prevents thermal damage and the sudsedpreak down of the catalytic
machinery.

In summary, when superimposed; the three effects of denaturation by esaljgne
interaction, stabilization by enzymsmzyme interaction, and mass transfer limitation at multi
layer coverage lead not only to aximum in the activity as a function of coverage but to very
stable conformations that can tolerate relatively high temperatures. This represents a tremendous
advantage from the processing stand point as a number of processes of industrial importance are
preferentially performed at temperatures above the ambient condition.

The temperature dependence B mieheilipase immobilized in lecithin based
microemulsiorbased organogels is superimposedrigure 4.4 for comparisofi. Figure 4.4
shows that these lipase preparations are behaving similarly as the temperature is raised from
30°C to 70°C. This confirms that our system exhibits a similar temperature depgrdethose
reported elsewheté This further supports that our preparatioas activate to a level that is
commonly obtained for the same enzyme immobilized on supports with different chemical and
physical properties.

Figure4.5 shows the storage stability in hexane in terms of the initial reaction rates for up
to 4days. The results for NovozyA85® are superimposed. Lower activities for the fresh
preparations are explained by the fact that separately prepared batches uhitto-batch
fluctuations in catalytic activity were used for the remaining data points. The data clearly shows
that the solvent appears not to affect the subtle enzymatic catalysis for this stereoselective
reaction substantially over the time investigatezte. Unlike our previous work, where the

catalytic mechanism does not require specific

affinity is likely to remain unaffected during cataly$fs®”.
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Figure 4.5. Solvent stability of CALB/FS preparations with various surface coverages

%SC. After 4 days exposure to the solvent, the catalytic activity remains almost unaffected:
400%SC (B), 230%SC ( O0WSC108SC 23). Storage 4d3BRabil it
in n-hexane (X).y-error bars represent the cumulative standard error and are obtained

from the initial reacti on rate calculation. (30°C, 6 mLreaction volume, 35U of enzyme per
preparation).

Table 4.2. Long-term stability (reaction conditions: 30°C, 6 mLreaction volume, 35U of
enzyme per preparation) of various CALB/fumed silica preparations (storage at 4°C,
closed glass vials).

Preparation ro ro Activity retained
[%SC] fresh preparation one yearaged afte;tgrrlaeglgear
[umol*min [umol*min ]
2 0.41 0.37 90 %
0.50 0.35 70 %
12 0.88 0.64 73 %
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Figure4.6 shows the initial and residual activity of our CALB preparations after one year
of storage at 4°C (glass vial, Tefllined screw cap). The activity of the ¥&SC and #60SC
preparations is aut 70% of the initial valuesTéble 4.2). The one yeastored 246SC
preparation maintained over 90% of the same albeit low activity level of the fresh preparation
(Table4.2). As reported by” this can be interpreted as evidence for stabilization due to enzyme
support interactionsThe long term stability is encouraging in redjao practical application of
the preparations.
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Figure 4.6. Long-term stability of CALB/FS preparations with various surface coverages
%S C: (6) fresh pr e paged areparations (storggé aB°Co aosed glassa r
vials). Cumulative standard errors are obtained from the kinetic parameter calculation and
are shown asy-error bars. (30°C, 6 mLreaction volume, 35U of enzyme per preparation)

91



45 Conclusions

We extended the applicability of CALB biocatalysts immobilized on fumed silica to an

enantioselective reaction in hexane. The catalytic activity of the biocatalysts is a function of the

nominal surface coverage %SC by the immobilized enzyme moleculesxifmuma in activity

was found at a nominal surface coverage of approximately 230%SC, which confirms previous

results for a conventional esterification. We hypothesize three different and to some extent

overlapping enzyme surface loading regimes: 1. low nalmsurface coverage where the

surfaceprotein interactions dominate and deactivate many enzyme molecules; 2. intermediate

nominal surface coverage where protpiotein interactions protect the catalytic activity of the

enzyme molecules while access toitiividual active sites is relatively unfettered; and 3. multi

layer nominal surface coverage where enzymes are mass transfer limitations prevail. The

preparation with nominal surface coverages of %SC 100 and %SC 230 showed better thermal

stability at lowspecific catalytic activity which is perhaps due to the remaining active enzyme

mol ecul esd stabi |l i-emayme interactioys. JFhereazynge/fureed rsifica ¢ e

preparation showed very good stability during prolonged exposure to hexane. Refligera

storage of the preparation for one year caused only a 25% of reduction in the catalytic activity.
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CHAPTER -5 Conformational Changesand Catalytic
Competencyof Hydrolases Adsorbing on Fumed Silica: I.

Tertiary Structure

5.1 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
catalytc 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 attieitgh different
relative surfacgrotein and proteqpr ot ei n i nteractions, combi ned
resistance towards unfolding by the enzymes. The kinetics of tertiary unfoldiGgrafida
antarctica Lipase B (CALB), subtilisin Carlsberg and the Lipase fromThermomyces
lanuginosuqTLL) 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
agueous buffer solution, and in the presencehefdtructural modifierg,2,2trifluoroethanol
(TFE) and Dithiothreitol (DTT). The results shown here confirm the earlier speculation that
Ahardo enzymes can perform well at | ow and ir
silica particles untilmlti-l ayer packing i mposes mass transf er
unfold at low surface coverage and therefore show a maximum in catalytic competency at
intermediate surface coverage before declining apparent activity is caused byayeulti

packng.

5.2 Introduction

The synthesis of organic compounds often requiresagoieous media due to solubility
and stability issues, and undesirable side reactions in the presence of weery chemical
synthesis schemes require multiple steps and may intvokre inorganic catalysts as well as
generate undesirable 4pyoduct§ °. One avenue to overcome the issues with chemical synthesis
has been the extension of enzymatic catalysis in agueous mediadguemnus media exploiting

the exquisite regioand serec selectivity of enzymées® *%in addition to the fact that enzymatic
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catalysts are generally renewable and-taxic. However, poor enzyme solubility in solvelits
generally requires to either solubilize the enzyme or immobilize it on a solid $tfppur 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

We have receht introduced an immobilization protocol with an inexpensive
nanostructured suppOft®. Fumed silica is a fractal aggregate that consists of individual
spherical nofporous nanoparticles linked in necklditee structure€”?%. This material has
proven b be an exceptional adsorbent for proteins and polyffférsin our twostep
immobilization protocol, the enzyme molecules are first physically adsorbed on fumed silica in
an aqueous buffer. The adsorbate is then lyophilidéel.have previously considerasdbtilisin
Carlsberg and Candida antarcticaLipase 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 noonagumedia.The maximum
observed catalytic activity in hexane reached or even exceeded commercial immobilizates of
CALB®™®and what has -detinvate de dp Omighdd d CALBiISs f or
a monomeric 317 residue prot&iwith five tryptophan (Trp52, Trp65, Trpl04, Trpl13 and
Trpl55) nine tyrosine, and ten phenylalanine residues, which can be monitored to follow
conformational changés CALB6s structure is st?Abheki zed &
Carlsbergprotein is a single@ypeptide chain consisting of 274 amino acid resitfliasluding
one surface exposed tryptophan (Trpll7) and thirteen tyrosine réSidifesThe Trp
fluorescence o$. Carlsberg however, dominates mainly due to quenching and energy transfer
mechanisni®" *:

We have previously reported on the relationship of surface coverage to apparent catalytic
activity of enzymes immobilized on fumed sift€4®. Thes. Carlsbergexhibited a constant
increase in apparent catalytic activity as more surface areavigl@d per enzyme molecule for
immobilization. This enzyme increase levels off after sufficient area is available for a nominally
Asparseo surface popul ation. CALB, however, S
with steep decreases at both highad lower surface coverage. In accordance with previously
reported observatiols'®, we postulated that this maximum in apparent catalytic activity

corresponds to a surface loading regime at intermediate surface coverage that results from the
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overlappimg of two other surface regimes at high and low coveragdew surface coverage

with opportunities for multpoint attachment of the enzyme on the support promoting
detrimental conformational changes, Il. 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
lll. increasingly multilayer coverage where mass transfer limitations cedthe apparent
catalytic activity with increasing enzyme loading per support area.

The multipoint attachment and deformation under regime |. appears to promote
substantial conformational changes and consequently loss of catalytic activity for CALB.
Prevous investigations have demonstrated that proteins can either deform or maintain their
structure upon adsorption on nanomatetfafsdepending on the chemistry, size, and curvature
of the nanomaterial® the intricate intermolecular forces between theéase and the proteif
and the conformational stability of the prof&irf® A more complete understanding of these
phenomena appears crucial not only for enzyme based biocatalysis but for a number of emerging
fields including nanobiophotonits**ard nanobioelectroniés **

Hitherto, information regarding isitu conformation/structure of immobilized enzyme
molecules remains scaféeA characterization of the folding/unfolding tendencies for enzymes
interacting with surfaces will help to enginestrategies for the development of structurally
stable and highly active biocatalysts for use in solvént§*. Fourier Transform Infrared
(FTIR), Circular Dichroism (CD), Intrinsic FluoresceneeRaman optical activityand Nuclear
Magnetic ResonancgNMR) spectroscopy techniques are the preferred technigques for
conformational assessment of prot&in**°. The intrinsic tryptophan fluorescence has been
described as particularly well suited for characterizing tertiary conformational changes of
adsobed proteins on nanomaterial$™ *® *° 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 CA.B;arlsbergand the Lipasérom 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 stgfaoverage of fumed silica nanoparticles, is

most likely related to the low conformational stability of this enzyme. Converselys.the
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Carlsbergand TLL enzymes appear to be conformationally more stable. Thectiomee 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 sttaty is reactte as
would be expected. f®trr wac tfus @atisbéygasfinfithyrincedever,

unfold gradually before reaching steastgte on fumed silica at both low and high surface
coverages. At equilibrium, all three enzymes exhibited distinctliferédnt 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 moleculesorisoloorated by the spectroscopic
unfolding measurements. Finally, we will also discuss the impact of structure modifiers on the

conformational stability conditions and thereby on immobilization on fumed silica.
5.3 Materials and Methods

5.3.1 Materials

Crude CALB (lyophilized; specific activity of 28U/mg solidand TLL (lyophilized;
specific activity of 1400U/mg solid) webtained fromCodexis Inc. (Pasadena, CAjtored at
4°C, and used a®ceived.TLL is a glycosylated monomeric protein with 269 amino acid
restlues, among them four tryptophafisp89, Trpl117, Trp221, Trp260)™. TLL is used for
the interesterification and hydrolysis\agetable oils and animal fatsSubtilisin Carlsberd EC
3.4.21.14; proteinase froBacillus licheniformisspecific activiy of 8 U/mg solid, fumed silica
(purity of 99.8 wt.%, specific surface area 2B8/g, primary particle diameter-7-50 nm, as
reported by the manufacturer)ultrapure Guanidine Hydrochloride (GdmCI)2,2,2
trifluoroethanol (TFE), and dithiothreitol (DT Werefrom SigmaAldrich (St. Louis, MO), and
used asreceived Glass vials (24 mL scresapped, flabottom) were used to prepare the

enzymefumed silica suspensions.

5.3.2 Unfolding of Enzymes by GdmCI in Aqueous Buffer
The intrinsic fluorescence spectroscomethod to detect unfolding was tested for
reference with the powerful denaturant GdmCI in aqueous buffer solutidoldihg relocates

, 46, 55, 57

Trp residue which is detectable by fluorescence spectroscopy. Crude enzyme was

weighed in a glass vial antb mM monobasic phosphate buffer (0.5 to 4.7 mg enzyme/mL,
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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
five scans wre 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, NG3)2&kxcitaton and
emission bandpasses were set at 5 nm. Maximum emission intepgiiy)(land maximal

emission wavelengthfaxen) Were extracteétom the spectra.
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Figure 5.1. Tryptophan fluorescence spectrum of he unfolding of CALB induced by
Gd mCl i n aqueous buffer s ol ut)i2MnGdmC(, gx) 4AMNat i v e
GdmCl and (*) 8M GdmCI. Enzyme concentration of 0.5 mg/mlLand pH 7.8.

Two phenomena have been identified for globular proteins undergoinglimgfahitiated
by changing from low to high concentrations of GdmCI. 1. DecreasgiiR-and 2. shifting of
Amaxem towards the red through exposuretoé Trp residues to the buffér>® °® Figure 5.1
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
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measurement were detected over 40 minutes. The decrease in the maximum intensity is

attributed to a significant reduction in the quantum yield of the naweasingly exposedrp

§4, 55, 58?

residue while the red (right) shifting is attributed to the increased hydrophilicity of the

environmet surrounding the Trp residués™ 8
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Figure 5.2. Decrease in the maximum emissioimtensity of Tryptophan residues due to
GdmCI induced unfolding. Enzyme concentréion was maintained at 0.5 mg/mLand pH
7.8 in all cases. CALB unfolds to a larger extent when compared with Carlsbergand TLL
which have tightly packed structures.y-error bars represent the standard error of multiple
analyses of identical samples.

Figure52 conf i rms how a denatur ant @a8maawdsi on c
reported in the literature. The impact on CALB is strongest likely due to its low conformational
stability while s. Carlsbergand TLL are less impacted due to their rigid structures. This data
confirms that under the conditions of our aqueous busfdutions, unfolding for the test
enzymes can be monitored by tracking subtle changes in the emission intensity of the Trp
residues. Furthermore, it allowed us to qualitatively rank the test enzymes in order of increasing

conformational stability: CALBs. Carlsberg TLL.
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5.3.3 Unfolded Fraction Inference for GdAmCI Unfolding in Aqueous Buffer Solution
The unfolding data in the presence of GAmCI can be normalized to define an unfolded

fraction (§) as follow$> *8

Equation 5.1

IS _ ISM GdmcCl
¢ —1- A A
Gdmcl IN}\ — [8M deCl)\

wheredsdamci is the unfolded fraction (0, native; 1, completely unfolded).
15, is the emission intensity at a fixed wavelength for enzyme molecule ensembles at any state of
unfolding, I 5 is the emission intensity at a fixed wavelength for ensembles of native enzyme

d8M GdmCl . is the emission intensity at a fixed wavelength for fully unfolded

molecules, an
enzyme ensembles all in aqueous buffer and in arbitrary units (a.u.).

1.2
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Figure 5.3. Normalized fluorescence intensity for the GdmCI induced unfolding o€ALB in
aqueous buffer. The tryptophan emission was monitored at 330 nm. Measurements were

carried out at enzyme concentration of 0.5 mgnL and pH 7.8. Similar calibration curves
were obtained fors. Carlsbergand TLL (data not shown).
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TLL shows the highest resistance to unfolding followedbgarlsbergand then CALB
based on the relative loss @flemfrom native enzyme to 8M GdmCI. This is corroborated by
C A L B 6asticitp &nd molecular dynamisfims opposed to the risgidity
Carlsbergand TLL*! ®° Similar plots were obtained for other enzyme concentrations (data not
shown).In all cases, the enzyme most resistant to denaturation by GdmCI is TLL with CALB
being denatured most easily.

The wavelength was selected as 330 nm for CALB and TLL and as 305 nsa for
Carlsberg These wavelengths were found to produce the best resofati@etecting different
unfolding levels. Thajscamc values showed a linear dependency on the GdmCI concentfation
6 and served as reference to determine the extent of tertiary unfolding in the presence of fumed
silica nanoparticlegFigure 5.3). Similar calibration curves were prepared for other enzyme
concentrations as well as for the other enzymes under study.

No significant changes ifmaxvem Were detected fos. Carlsberg which limits the
application of this approach for monitoring unfolding under the conditions of our buffer
solutions (data not shown).

5.3.4 Baseline for Kinetic Experiments

Buffer only (no enzyme) and nanoparticles in buffer (no enzyme), asasvelhzymes in
buffer were served as the controls at typical concentrations. These solutions showed no time
dependent change in intétysover 40 minutes as expecféd®leading to the conclusion that all
changes with time were attributable to changesth@ enzyme molecules introduced by

interaction of enzymes, nanoparticles, and added chemicals.

5.3.5 Kinetics of Tertiary Conformational Changes of Enzymes Adsorbing/Desorbing

on Fumed Silica

The time evolution of the tertiary conformational changes of enzyntesacting with
fumed silica nanoparticles were monitored by following the emission intensity of Trp residues at
a fixed wavelength. Crude enzymes (i.e., CAkBCarlsbergand TLL) were weighed in a glass
vial and 10 mM monobasic phosphate (adjustedHo7@B by KOH) was added followed by
vortexing for about 30 seconds. Fumed silica was then added and vortexed until visually

homogeneous suspensions were formed (abose®6nds) as described elsewh&f&Table5.1
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shows a summary of the amounts of fumed silica and enzyme used to form the suspensions at the
various nominal surface coverages %SC of enzyme in the final enzyme/fumed silica adsorbates.

The suspensions weetransferred to quartz cuvettes and placed in the spectroflourimeter
which was set at 25°C. The excitation was set at 288 nm and the emission collected at 330 nm
for CALB and TLL and at 305 nm fa. Carlsberg

Table 5.1. Summary of the amounts of fumed silica and enzyme employed to form the
suspensions with different nominal surface coverages. The enzyme concentration for each
suspension was varied from 0.5 mg/mL to 4.70 mg/mL

Mass fumed silica ()

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

* The Nominal Surfac€overage (% SC) was calculated as follows:

Projected area of enzyme molecule .
%SC = Nominal surface area of Fumed Silica 100 Equat|0n5.2
Theprojected area of enzyme is calculated assuming a spherical shape for the enzyme molecules. The diameter of
the enzyme molecules from crystallographic data were 6%, ®® nni®, and 4.2 niff for CALB, TLL and s.
Carlsberg, respectively. The nominal surface area of fumed silica is as provided by the manufacturer: 255m2/g.

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

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

normalized according tBquation5.3* 4@

S 8M GdmCl
—1 Igs A — 1 A .
brs =1- IN;\ _8M deCIA Equation 53

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

les”y 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 nanoparti¢fes is the average
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emission intensity at a fixed wavelength for the ensembles of native enzyme moleculé¥, and
cdmCl, is the average emission intensity at a fixed wavelength for fully unfolded enzyme

ensembles all in aqueous buffer and in arbittamys (a.u.).

5.3.7 Regions of Conformational Stability: 3D Filled Contour Plots

Enzyme solutions of CALB ansl Carlsbergat concentrations of 0.5, 0.7, 3.30, and 4.70
mg/mL were mixed with nanoparticles to form adsorbates with different %SC accordiagléo
5.1. 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 elevatiandifection) of contour plots where theaxis is the
concentration of enzyme in the solution at the beginning of preparing the adsanghthe
horizontal x-axis represents the expected %SC by the enzyme molecules in the obtained
adsorbateg¢Table5.1). Figure5.4 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 CALBsa@hrisberg and
15 points for TLL were used to develop contplots (see below). An inversistance algorithm
(SigmaPlo®) was used to interpolatdzigure 5.4 indicates that at low surface coverage
deformation becomes very sifcant, no matter what the initial concentration to prepare the

adsorbate was. Detailed discussions follow below.
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Figure 5.4. Unfolding data for CALB on fumed silica (z-axis) as a function of initialenzyme
concentration (y-axis) and nominal surface coveragexfaxis). 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 fathe lyophilized

adsorbates.

5.4 Results and Discussion

5.4.1 Deformation of Enzymes during Adsorption/Desorption on Fumed Silica in
Aqueous Solution
Time-dependent fluorescence intensity changes from the Trp residues were used to
monitor the structural alterationrigtics 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 function of time with a combined error of 7%. Error propagation analysis for the

unfolded fraction functiond:s) (Equation5.3) indicates an error of ~2% or equigatly ¢-s +
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0.02.Deviations from the linear behavior and beyond this error limit can be, therefore, attributed

to structural changes
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Figure 5.5. Unfol ding ki nets. Calshagand (APTLL adigoibiBg, on ( T )
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 Ofsg/mL and pH at 7.8.

Figure5.5 compares the time evolution of the unfolding of CAlsBCarlsbergand TLL
in the presence of fumed silica. Here, we explore tertsryctural 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
% In this case, adsorbates formima low surface coverage of 2%SC are shown. The three
enzymes underwent an initial rapid structural change (high irgiialvalues). Those initial
events are thought to occur within a very short timdesoa the order of millisecontfsand
consequentlyannot 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 botp lactoglobulin (1200 mirf} and Cytochrome ¢ (10

min)*° followed by sbwer urfolding. For lysozyme (600 miff} on the other hand, three events
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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 moleculesdergo both unfolding and refolding until
an apparent equilibrium is reached. This might be attributed to the already demonstrated
plasticity/dynamism of this enzyme& CALB&s structure i fstrandsmposed
flanked by tero helices®. Thea5 anda10 are highly mobile regions thought to be involved in
CALB6s molecul ar dynadmi sOALBI6s0 cde rad g ilBa tperdo m

(detected by our technique) is in close proximity to a matileegion.
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Figure 5.6. Unf ol ding ki net s Calsbergand (A JLL &igotbidg of ( T )
fumed silica nanoparticles to form adsorbates with a nominal surface coverage of 100%SC.
Data is normalized with the corresponding calibration cunes and subsequently expressed

as unfolded fraction using Equation 5.3. Enzyme concentration was maintained at 0.5
mg/mL and pH at 7.8.

An alternative gplanation 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 ¢°°%). As opposed to CALB, both TLL arsd Carlsbergshowed no significant fthrer

conformational changes as indicated by essent@hstantg-s values. This is most likely a
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consequence of the stable structures of these two enzymes. In all cases, no significant net
conformational change was observed beyond the initial value.

Figure 5.6 shows that decreasing the amount of nanoparticles to form adsorbates with
100%SC leads to both lower initial and equilibrium deformation for alletterzynes as
reported by othef§ 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 proteiprotein interactions become more dominamd help to stabilize the

protein conformation.
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Figure 5.7. Unfol ding ki net & cCarlsbergand((&) YLL @adrbBd of ( T )
fumed silica nanoparticles to obtain a nominal surface coverage of 44HBC. Data is
normalized with the corresponding calibration curves and subsequently expressed as
unfolded fraction using Equation 5.3. Enzyme concentréion was maintained at 0.5 mg/mL

and pH at 7.8.

The dramatic changes o#s can be rationalized again by the continuous

reorientation/reorganization of the flexible unfolded state of CALB molecules on the surface of
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the nanoparticles. In this case, however, rapitiai unfolding followed by a slower phase was
observed as reported fpactoglobulif®. A significant net unfolding above the initial value was
also observed fos. Carlsberg No significant net unfolding for TLL was observed. The
equilibrium valuesotinf ol ding correlated with the confor
enzymes. AHardo TLL unfolded the | east whil e
The amount of fumed silica added was decreased even further to form adsorbates with
nominal 400%SCFigure5.7). The equilibrium unfolding values for the three enzymes are quite
similar. This further supports the notion that profeintein interaction precludes strucl
perturbations. The unfolding pathways for CALB andCarlsbergshow logarithmic trends over
time. This can be attributed gotwostage model of unfoldirid The unfolding trace for TLL is
essentially horizontal and consequently reflects no signtfisahunfolding with respect to the

initial value.

5.4.2 Regions of Conformational Stability for Enzyme/Fumed Silica Adsorbates

A general view of conformational stability for the three hydrolases adsorbing on fumed
silica was obtained by conducting multiple udfag experiments for various surface coverages
and enzyme concentrations accordind &ble5.1.
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Figure 5.8. Regions of conformational stability for CALB/Fumed Silica adsorbates. The
dotted vertical line at ~200%SC separates two different regions of conformational stability:
Region | delimited by a longdash-dot line where adsorbates exhibit low conformational
stability, and Region IIl delimited by a shortdash-dot line where adsorbates have highly
stable conformations. The presence of these two regions is likely to be responsible for the
observed catalytic activity ¢o) of the lyophilized adsorbates in hexane (set). The low
catalytic activity observed at low %SC can be linked to Bgion I. Even though the
structure is well preserved in Region IlIl, multi-layer packing is likely responsible for
diffusional limitations of catalysis. The maximum in activity between lhose two regions can
be attributed to an optimal arrangement on the surface where the structure is relatively
well maintained without excessive clustering (Bgion I, delimited by a dotted ling).

Figure 5.8 combines the equilibrium values of deformation for CALB. Two different
regions of conformational stability are observed at surface coverage values above and below
approximately 200%SC (vertical dotted line). Adsdelsaobtained at high surface coverages
(i.e., above 200%SC) exhibit highly stable conformations (region Ill). The tertiary structure
remains essentially intact in this region (lighter shading). Below 200%SC (region I), however,
the adsorbed enzymes deforsignificantly (darker areas). Some may even appear to be

completely denatured at very low surface coverages as indicatefisbyalues near unity.
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Region Il is a transitional region. Adsorbates with different %SC have been previously obtained
along the digonal line(Figure5.8).

The catalytic competency of thes@philized adsorbates in hexdhare schematically
shown in the insef(Figure 5.8). The three 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 tlee Shigac
can alter the native conformation especially
catal ytic aartdovierz ywne sl e& dfliftemedidteessrface comepages t
(Region Il) have active enzyme conformations where enzgmagme interactions stabilize even
Asofto enzymes and prevent excessive surface
controlled, Region Ill) high surface coverages where the enzyme molecules are densely packed
in multi-layers on the surface leadingrnassransfer limitation of catalysi&

Unf ol ding f or fhas. Carlsbérgsehoan inFiguee5.9. As inCtiAeL B )
case of CALB,Figure5.9 shows the presence of three zones of conformational stability. but
Carlsbergs hows more resilience against denaturati
denatures strongly. &alytic competency o$. Carlsbergalong the diagonal ifrigure 5.9 is
shown in the insetRigureb5.9) demonst r at is.rCgrlsbergshotvs higih aatalyiithh a r d 0

competency at | ow surface coverage which woul d
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Figure 5.9. Regions of conformational stability for s. CarlsbergFumed Silica adsorbates.
The dotted vertical line at ~200%SC separate two different regions of conformational
stability: Region | and 1l of low and high conformational stability, respectively. In this
case, the catalytic activity o) of the lyophilized adsorbates in hexane (inset) is constantly
increasing. As opposed t&€CALB, only partially unfolded enzyme molecules are present in
the lower part of Region | at low initial enzyme concentrations. This resilience to
denaturation could explain the higher activities observed for lyophilized adsorbates .
Carlsbergat low suface coverages. The same type of lines as thoseFigure 5.8 were used
to delimit the regions of conformational stability.

A similar diagram for TLL is shown irFigure 5.10. TLL exhibits three regions of
conformational stability similar to the enzymes discussed above. In the TLL case, however,
region | has only partially alted enzyme conformations as evident from a maxingggrvalue
of 0.6. This finding further supports the proposed relationship between the inherent
conformational stability of enzyme molecules and their tendency to undergo conformational

changes upon contaeith solid surfaces.
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Figure 5.10. Regions of conformational stability for TLL /Fumed Silica adsorbates. The
dotted vertical line at ~250%SC separates two different regimes of conformational
stability: Region | and Il of low and high conformational stability, respectively. Across the
whole Region | only partially unfolded conformations (g=s ~0.6) were identified, which
confirms the resilience of highly stable enzymes to denature at low surface coverageseTh
same type of lines as those iRigure 5.8 were used to delimit the regions of conformational
stability.

In summary, our findings confirm the critical role that the surface area availability plays
by defining the physical arrangemenf the enzyme molecules on the surface of the
nanoparticles. Additionally, the conformational diagrams introduced here are useful tools that
can be used to design highly active and sta
intermediate surface covgge t o st abilize them and optimize
enzymes perform well already at low surface coverage and only suffer wherdayells are

formed that impede diffusion.
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5.4.3 Impact of Tertiary Structure Modifiers for Enzyme#édsorbing/Desorbing on

Fumed Silica in Aqueous Solution

Tertiary structure modifiers (2,2t#fluoroethanol (TFE) and Dithiothreitol (DTT)) can
be added prior to adsorption on fumed silica to gain more insight into the type of interactions
predominating dring 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
adsaobates with a 100%SC is shown kigure 5.11 panel A Addition of TFE to boths.
Carlsbergand TLL resulted in increased initial values of deformation (data in teenab of
TFE is superimposed figure5.11 panel A).The shape of the absorbance changes for these two
enzymes were similar to those in the absence of TFE, i.erjttoga for s. Carlsbergand linear
for TLL. Overall, the extent of denaturation substantially increased over the initial values (40%
and 30% fors. Carlsbergand TLL, respectively). This most likely indicates that the disrupting
intramolecular contacts ben denaturation, suggesting that these contact regions are responsible
for stabilizing the structures of these two enzymes.

The initial impact of TFE on CALB unfolding was essentially negligible and some
refolding is observed, likely due to the differenintent of groups in CALB that interact strongly
with TFE.

The presence of DTT showed no significant impact on the-¢onese and extent of
unfolding fors. Carlsbergand TLL (Figure5.11 panel B).This is most likely due to the absence
of thiol sensitive disulfide bonds. CALB, on the other hand, contains-&fTiEitive disulfide
bridges and showed decreased initial and equilibrium unfolding vafigsré 5.11 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 aaue|yltion
less opportunities for continued unfolding. This could also explain why the observed DTT
di srupted CALB wunfolding pathway resembles 1t}
regions suitable for interaction with the surface is therefore lifcebccur more gradually in the

presence of DTT.
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Figure 5.11. 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, (A) s. Carlsbergand (p ) TLL. Data for unfolding in the absence of modifiers is
superi mposed for ¢ omg Garlshergum (A) TLIG Lom@oAdntB were( 1 )
mixed to form a nominal surface coverage ofl00%SC. Data is normalized with the
corresponding calibration curves and subsequently expressed as unfolded fraction. Enzyme
concentraion was maintained at 0.7 mg/mLand pH at 7.8.



5.4.4 Regions of Conformational Stability for Enzyme/Fumed Silica Adsorbatethi@
Presence of Structure Modifiers
Figure5.12 panel Apanel A shows that the region Il originally observed for CALB was
destabilized by TFE. It is likely that gips 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 @igEeS5.8).
Figureb.12panelBs u mmar i zes the i mpact of DTT on C.
disul fide bridges are disrupted, CALBGs structu
regions are exposed. The extent of unfolding in the lower part of regions Il and Il (i.e., below
2.5 mg/mL and surface coverages above 100%SC) remains low. Tildssopport the argument
that the DTTFinduced destabilization of CALB may possibly be compensated by interactions
with the neighboring molecules. This further supports the idea that ppotagin interactions
outweigh proteirsurface interactions in rem Ill.
As the enzyme concentration increases, the extent of unfolding also increases at both low
and high surface coverages (upper part of regions | and IHigore 5.12 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.
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Figure 5.12. 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 IIl exhibits a higher unfolding in the
presence of TFE. The extent of unfolding in Bgion | decreased in the presence of TFE. The
addition of DTT resulted in a substantially large Region Il for low %SC and low
concentrations. The same type of ies as those inFigure 5.8 were used to delimit the

regions of conformational stability.
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Figure 5.13. Impact of tertiary structure modifiers on conformational regions of s.
CarlsberdFS adsorbates. This was tested by forming buffered suspensions with (A)
30%(v/v) TFE and (B) 0.5 mg/mL DTT. As in the case of CALB, TFE promoted a higher
unfolding in the previously identified Region Ill. The maximum extent of unfolding in
Region | decreased too. The addition of DTT showed no significant impact on the tertiary
structure of s. Carlsberg The same type of lines as those Figure 5.8 were used to delimit
the regions of conformational stability.
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A similar study with structural modifiers was conducted dorCarlsberg Figure 5.13
panel Ashows that as in the case of CALB, the exposure of hydrophobic groups leads to a
substantial loss of conformational stability fer Carlsbergin region Ill. Due to the tightly
packed and urédfsaa Callshergshte expasure of hydrophobic groups is rapid. This
led to a relatively higher net unfolding than that observed for CALB in this region. Below
100%SC in region I, 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 expe
rapidly attached to the abundant solid surface area providedisinreagion. No additional
opportunities are present that would allow for further unfolding. The case ofifdilited
conformational changes far Carlsbergis very different. Due to the lack of open moieties on
the structure suitable for reduction, no magbanges are observed in the presence of DTT and

the regions of stability remained essentially unaffe(fegure5.13 panel B).

5.5 Conclusions

We have shown evidenceaththe 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
inherentonf or mati onal stability and dynaAnlows of t
%S C, the unfolding pathway of CALB, a Asofto
unfolding/refolding events. This was attribu
fluctuati ng s CarlsbergandrTEL, in comrast, dxbibited approximately linear
unfolding with time which was attributed to their higher inherent conformational stabilities.

When moving to high %SC, the unfolding pathways exhibited fewsstuations due to
stabilizing proteirprotein interactions.

Three regions of conformational stability were identified for the three hydrolases at
steadystate with the aid of 3D conformational diagrams: I. a region at low % SC where
adsor bat e sLBexhibitddslawfcanfdrmaidnal stability most likely due to mupgint
attachment to the surface, Il. a region of transitional stability at an intermediate %SC
(~200%SC), and lll. a region of high stability at high %SC where prpi@tein interactions
exert a stabilizing effect. These regions correlated well the observed apparent catalytic activity in
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hexane. The low stability region correlated well with poorly active preparations due to
denaturation for Asoft o CALBalinachviy, andtherhggh t i on a
stability region with low CALB catalytic activity due to matsansfer limitations. In the case of

A h a s. Carlsberg resilience to denaturation at low %SC when compared to CALB explained

the constantly increasing appareatatytic activity observed in this surface loading regime.

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
stabiizehe structure in the fAcrowded surfacedo Re
Region I, the maximum extent of unfolding for both CALB andCarlsbergwas reduced. This
was explained by lower content of interacting groups for CALB and by a rapid attachment of the
rigid unfolded state fos. Carlsbherg The addition of DTT to CAL
showed no significant impact in the unfolding levatstihe lower part of region Ill, which
confirmed that proteHprotein interactions outweigh surfapeotein interactions in this region.

Upon DTT-induced disruption, Region | showed less unfolding most likely due to a gradual
attachment of the very flexiblenfolded state of CALB. This was corroborated with unfolding
pat hways that resemble those of fAhardo enzyme

The complex enzyme/solid interactions in regard to catalytic activity that were
investigated here can be used to rationalize and optimize cataiyisienzymes in solvents. The
conclusion t hat for Asoft o enzymes there i S

i mmobilization while there is not for inhar do
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CHAPTER -6 Conformational Changesand Catalytic
Competencyof Hydrolases Adsorbingon Fumed Silica: Il.

Secondary Structure

6.1 Abstract

Secondary conformational analysis via Circular Dichroism (CD) and AimkddR was
applied to preparations @andida antarcticaLipase B (CALB),subtilisin Carlsberg and the
Lipase fromThermomyces lanigpsus( TLL) on fumed silica to conf
packing density of the enzymes on the solid silica nanoparticle surface can be used to rationalize
the surprisingenzymé e pendent changes of catalytic compe
enzymes should be immobilized at a surface coverage where eemgyree interactions
prevent detrimental structural changemused byenzymes u p por t Il nteractions
enzymes can be immobilized at low to intermediate surface coverage with g@bgtica
performance. Multlayer coverage reduces the superficial average catalytic performance in all

cases due to mass transfer limitations.

6.2 Introduction

Enzymes in noraqueous media are an alternative avenue to conventional chemistry for
the productiorof numerous compounds of commercial intéf€'stThe exquisite selectivity and
stereoselectivity of enzymes is well recognized. Some additional advantages of enzymatic
catalysis in noraqueous media include increased solubility and stability of reactaris

4222 reduced complexity for downstream recovery of products and ehZ§imand

product
improved sterility”?2. However, enzymes are essentially insoluble in organic solvents that do
not denature thefi?®. Various strategies have been attempteoviErcome this major limitation
including the incorporation of lycand cryeprotectants” 2 encapsulation in reverse miceffés

%0 lyophilization in the presence of nduffer salts (termed sadtctivation)® 3. and
immobilization on micre and nanesized organic and inorganic materfal$* 2% 3% 33 These
immobilizates are often costly due in part to expensive solid supports which ultimately limits

industrial applications of neaqueous enzymatic cataly$is>



We haveémmobilizedenzymes oriumed silica, an inexpensive nanostructured support
%% to tackle the cost issue while maintaining or increasing catalytic effici€urged silica is a
fractal aggregate with largspecific surface area (up to 500%y) formed by the fusion of
individual nanoparticles of approximately -BD nm in diametéf®, Fumed silica has been
successfully used for adsorbing a wide variety of compounds ranging from polymers to

proteing®*?

. Our protocol exploits these unique adsorptive properties using estépo
immobilization strategy. The enzyme molecules are first adsorbed on the nanoparticles from
agueous solutioandthen lyophilized to obtain the adsorbates. Tyjophilized nanobiocatalysts

are then readto-use in noraqueous media. Our protocol has beencassfully applied to
subtilisin Carlsberd™ ®and Candida antarcticaLipase B (CALB¥* due to their importance as
biocatalysts in industry.

The maximum observed apparent catalytic activity in hexane reached or even exceeded
those obtained with commeatipreparations of CALBand what has been termed sadtivated
for s. Carlsberg CALB a monomeric protein with 317 amino acid residaed belongs to the
family of globulara/p-hydrolaselike fold enzyme® 4 C AL B 6 s costains7ucentralipr e
strands flanked by 1@.-helice$® ** In particular,a5 anda10 are found to be extremely mobile
regions that are loosely associated with the rest of the strifctlités confers a plasticity and
dynamism thought to be responsible for broadening its subspetificity® *”. Four disulfide
bridges help to s t%aThdsl GarskeergedzymeBid & singlet polypeptide r e
chain enzyme with 274 amino acid residaesitwo o/ domainsthatare composed of central
B-parallelstrandslankedby 5 a-helices*.

The apparent catalytic activity in hexane for our preparations was found to depend
strongly on the nominal surface coverage (%SC) of the enzyme moféctfieSurprisingly,
enzyme activity levels amissimilarfor s. Carlsbergand CALBat comparable surface coverage
Apparent catalytic activity increasesth increasing %SG@or both enzymesCALBGO s appar e
catalytic activity attains a maximum at an intermediate %SC and then steeply deungases
decreasing %SCOnN the other hands. Carldbergd semainshigh even at low %SC. This
behaviorhas been explained by us and others in light of three regimes of surface loading as
follows: I. a low surface coverage regime where enough surface area is provided for the enzyme
molecules, therefore, mawrizing the opportunities for mupoint attachment andetrimental

spreading. This will promote substantial conformational changes and a decrease in flexibility
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which in turn leads to loss of activity, Il. an intermediate surface coverage regime where the
enzyme molecules are less dispersed thus affordergeficial interactions with neighboring
moleculesalong with surface interactiote maintain a high population of active conformations,
and IIl. a multi layer coverage regime where the enzyme moleanesiggregatetiut mass
transferdimitations reduce the availability of substrate molectidetbe catalytic sites

Integrating proteins with nanomaterials has gained popularity as this approach provides
an avenue for developing new materials weiiplications inields as diverse as biomediciig',

8% %25 and bioelectrochemistty One of the major challenges is to

biosensors and bitextronic
preserve protein functi@lity in the final biomateri&? °>”. This can be achieved by developing
stategies to enhance the conformational stability of the adsorbedngtdtd? Numerous
studies have described the crucial role of surface chemistry, size, and curvature of the
nanomaterials in the conformational stipiof the immobilized proteing® °#®3, Recent reports

have proposed that considerable attention should also be given to characterizing the different
intricate surfacerotein interactios during the adsorption proc&s§* %

Quantifying conformational perturbations for proteins intined on solid supports is
challenging due to the scarcity of tools for direct interrogation of the molecular rearrangements
associatd with structural fluctuatioi$ The most popular approaches incliaerrier Transform
Infrared (FTIR), Circular Dichoism (CD), Intrinsic FluorescenegcRaman optical activityand
Nuclear Magnetic Resonanc@\MR) spectroscopies. CD and FTIR have been particularly
useful to collect secondary structural information for both proteins in solution and immobilized
on solidmaterial§® ®3 %¢7%_ CD spectroscopy relies on the different response of chiral secondary
structural components to circularly polarized I{ght® Therefore, CD can be successfully
applied to estimate the individual contributionsxelielical, B-sheet and less ordered secondary
structural components. FTIR can be also exploited for the analysis of secondary structure of
proteins, principally, by observing changes in the amide absortidie amide group exhibits
9 vibrational modes that give rise &mide bands A, B, andVll’" ® The preferred spectral

178 and amide 11" 8

components for secondary analysis are, however, aniidaride |
due to the simplicity for analysis. Amide | has attracted the most attention due to its ihcrease
sensitivity towards conformational changes in thecondary arrangement of thgrotein

backbon&" ® This has allowed extensive use for secondary structural analyses of proteins

including folding, unfolding, and aggregatfi®. The main challenge fahe analysis is posed
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by the overlapping of the individual structural compon&ni&wo strategies have been applied to
overcome this issue, thereby allowing the extraction of quantitative information from the
spectrum: (i) resolution enhancemie(also cHed bandnarrowingf®'%* followed by curve

102.1933nd (ii) deconstruction into basis spectiighva reference calibration $&t ' Here

fitting
we applied second derivative of the amide | band as resolution enhancement method to identify
the dominant secondary structural components.

Secondary conformational stability studi
on solid fumed silia nanoparticles are performed here for both enzyme adsorbates prepared
from aqueous solution, and the resulting preparations after lyophilization. In both cases, the
impact of varying the surface coverage by the enzyme molecules is evaluated. Pertorbation
the intramolecular hydrogen bonding sustaining the secondary structattabliment of the
enzymes tdhe nanoparticles was inferred from CD spectral information after normalizing with
respect to the native state in solution. Three regions of secocalaigrmational stability were
visualized as a function of the surface coverage which correlated well with those observed
previously from tertiary structural analyses. The analysis confirmed also that as opposed to
Ahar do enzymes, A s o f ked tenéency yomaesatures twhenv sufficientna r
opportunities for surface interaction are providédis can however be counteracted by
providing enzymeenzyme interactions at higher surface covera§ésicture modifiers were
added to further probe the types inferactions prevailing in each region of conformational
stability of immobilized enzymesThe amide-FTIR analyses in the lyophilized state confirmed
alteration on the secondary structure in the low surface coverage regime and showed that
applying our potocol apparently does not introduce additional perturbationthe secondary
structurerelative tothose already present in theative lyophilized preparationThe FTIR
analysis for lyophilized preparations obtained under crowding conditibssirface overages
below 100%SC and initial enzyme concentrations above 3.0 mgievealed major
conformational changes apparently triggered dssociatiorinduced structural transitions
Emerging applications in nanobiotechnology where preserving protein confonadagtability is
a major issue are expected to be highly beneficiated from the approach discussed here.
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6.3 Materials and Methods

6.3.1 Materials

Crude CALB (lyophilized; specific activity of 28U/mg solidand TLL (lyophilized;
specific activity of 1400U/mg sol)dvereobtained fromCodexis Inc. (Pasadena, CAtored at
4°C, and used a®ceived.TLL is a glycosylated monomeric protein with 269 amino acid
residues, containing eight centfakheets (predominantly parallel) flanked by 5 interconnecting
a-heliced® %1% TLL is used for the interesterification and hydrolysis of vegetable oils and
animal fats'®® Subtilisin Carlsberg(EC 3.4.21.14; proteinase frofacillus licheniformis
specific activity of 8 U/mg solid fumed silica (purity 009.8 wt.%,specific surface area 255
m?/g, primary particle diameter-7-50 nm, as reported by the manufacturettyapure Guanidine
Hydrochloride (GdmCI),2,2,2 trifluoroethanol (TFE), and dithiothreitol (DTTyvere from
SigmaAldrich (St. Louis, MO), and used asceived Glass vials (24 mL scresapped, flat

bottom) were used to prepare the enzforeed silica suspensions.

6.3.2 Circular Dichroism Conditions to Monitor Unfolding

Unfolding was monitored in a cylindrical quartz cuvette (1 cm pathlength) by collecting
the far-UV CD spectrum from 190 nm to 300 nm every 0.2 nm with 2 nm bandwidth and at a
scan speed of 50 nm/min (Jasec@2D spectropolarimeter, Jasco Spectroscopic Co., Hachioji,
Japan, room temperaturelhe simple poirby-point average of three consecutivall
wavelength scans is reported here. A baseline for the buffer was electronically subtracted from
each enzyme spectrum (after averaging). The CD signal at 222 nm was extracted from the

spectra

6.3.3 Enzyme in Aqueous Buffer SolutianUnfolding by GdmCl/Ureaand Unfolded
Fraction Tracking by CD
When proteins undergo unfolding, the-helical content decreases, which can be
monitored by trackig the CD signal loss at 222 ff* The GdmCl/Ureanduced unfolding of
the three hydrolases in aqueous buffer satuivas normalized based on the degree afadipss

at 222 nm according %6 %
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_ CDSzzz - CDszz
Poamer = —CDN,,,

Equation 6.1

wheredcdamci is the unfolded fraction (0, native; 1, completely unfolded).

CD>,xis the CD signal at 222 nm for enzyme molecule ensembles at any state of unfolding, and
CDM ,2is the CD signal at 222 nm for ensembles of native enzyme molecules both in aqueous
buffer solution and in millidegrees (mdeg).

The ability of CircularDichroism spectroscopy (CDS) to detect unfolding was tested for
reference in aqueous buffer with the powerful denaturants GdmCI and Urea. Typically, the
helical content decreases upon exposure of the enzyme to these denaturants while Both the
sheet ad random coil contents incredée” which is detected by CDS due to its sensitivity to

subtle changes in the secondary structure.

CD [mdeg]

Wavelength [nm]

Figure 6.1. CD spectra for native enzymes in aqueous buffer at an enzyngencentration of

0.7 mg/mL.CAL B §. &arlsberg( 3 ) , TLL (¢&) . The signal at
baseline to estimate thex-helical content in the presence of denaturants. Similar plots were
obtained for enzyme soltions with other concentrations
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Crude enzyme solution was made (0.5 to 4.7 mg enzyme/mL in 10 mM monobasic
phosphate buffer, adjusted to pH 7.8 by KOH). GdmCI with final concentrations in the range of
1M to 6M was added followed by vortexing for about 30 seconds. Buffer solutions with final
Urea concentrations from 1M to 10 M were produced and analyzed in the same manner. The
solutions were transferred to the CD instrument for anallygisire6.1 shows ypical CD spectra

for the three hydrolases in aqueous buffer solution about 30 seconds after the denaturant was

added.

1.2
1r +
% +
0.8 | jr
0.6
¢deCI
[] o4
0.2 ﬂ
0 1
012/2/2/8 88 E¢8Q8ane
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— | N | < | © —A | N | < | ©
CALB s. Carlsberg TLL

Figure 6.2. Chemically-induced unfolding of enzymes. Equation 6.1 was employed to
compute the unfoldedfraction based on signal loss at 222 nm. The unfolding pathways in
the presence of denaturants are similar to those reported previously based on imtsic
fluorescence spectroscopy. The relatively modest unfolding far. Carlsbergand TLL after
an initial unfolding can be attributed to their high conformational stabilities.

TLL and CALB show unfolding with increasing concentration of the denatuFagre
6.2). The much more pronounced magnitude of unfolding for TLL compared to CALB at low
Gd mCl concentrations nmahelicdse . atCAL B-Belicesd™ust o TLL

more denaturanis initially required per CALBmolecule to promote unfolding. The modest
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increase in TLL6s unfolding at higher GdmCl
its high conformational stabilityS. Carlderg shows significant resistant to unfolding (low
magnitude) and a reversal of the trend at high denaturant concentrations perhaps due to the

Y% nzyme

higher energy penalty associated with intrddg the urea into a very rigid h ar d 0
Similar experimerg for different enzyme concentrations (not shown) confirm trends and

magnitudes ifFigure6.2.

6.3.4 Enzyme Adsorbed: Secondary Conformational Changes of Enzymes Interacting
with Fumed SilicaNanopatrticlesin Aqueous Buffer Solution
Secondary conformational changes of enzymes interacting with fumed silica
nanoparticles were monitored by following the loss of CD signal at 222 nm. Previous studies
have shown that the CD sigrialnot significantly scatteredylthe presence of nanopartides?
73
CD data at 222 nm (or alternatively 235 nm doCarlsbergadsorbates at initial enzyme
concentrations of 3.3 mg/mL and above, see discussion for explanation) were normalized based

on the detee of signal loss according’to™

Equation 6.2

Prs

_ CDFSSZZZ - CDNZZZ
B _CDNZZZ

wheredrs is the average unfolded fraction for enzyme ensembles in the presence of fumed silica
nanoparticles (0, native; 1, completely unfolded).
CDes>2»is the net average CD signal at 222 nm of enzyme molecule ensembles interacting with
fumed silica at any state of unfolding in millidegrees, @ml'»,,is the average CD signal at 222
nm for ensembles of native enzyme molecules both in aqueous buffen andlidegrees
(mdeg).

Crude enzymes (i.e., CALB, Carlsbergand TLL) were weighed in a glass vial and 10
mM monobasic phosphate buffer (adjusted to pH 7.8 by KOH) was added followed by vortexing
for about 30 seconds. Fumed silica was then added falldme vortexing until visually
homogeneous suspensions were formed (abowe86nds) as described elsewheré Table

6.1 shows a summary of the amounts of fum#idesand enzyme used to form our suspensions
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at the various nominal surface coverages %SC of enzyme in the final enzyme/fumed silica

adsorbates. The suspensions were transferred to the CD instrument for analysis.

Table 6.1. Summary of the amounts of fumed silica and enzyme employed to form the
suspensions with different nominal surface coverages. The enzyme concentration for each
suspension was varied 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

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

__ Projected area of enzyme molecule .
%SC = Nominal surface area of Fumed Silica *100 Equation6.3
Theprojected area of enzyme is calculated assuming a spherical shape for the enzyme molecules. The diameter of
the enzyme molecules from crystallographic data were 674, B0 nni®, and 4.2 niff for CALB, TLL ands.
Carlsberg respectively. The nominalrface area of fumed silica is as provided by the manufacturer: 255m2/g.



6.3.5 Regions ofSecondaryConformational Stability: 3D Filled Contour Plots
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Figure 6.3. Unfolding data for CALB on fumed silica (z-axis) as a function of initial enzyme
concentration (y-axis) and nominal surface coveragexfaxis). These data will be shown in
3D contour plots to identify regions of conformational stability and to subsequently
correlate them with surface loading regimes prewusly postulated for the lyophilized
adsorbates. This approach was introduced in thprevious chapterusing tertiary unfolding
data.

The values of unfolding tracked by changes in the CD signal at 222 nm (as a function of

total enzyme molecules presentpgmsitions sed@able6.1) for each enzyme are plotted as the
elevation g-direction) of contour plots where theaxis is the concentration of enzyme in the
solution at the beginning of preparing the adsorbate and the horizeatéd represents the
expected %SC by the enzyme molecules in the obtained adsorattes5(1). Figure6.3 shows

the unfolding data for CALB on fumed silica as an example to introduce this type of plot. A total
of 20 data points were used to develop contour plots (see below). An HohEtesgce algorithm

(SigmaPlo®) was used to interpolatézigure 6.3 indicates that at low siace coverage
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unfolding becomes very significant, no matter what the initial concentration to prepare the

adsorbate was. Detailed discussions follow below.

6.3.6 FTIR Analysis of Lyophilized Adsorbates

The adsorbates at the various %SC were placed in a refageta20°C for several
hours until frozen. These preparations were then transferred to a lyophilizer where most of the
water is removed by sublimatioover approximaely 72h as described elsewtéré® The
lyophilized powders are removed and stored°& for secondary structure analysis with FTIR.
Samples of approximately 0.5 mg were placed in a Spectrum 100 Fourier Transform Infrared
Spectrometer (FTIR) (PerkinElmer, Waltham, MA). Absorbance IR spectra were collected from
2000 cm' to 700 cn. The rgorted spectra were an average of 10 scans at'‘2esolution. All
spectra were corrected by the automatic subtraction of water vapor and carbon dioxide using the

Atmospheric Vapor Compensation (AVC) algorithm incorporated in the instrument.

6.3.7 Second Deriative Spectral Analysis of Lyophilized Adsorbates

The conformational state of the immobilized enzyme molecules previous to their
incorporation in the reaction media was accomplished here by deconstructing the information
contained under the amide | regiohthe IR spectrum. The resolution of the original IR spectra
was enhanced by taking the second derivative. This approach has been reported to narrow the
half-bandwidth of the Amide | without losing the band frequencies and relative contributions o
the stuctural components % %13 The generated peaks were then assigned to secondary
structural components according Table 6.2°" *3*"_ The derivative was tzulated with the
Savitsky Golay method 4" grade polynomial,13 smoothing poinis and baseline corrected
using EssentialFTIR v.150.250.



Table 6.2. Band assignments for proteins in the infraredamide I region of the spectrunt*®

Wavenumber [cm™] Assignment

16201628 Intermolecula} aggregates
16291632 B-sheet

16361640 B-sheet, antiparallgl-sheet
16451657 Disordered

16481652 a-helix

16551658 a-helix

16681674 Turns

16811683 Turns

16841696 B-sheet

Table 6.3. Band assignments for CALB in the infrared amide | region of the spectrunt*®

Wavenumber [cm™] Assignment

1622+3 Intermoleculaf} aggregates
162#3 B-sheet

1636+3 B-sheet, antiparallgl-sheet
16433 Disordered

1660t3 a-helix

16743 Turns

169G+3 B-sheet

To determine the major secondary structural components for CALB and its preparations,
a sample of crude lyophilized enzyme was interrogated with the FTIR.spb&etrum was
collected 3 times and the second derivative calculated as described above. This analysis revealed
that 16663 cmi' and 163%3 cni® were the dominant bands. Less intense bands were also
detected at 16968 cmi*, 16773 cm’, 16423 cmi*, 16273 and 1®2 +3 cmi'. The assignment

to secondary structural components was prepared with the reported valledsesf.2 and is
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summarized inTable 6.3. These assignments agree well with a recent report for CALB

immobilizedon titania®®,
6.4 Results and Discussion

6.4.1 Unfolding of Enzymednteracting with Fumed Silica in Aqueous Solution

Figure6.4 panel Ashows a comparison of the CD spectimnaqueous buffer solution of
native CALB with those of the enzyme in the presence of fumed silica nanoparticles at different
surface coverages (%SC). The results indicate that, at lower loading valuealeal content
decreased as evidenced frora tbss of signal at 222 nm. Based on secondary structuesiana
with CD, Wu and Narsimhdh recently reported a similar loss ofhelical content when
lysozyme was absorbed on 90 nm diameter colloidal silica nanoparticles at low surface
concentrations. His is also consistent witthe findings of Vertegel et at° for lysozyme
adsorbing on 20 nm diameter colloidal silica nanopatrticles.

We previously identified substantial unfolding at low %SC with intrinsic fluorescence
spectroscopy analysis. This wattributed to a facilitated adsorption pathway where sufface
protein interactions most likely lead to the observed conformational changes. This tendency of
enzymes to undergo orientational or conformational changes to maximize <andtaa
interactions ks been recently reconciled using FRET imadffigThe tertiary conformational
analysis also revealed that an increase in the initial enzyme concentration resulted in an even
higher extent of unfolding at low %SC.

Panel B inFigure 6.4 confirms a similar trend for the secondary structure. In fact, when
the initial enzyme concentration is increased, a substantial lesfi@lical content with respect
to the nativeenzyme is clearly observed. This suggests that structural perturbations leading to
disruption of the optimized hydrogen bond network associated to the secondary structure is

favored in crowded adsorption environments.
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Figure 6.4. CD spectra for CALB adsorbing on fumed silica nanopatrticles at different
%SC and at initial enzyme concentrations of: (A) 0.7 mg/mL and (B) 3.3 mg/mL.Aj

Native, (06) 2%SC, (3) 10 @al%SGi222nf)is higheroagsb@SC .

%SC for both low and high enzyme concentrations. This was attributed to reduced-
helical content. These results support the notion that increased surface interactions may
lead to substantial conformational changes.
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Figure 6.5. CD spectra fors. Carlsbergadsorbing on fumed silica nanopatrticles at different
%SC and at initial enzyme concentrations of: (A) 0.7 mg/mL and (B) 3.3 mg/mL.Aj

Native, (06) 2%SC, (3) 100%SC, (&) 400%SC.

higher at low %SC for the two concentrations under consideration. This was attributed to
a reduction in the a-helical content due to conformational changes upon contactith the
surface.
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Figure6.5 compares the CD spectrum in aqueous buffer solution for nati€arlsberg
with those in the presence of fumed silica nanoparticlesfatetitt %SC. As for CALB, a loss of
a-helical content was detected. It appears, however, that an even higher structural perturbation
occurs fors. Carlsbergat 2%SC. This could be attributed to a different natéveelical content,
given that there are & helices fors. Carlsbergas opposed to 14 helices for CALB.Panel B in
Figure 6.5 shows two different aspects in the CD spectra when moving to higher initial enzyme
concentrations. First, the presence of a minimum in the spectrum at around 235 nm, and second a
significantly higher loss in the-helical content compared to low enzymencentrations. The
minimum at 235 nm has been previously reported and was ascribeldelical component¥™.
Loss in signal at this wavelength can also be attributed to unfolding events. Further analyses
involving s. Carlsbergat enzyme concentrations &3 mg/mL and higher took this into account.
Figure6.6 superimposes the CD spectra in aqueous buffer solution for native TLL and in
the presence of fumed silica different %SC. Panel A shows the case of low initial enzyme
concentrations. As for CALB amsl Carlsbergthe nanoparticles appeared to be responsible for
decreasing the-helical content when abundant surface area is provided for interaction, i.e., at
low %SC. When the initial enzyme concentration is increaségue 6.6 panel B), a lower
extent of unfolding was detectéldan those observed for bathCarlsbergand CALB. This is
most likely due to the high conformational stability exhibited by this enzyme.
In all cases, adsorbates obtained at high %SC exhibited highly stable conformations. This

supports the idea that protganotein interactions preclude structuratfurbations.
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Figure 6.6. CD spectra for TLL adsorbing on fumed silica nanoparticles at different %SC
and at initial enzyme concentrations of: (A) 0.7 mg/mL and (B) 3.30 mg/mLAj Native,( 0 )
2 %S C, ( 3) 100 %SC, (&) 400 %SC. At | ow enzyme
loss of signal at 222 nm for 2%SC and 100%SC. When the enzyme concentration is
increased, there is no significant loss of signal for 100%SC and 400%SC. This is most Ijke
due to TLLG6s conformationally stable structur
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6.4.2 Regions of Conformational Stability for Enzyme/Fumed Silica Adsorbates
A general view of secondary conformational stability #or Carlsbergand CALB
adsorbing on fumed silica was obtained by conductindtiples unfolding experiments for

various %SC and initial enzyme concentrations accordifigiibe6.1.
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Figure 6.7. Regions of secondary conformational stability for CALB/Fumed Silica
adsorbates. The dotted vertical line at ~250%SC separates two different regions of
conformational stability: Region | delimited by a longdashdot line where adsorbates
exhibit low conformational stability, and Region Il delimited by a shortdash-dot line
where highly stable enzyme ensembles are adsorbed on the surface. The presence of these
two regions is likely to be responsible for the observed catalytic activityrd) of the
lyophilized adsorbates in hexane (inset). The poor catalytic competency observed at low
%SC can be linked toRegion | while low activities at high %SC are linked toRegion llI
where catalysis is severely reduced by mass transfer limitations. 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 clusteringRegion I,
delimited by a dotted line). A very similar conformational diagram was previouslyfound
from intrinsic fluorescence spectroscopy experiments.

This approach was successfully applied previously to identify three regions of tertiary

conformational stability from intrinsic fluorescence spectroscopy experiments for the same
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hydrolases adsbing on fumed silica in aqueous buffer solutions. These regions correlated well
with the catalytic competency of the lyophilized adsorbates measured in hexane. The secondary
structure of globular enzymes is assembled with the aid of a strong and wetidohyerogen
bonding network along the enzyme backbone. A major disruption in it requires structural
perturbations to be stronger than those required for the tertiary structure. The conformational
maps shown below helped to determine whether the strugiaralrbations introduced upon
adsorption on fumed silica can impact the intramolecular hydrogen bonding associated with the
stability of the secondary structural topologies.

Figure 6.7 combines the unfolded fractions of CALB adsorbing on fumed silica
nanoparticles in a conformational stability diagram. Two different regions of conformational
stability are observed at surface coverages above and below approximatel@588sorbates
obtained at high surface coverages (i.e., above 250%SC) exhibit highly stable conformations
(region 1ll). The secondary structure is very well maintained in this regaatsfiading). Below
250%SC (region 1), however, the enzyme molecule®lded significantly green and blue
areas). Values of unfolding near unity indicate that some adsorbed enzyme ensembles approach
to complete denaturation. Region Il is a region of transitional conformational stability. The
catalytic competency in hexand tyophilized adsorbates obtained along the diagonal line
(Figure6.7) is schematically shown in the ins&idure6.7). A simple inspection of the diagram
reveals the proposed positive correlation model between catalytic competency and
conformational stability for Aaysfructiral aAYSI® pr ev
The findings shown here also support our hypothesis that the surface loading regimes are
essentially determined during the initial adsorption step of our immobilization protocol.

Figure 68 shows the corresponding conforsmati on.
Carlsberg Three regions of conformational stability were also identifiedsf@&arlsberg When
carefully examined, however, the lowsection of region | (i.e., below 0.7 mg/mL) shows
conformations that unfolded to a lower extent than those observed for CALB in the same region.
This could be seen as s upspQarisbergiasa les®pronouritgdp ot h e
tendencytourd| d in the presence of abundant surf ace
these highly stable and functional conformations in region | is most likely responsible for the
high catalytic competency in hexane of the lyophilized adsorbates in this r@gseeinFigure
6.8).
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Figure 6.8. Regions of secondary conformational stability fors. Carlsberg-cumed Silica
adsorbates. The dotted vertical line at ~250%SC separates two different regions of
conformational stability. Region | and Ill of low and high conformational stability,
respectively. In this case, the catalytic activityrg) of the lyophilized adsorbates in hexane
(inset) is constantly increasing. It appears that the extent of unfolding while operating in
the lower part of Region | is less than that observed for CALB in the same region. This
resilience to denaturation could be seen as a plausgbexplanation for the higher activities

in this regime of surface loading compared with CALB.

In summary, our findings confirm that the three regions of conformational stability
previously identified by probing the structure with Trp fluorescence speopgscan be also
seen at a shorter structural scale as probed with CD spectroscopy. It appears, therefore, that the
structural perturbations upon adsorption at low %SC are strong enough to disrupt the hydrogen
bonding network responsible for stabilizingeteecondary structure of the analyzed hydrolases.
Additionally, the usefulness of conformational diagrams is validated here for designing highly
active and stable nanobiomaterials. Our findings also corroborate the importance of the enzyme
ihar dne inng the physichlearrangement and ultimately the functionality of enzyme
molecules immobilized on solid surfaces.
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6.4.3 Impact of Structure Modifiers for Enzyme#nteracting with Fumed Silica in

Agueous Buffer Solution

To examine the types of interactions leagdto the formation of the identified regions of
secondary conformational stability for enzymes interacting with fumed silica, structure modifiers
(2,2,2trifluoroethanol (TFE) and Dithiothreitol (DTT)) were added prior to adsorption. TFE has
the ability to disrupt hydrophobic segments and DTT is a potent reducing agent of disulfide
bonds.Figure 6.9 panel A shows the impact of TFE and DTT on the secondary structure of
CALB adsorbing on fumed silica at different %SC. A decrease in the extent of unfolding is
observed for 17%SC and 100%SC in the presence of 30% (v/v) TFE respect to the experiments
with untreated enzymegigure 6.9 panel A). Similar results were found from Trp fluorescence
spectroscopy analysesWe proposed that the flexible unfolded state of CALB molecules has
reduced dynamism leading to fewer opportunities for uirigldThis statement agrees with
recent studies on proteins adsorbing on solid surfaces that suggest a direlsetiugen
spreading and mobilit{’. Low mobility on solid surfaces appearssuppresshe tendeng of
enzyme molecules to sprédll As the %& was increased, the presence of TFE promoted
increased secondary unfolding that exceeded the values for the experiments with untreated
enzyme molecules. The progressive reduction in unfolding as %SC increases could be attributed
to the contribution of arincreasing population of chemicaliynfolded enzyme molecules
forming aggregates. As suggested recently, these aggregates may act as barriers fer surface
induced spreading if they adsorb on a dense protein layer, whidkelig the case at high
%SC® When 0.5 mg/mL DTT is added, the 4 disul
chemically reduced. It is evident from the slightly increased unfolding that the less rigid
segments have increased affinity for the surface. This effect seems to be exacerbaté6S(t lo
where the opportunities for surface interaction are favored. We suggest that in this case, the

exposed regions in the oxidized native structure are not very mobile.
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Figure 6.9. Secondary unfolding of (A) CALB and (B)s. Carlsbergadsorbing on fumed
silica nanopatrticles in the presence of 30% (v/v) TFE and 0.5 mg/mL DTT. Unfolding data
for the untreated enzymes were added for comparison. The unfolded fractiong{s) was
calculatedaccording to Equation 6.2.
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Panel B inFigure6.9 shows the impact of TFE and DTT on the secondary structuee for
Carlsbergadsorbing on fumed silica at different %SC. As opposed to CALB, 30 % (v/v) TFE
addition fors. Carlsbergat 17%SC and 100%SC resulted in higher unfolding levels that those
observe for the untreated enzymes. This could be attributed to the rigid structuse of
Carlsberg It appears that upon THEduced unfolding, the exposed regions become more
rapidly attached to the abundant nanopatrticle surface that prevails at low %SC.%8SGhis
increased to 230% and 400%, the unfolding values remained at approximately the same levels
observed for the untreated enzymes. This is likely the result of the formation of highly rigid
enzyme clusters stabilized upon contact with the nanopartithes rigid unfolded state .
Carlsbergcould act as a barrier for to unfolding. Surprisingly, the unfolding at 1250%SC had a
very high value relative to the experiment performed in the absence of TFE. This could be
explained byassociatiorinduced cordrmational transitionsWhen 0.5 mg/mL DTT was added,
unexpectedly high values of unfolding were detected at both the lowest and the highest loading
values (17%SC and 1250%SQhis could be attributed to additional interactions of DTT that
promote intramiecular instabilities and ultimately unfoldingJnfolding values for the
intermediate %SC of 100, 230, and 400; however, remained approximately at the levels detected
in the absence of DTT. It appears that the interactions among the enzyme moleculeb Hrel wi

surface are such thateinduced unfolding is dampened

6.4.4 Secondary Conformational Changes of Lyophilized Adsorbates

Figure 6.10 shows the Finfrared spectra fonative lyophilized CALB and lyophilized
adsorbates of CALB/Fumed silica with different %SC loadiddse absorbance increases with
increasing surface coverage towards the absorbance of the native lyophilized CALB with no
silica. Because the silica doestrabsorb in this region of the spectrum, the FTIR signal emerges
only from the enzyme and corroborates an increasingly higher packing density with increasing
surface coveragelThe position and number of the secondary structural components for the
preparabns obtained atl2506SC and2%SC are shown irFigure 6.11 panels A and B,
respectively These components were determined with the second derivative and assigned
accading toTable6.3. The 1250%SC lyophilized preparation clearly shows two domlveamds
at 16364 cm™ and 1656.&m™. These two peaks can be attributed toftfeheets and-helices,

respectivel y. These two bands havematoslfd assoc
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minor contribution was detected from peaks at 168" and 1698 cm™. These two bands
can be correlated with turns afiesheets. ThesBndings support the notion that at high %SC,
only a small distortion on the enzyme secondary structure is introduced by the presence of the

nanoparticles.
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Figure 6.10. FTIR spectra in the amide | and Il regions of nativelyophilized CALB (1) and
lyophilized CALB/Fumed silica adsorbates:(O ® 2%SC, ) 100%SC, (30) 150 %
230%SC,{ 1) 300 %SC, and (0) 1250 %SC. A cl ear pr o
evidenced by the higher signal intensities ake surface coverage increases.

The 2%SC preparation, however, has a domibamad band that pealks 16451 cm™.
This could be attributed to disordered components most likely resulting from rearrangements
within the enzyme secondary structlags expect# upon spreading on the surfadandsat
16724 cmi' and 16281 cm™ can be assigned tarns and3-sheetsrespectively, which are also

present when significant rearrangements occur in the secondary structure
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The amide 4FTIR analysis confirms the substantial lossoelfielical content relative to
the native state #t was detected with CD for adsorbates obtained at low %SC. It also supports
the idea of very well maintained structures at high %SC.

Prevention of conformational changes to maintain catalytic competency is clearly an
important issue. It has besnggestedhat increasinghte enzyme concentration in the aqueous
phase during immobilization would be beneficial to reduce detrimental conformational
change¥? Our results from CD and fluorescence spectroschymyvever,suggest that this
approach could lead tailsstantial conformational changes in both the secondary and tertiary
structure at low %SC. The 2%SC lyophilized preparations were preptrectfore,with
increasing initial enzyme concentrations of 0.1500#hd 0.5 mg enzymémL solution The
preparation is generally prepared with an enzyme concentration of 0.10 migigoike 6.12
panel A shows the FTIR spectra of the 2%SC lyophiliz&dobiocatalysts obtained at increased
initial enzyme concentrations. As the concentration increased, the enzyme loading was
progressively higher as indicated by an increase in the relative signal intEigitg6.12 panel
B shows the second derivative of the FTIR spectrum of 2%SC nanobiocatalysts obtained from an
initial enzyme concentration of 0.15 mg/mL. The dominant band for this preparaticatsdat
16410 cm’*, which corresponds to disordered composeBands at 1634 cm*and 162% cm'™
assigned t-sheet and at 16cm™ assigned to turns did not contribute significantly to the
spectrum. Panel C iRigure 6.12 shows the second derivative of the FTIR spectrum for the
2%SC nanobiocatalysts obtained from an initial enzyme concentration of 0.5 mg/mL. It appears
that the contribution du® disordered structural components is reduced; howevefi-dheet
extended conformations (163%m™) and turns (169.9cm™) remained visible in the spectrum.

A minor contribution fromx-helical components was observed in both cases.
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Similar experiments at increased initial enzyme concentrations were condocted
17%SC preparations. The initial concentrations explored were 0.3, 0.5, 2.9, and 4.7 mg
enzymémL solution Figure 6.13 panel A shows the FTIR spea for 17%SC lyophilized
biocatalysts. Surprisingly, moving from an initial enzyme concentration of 0.3 mg/mL to 0.5
mg/mL resulted in a lower IR signal. Increasing further to a concentration of 2.9 mg/mL resulted
in an even lower signal, however, at 4ng/mL no additional signal loss was observed. The
presence of CALB/FS aggregates could be responsible for masking the IR signal. The ability of
CALB molecules to form aggregates while adsorbing on similar inorganic gappas been
recently suggestétf. The occurrence of secondary structure conformational changes was
examined by taking the second derivatiFgure 6.13 panel B shows the second detiva for
17%SC nanobiocatalysts obtained from an initial enzyme concentration of 0.3 mg/mL. Two
dominant bands were identified at 188@m™* and 1649 cm™, which can be assigned to
helix and disordered components, respectivéhb(e6.3). Less intense signals were detected at
16735 cm™ and 167.7 cm™, that are normally attributed to turns ghgheets Table6.3). This
suggests partially folded structures since dhkelical ordered components are still relatively
abundantFigure6.13 panel C shows$he 4.7 mg/mLcase A substantial loss of signal at 1660
cm* was detected relative to that observed at low concentration. This can be explained by a
significant decrease in thehelical ontent. The contribution of disordered components (1644
cm?), turns (167% cm'Y), p-aggregate$16265 cm™) and p-sheets(1635.5cm™) significantly
increased.

In summary, obtaining adsorbates under crowding conditions and especially in the region
of low %SC should be avoided as it may lead to considerable unfolinglar studies for
lyophilized preparations have identified a lossoeffielical components concomitantly with an
increase in the3-sheet, turns, and disordered components and suggestcatisninduced
conformational transitions occurring either pog post immobilization as a possible trigger

mechanism.
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Figure 6.13. (A) FTIR spectra in the amide | and Il regions of lyophilized CALB/Fumed silica adsorbates with 17%SC. Lyophilized nanobiocatalysts were
prepared from enzyme solutions with different initial concentrations: ) 0.3 mg/mL, ¢-) 0. 5 mg } 218Lmg/ml(, & ) 4.7 mg/mL. Second derivative of
the amide I-FTIR spectrum of nanobiocatalysts obtained from enzyme solutions with concentrations of (B) 0.3 mg/mL and (C) 4.7 mg/mL. Téecondary
structural components associated with the resolutioenhanced peaks obtained with this approach are subsequentfientified according to Table 6.3.
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6.5 Conclusions

We have confirmed that the existence of three regions of conformational stability for
hydrolases adsorbing on fumed silica as a function of the nominal surface coverage (%SC) can
be seen at the secondary structural level upon disruption of the well @djaniamolecular
hydrogen bonding network of these enzyme molecules. Unfolding data was inferred ftdvh far
CD spectra of adsorbing hydrolases on fumed silica. At low %SC, enzyme molecules are seen to
undergo major conformational changes. This regioilewfconformational stability is thought to
occur due to increased interactions of the enzyme molecules with excess silica surface area. This
phenomenon was exacerbated for CALB, whi ch i
structure. The loss in caydilc activity in hexane for fumed silica based CALB nanobiocatalysts
prepared in this region can be, therefore, correlated with this sumfdweed structural distortion
as it may wultimately | ead t os.Ghilsberggnpymea ablow of t h
%SC showed a relatively higher tolerance to surfadaced unfolding, which appears to
correlate well with the high activity in hexane of lyophilized adsorbates at low %SC. At an
intermediate %SC of about 250%, a region of transitional gtatias identified where enzyme
molecules have stable conformations and clustering appears to be absent. This region could be
correlated with an optimum in catalytic activity for CALB in hexane. At high %SC, enzyme
structure is well maintained which coulgk attributed to a different energy landscape where
strong interactions with the surface are suppressed and ppoté@in interactions dominate.

This region is characterized by enzyme multilayer packing on the surface, which resulted in a
substantial los of catalytic activity of nanobiocatalysts in hexane mainly by mass transfer
limitations.

TFE (30% v/v) addition revealed the importance of hydrophobic segments in maintaining
the CALBOGs structure at high %SC. Audppoitthev %SC,
idea that suppression of protein dynamics could be a useful strategy to avoid spreading on
surfaces. The static structure ofCarlsbergis postulated to be responsible for the even higher
levels of unfolding in the presence of TFE at low %8CT addition increased the unfolding
levels of CALB for all %SC cases, which suggested that the exposed regions had increased

affinity for the surface as well as poor mobility.
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Amide-l FTIR secondary analysis for CALB lyophilized adsorbates with low %SC
showed a marked decrease in thdrelical component signal. This further supported the notion
of induced structural perturbation when sufficient surface area is provided for immobilization.
Filled contour conformational maps suggested that an increase eininthal enzyme
concentration at low %SC gives rise to a pronounced unfolding most likely due to asseciation
induced conformational transitions. The FTIR analysis corroborated that for the lyophilized

adsorbates of CALB with low %SC, turns gidheets dominated overhelical components.
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CHAPTER -7 Conclusions andRecommendations

7.1 Conclusions

The need for affordable enzymatic technologies has been revitalized by the current
economic incentivesffered by the U.S. Government to promote consumers and businesses to
incorporategreentechnologies and chemistried/hen eaymes are incorporated in industrial
processes, chances are high that yields can be improved and energy consumption can be reduced.
This is a consequence of the ability of enzymes to operate & tewperatures, perform
complicated stereospecific chemisties that otherwise require mulitep processes, and
selectively convert substrates for simpler downstream separation schemes and ultimately higher
overall efficiencies. All these attributes are particularly attractive for industrial sectors dedicated
to manufacturing specialty chemicals and pharmaceuticals. Some of these compounds are
conventionally synthesized with complicated matep schemes that frequently involve extreme
process conditions, byroducts, and toxic chemical compounds as catalyste fMajor
challenges when incorporating enzymes in these processes are their marked tendency to cluster
and their continuously decaying operational stability when suspended in the common non
agueous processing media. This research project psogiddelinesto remediate these major
hurdles for hydrolases, the most widely used enzymes in industrial biocatalysis. Our strategy
mainly relies on the electrostatic assembly of the enzyme molecules on fumed silica. This
material is a nanoparticulated fractal aggtegthat offers facilitated hydrophilic adsorption
pathways for various organic compounds including proteins and polymers.

Selected hydrolases were immobilized on fumed silica to prepare highly active, selective,
and stable nanobiocatalysts for applicatiamsorganic solvents. The immobilization protocol
presented here offers a cadtective alternative that could potentially expand the applicability of
enzymebased bioprocesses to the production of a wider variety of compounds of commercial
interest. Thisis due to thdow costof fumed silica and the simplicity of thenmobilization
protocol which requires only two steps. The buffered enzymes are adsorbed on fumed silica
from aqueous solutions and then lyophilized. This strategy has been assessed owith tw
hydrolases of industrial importanceubtilisin Carlsbergand Candida antarcticaLipase B
(CALB).
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Lyophilized adsorbates & Carlsbergshowed increasing catalytic activity in hexane as
more nominal surface area was provided for immobilization. Thssattaibuted to a substantial
release of the aforementioned mass transfer limitations for the native enzyme molecules
suspended in the organic phase. The observed activities reached those obtained with nonbuffer
salt based preparations. CALB/fumed siliceegarations also showed remarkable catalytic
activities in hexane for both chiral and roimiral esterification reactionspughly doublinghose
of the widely successful commercial preparation Novozyme®43&n intriguing result for
CALB/fumed silicapreparations was the presence of a maximum in catalytic activity when the
nominal surface coverage by the enzyme molecules reached an interrioatiatgvalue. The
presence of thimmaximum in activitywasrationalizedin light of three different surfaclading
regimes after lyophilization: 1. low surface coverages where multiple stpfatain interactions
are most likely responsible for detrimental conformational changes, 2. intermediate surface
coverages where both surfagetein and protenproteininteractions are balanced such that a
large population of catalytically competent enzyme molecules is maintained on the surface, 3.
high surface coverages where a mlatier packing on the surface lead to a substantial loss in
apparent catalytic activity.

Temperature stability studies for CALB/fumed silica preparations corroborated typical
Arrhenius activation as reported in the literature. Preparations with low surface coverages
showed no substantial deactivatiith respect to the fresh preparatiovhich was attributed to
the multiattachment to the surface. Preparations that exhibited optimal catalytic performance
remained active at temperatures as high &€ %here they even exceeded Novozyme®i.35
This further supported the crucial role of neighbgrmolecules in stabilizing a large population
of properly functioning enzyme molecules at intermediate surface coverages. Prolonged
exposureof CALB/fumed silica preparation® solvent reduced the activity by about 50% in a
simple esterification reactipnand remained at approximately the initial level in an
enantioselective transesterification. This suggested that the fine 3D active site arrangement
required for chiral conversion is likely to remain unaffected after continuous exposure to
solvents CALB/fumed silica peparations with low surface coverages that were storetCefos
approximately 1 year showed no significant reduction in activity relative to the fresh

preparations. This was interpreted as evidence for stabilization due to esaypoat

172



interactions. Preparations with higher surface coverages, however, exhibited a reduction in
activity of approximately 25% with respect to the fresh preparations.

The central hypothesis of this project was that the surface loading regimes of the
lyophilized nanobiocatalysts were essentially formed during the adsorption step of our protocol.

It was also postulated that the extent of the conformational cludosgevedvith the low surface
coverage regime is mainly defined by the intrinsic conformational stability or pag&msityof

the enzyme molecules. The conformational state of enzymes adsorbing on fumed silica as a
function of the surface coverage was inferreahf intrinsic fluorescence and CD spectroscopy
data.

The kinetics of tertiary conformational changes for enzymes adsorbing on fumed silica
was probed with Trp fluorescence spectroscopy. The kirggtidies confirmed a marked
tendency for CALB molecules tondergo dramatic unfolding/refolding events while adsorbing
on fumed silica under the conditions of regime 1 Thi s was attr ildoselyed t o
packed structure or Asoftness o sthesdrface conerager mat i
increasedthe unfolding events proceeded more gradu#siythe more packed environment a
higher energy barrier of adsorpti@ould ultimately preclude conformational fluctuations. The
kinetic studies of unfolding for the i h a rs.d @arlsbergand Lipase fromThermanyces
lanuginosugTLL), however, showednoregradual unfolding pathways. These two enzymes are
considered Ahardo due to their tightly pack:¢
conformational stability of the nanobioadsorbates was visualizedginr8D contour filled
conformational diagrams. Each diagram contains the stgatky unfolding data as a function of
the initial protein concentration and nominal surface coverage. The diagrams revealed three
distinct regions of conformational stability asunction of the surface coverage. A region of low
conformational stability at low surface coverages was detected where enzyme ensembles with
unfolded regions most likely dominate. At an intermediate surface coverage of approximately 2
monolayers, the edormational stability analysis showed a significant increase in the fraction of
folded enzyme ensembles. As the surface coverage was increased even further, a large
population of folded ensembles conferred very high conformational stability to the ddsorba
The presence of these three regions of conformational stability correlated well with the

postulated surface loading regimes for the lyophilized adsorbates.
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CD spectroscopy was used to corroborate the presence of these regions of conformational
stability from the secondary structural viewpoint. In this case, the impact of the nanoparticles on
the intramolecular stability of the hydrogen bonding network maintaining the secondary
structural topologies was addressed. The CD signal at 222 nm was cortrel#ted-helical
content during adsorption on the nanoparticles. Secondary conformational changes were,
therefore, inferred from thdecrease signalt this wavelength. The unfolding data were plotted
in 3D contour filled conformational diagrams as desttilabove for the tertiary unfolding data.

The diagrams of secondary and tertiary conformational stability were remarkably similar
confirming, therefore, the presence of the three regions of stability as a function of the surface
coverage even at the shaorseales associated with the secondary structure. This also suggested
that the structural perturbations introduced by adsorption on abundant fumed silica are strong
enough to disrupt or even strip off very well organized water molecules holding together
complex secondary topologies such asdHeelix.

In an attempt to gain an insight into the type and role of pr@tein interactions in
each of the identified regions of conformational stability, structure modifiers were added to the
agueous buffer prioto adsorption. The impact of promoting structural changes in hydrophobic
regions and reducing disulfide bonds was assessed with TFE and DTT, respectively. For the
hydrolases considered here, the remarkable conformational stability at high surfaceesoverag
was reduced by nearly 50% when TFE was added. This suggested that buried hydrophobic
regions were responsible for maintaining a high structural integrity in this region. At low surface
coverages, however, the maximum extent of unfolding for both CAlLBsarCarlsbergwas
reduced. In the case of CALB, this was attributed to the suppression of the molecular dynamism
inherently associated to this enzyme. It appears that upon disruption, the flexible unfolded state
promoted a gradual attachment of the exdag®ups to the abundant surface available leading
thereby to the decrease of conformation space and ultimately the ability to unfold/refold to a
larger extent. In the case sf Carlsberg a rapid initial unfolding is followed by attachment to
the surfacehrough a low energy barrier pathway. Due to the rigidity of the unfolded state of this
enzyme, further unf ol ding events were | argel
adsorbing mixtures showed no significant changes in the unfolding levels atsinifgte
coverage®rl ow enzyme concentrations. This suggeste

bonds were compensated by the enzgmeyme interactions dominating in this region. At low
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surface coverages, however, unfolding was again largely eddubue to the reduced
interactions with neighboring molecules, CALB molecules exposed some segments upon
disulfide bond disruption. In line with the aforementioned postulated loss of dynamism, these
exposed regions are thought to be responsible for pnognat gradual unfolding through an
adsorption pathway with an increasingly higher energy barrier.

The conformational state of the lyophilized CALB/fumed silica adsorbates was probed
with FTIR spectroscopy. The amideFTIR spectra of preparations with difentlevels of
surface coverage were collected and baadowed to determine the position of the contributing
secondary structural components. As the surface coverage increased, the FTIR signal was higher
and approached that of the native enzyme. At samface coverages, bandrrowing of the
spectra with the second derivative revealed a substantial loss uw-hbkcal content and a
concomitant increase of disordered components relative to the native enzyme. The presence of a
region of substantial coafmational change when operating at low surface coverages and high
initial enzyme was evaluated for the lyophilized adsorbates with aridéR analysis. These
preparations certainly have significant contributiong3afggregates and turns. This has been
explained by the formation of aggregates that apparently initiate the disruption of the very well
organized secondary structural components of individual molecules. A complete understanding
of the unfoldingaggregation events for enzymes adsorbing in ceoweénvironments is
particularly important for pharmaceutical companiBsiring the manufacture and storage of
protein biophamaceuticals, proteins come in contact with atyasfesurfaces and interfaces.

The effect of these protesurface interactions otihe protein solutions is not well understood
especially at high protein solution concentratio®harmaceutical companies are urgently
looking for tools to examine the dynamics of protein adsorption and the effect of

surfaces/interfaces on the structur@nformation and physical stability of the protein molecules.
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7.2 Recommendations

7.2.1 Strategies to Increase Conformational Stability

One of the major findings of this research
conformational change in the presené@bundant surface area, which in turn leads to decreased
catalytic competency. A simple strategy to minimize structural fluctuations and therefore to
maximize the catalytic productivity could be to add small rigid molecules prior to adsorption on
the fumed silica. Through proteiprotein interactions, these molecules could act as barriers for
the detrimental surfaggrotein interactions at low surface coverages. Rigid small molecules that
could be used for this purpose include the protein lysozyme dnthg@s of low molecular
weight like polyethylene glycol (PEG). Recent studies have reported that lysozyme has the
ability to maintain a relatively stable structure when adsorbexblimidal silica nanoparticlés
PEG coils has been successfully incogted as supporting cushions in surface supported lipid

bilayer platforms for studying laterassociation of membrane proteins

% CALB

@ Lysozyme/PEG

22248batndhb

Figure 7.1. Adding small molecules prior to adsorption could help to increas the
stabilizing protein-pr ot ei n i nteractions for fAsofto enzym

Figure7.1 shows a schematic of the role of small molecules in preveatinfprmational
changes when fisofto enzymes adsorb on solid
agent to increase the packing density and <co
enzymes. This strategy should be followed with spe@at @s some functional groups at the
enzyme surface could be absent or occluded for further interaction with the fumed silica.
Additionally, it is very likely that the energetics of the resulting ensemble could lead to a
substantially different arrangemesftthe enzyme molecules on the surface, and consequently to
completely new regions of conformational stability. This suggests that instead of adding

modifiers that would likely change the surface chemistry of the enzyme molecules, one should
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look for altenative means to locally modify regions of low stability. One potential avenue is to
mechanically induce changes in the structure with AFM, optical tweezers, or glass needles. In
these techniques single molecules are mechanically stretched and thetr relggtinse is
recorded in real time. The use of these techniques is, however, disadvantageous due to the need
of an external method to correlate with structural data and its low throughput: only to one
molecule at a time. An alternative approach is thalgebon of recombinant enzymes where
poorly packed or mobile residues (that generally confer low stability) are replaced, removed or
locked (with the aid of disulfide bonds). The major challenge is to identify the regions of interest.
This identification eeds to be performed with the aid of both computational and experimental

tools as discussed below.

7.2.1.1 Computational Tools to Identify Regions of Low Conformational Stability in Proteins

An interesting computational approach to calculate regional stabilitaticers within
protein structuresvas developed by Hilser et &l. They proposed an algorithm that considers
the enzyme molecules as dynamic or fluctuating entities with high conformational heterogeneity.
The COREX algorithm models the native state as an ensemble of conformational states to
determine the response to sgedic perturbations. The method starts by creating an exhaustive
enumeration of the possible conformational states. The structure is partitioned intnitsub
(generally of 10 residues) of local folding or unfolding. All possible combinations form a
statstical thermodynamic ensemble of the energy landscape. For each microstate, the statistical
weightK; can be, therefore, defined as:

K, = e_% Equation 7.1

where AG; is the free Gibbs energy of the stakejs the gas constant, arfidis the
temperature.

It is possible to calculate the Boltzmaweighted probability?; of each state as the ratio
of the statistical weight of that state overNtates in the ensemble

_ Ki K Equation 7.2
i=sv % =0
1=1"*

where K| is calculated according t&quation7.1 and Q is the sum of all statistical

weights, also known as the partition function for the system.



This approach allows determining any number of statistical thermodynamic descriptors of
the quilibrium. Of particular importance for this project, however, is the residue stability
constant;:

_ XPy Equation 7.3
Krj = Zp—nm_

whereX Py; are the summed probabilities of the states in the ensemble in which a residue
is in a folded conformation, arXiP,; are the summed probabilities of the states in the ensemble
in which a residue is in an unfolded conformation.

Based orEquation7.3, residues with high stability constants are likely to be folded in
most of the probable states while residues with low stability constants are likelytdolded in

most of the probable states.
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Figure 7.2. Stability constants for CALB residues as calculated from the statistical
thermodynamic analysis of conformational ensembles implemented in the COREX
algorithm. Residues 295 to 317 exhibit low stability and are good candidates for protein
engineering.

17¢



This approach has been successfully validated with experimental data. Moreover, it has
been proven useful to understanding a number of biological procéssesing signal

transductio®™ ™, protein homeostasfs and substrate ligand recognitiof.
The COREX algorithm can be accessed onlitg(//www.best.utmb.edu/BES)TUsing

this tool, the most probabkensembles and residue stability constants for CAd.BZarlsberg

TLL were calculated.


http://www.best.utmb.edu/BEST/

Table 7.1. List of the 15 most probable conformational states for CALB. The sequences indicate regions that hake tendency
to either unfold or remain native-like.

State

AG . .
Residues in (U=unfolded, F=folded, x=missing from PD
Number ., - a/mol) ( g B
1 -2998.53 FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF

FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFUUUUULUUUULUUU

2 -2757.15 FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFUUUUUUUUULUU

3 -1879.78 FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFUUUULUUULUU

4 -1379.63 FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFRFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFUUUUUULULLUUULUU

5 -694.82 FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFRFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFUUUUULUULUUULUU

6 -420.23 FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFUUUUU

7 -389.96 FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFRFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFUUUUULLULLULULUU

8 -262.26 FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFUUUUUUUY
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10

11

12

13

14

15

-236.87

-229.11

-132.17

-74.34

41.09

52.71

127.62

FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFE
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFRFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFR
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFUUUUUUUUU
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFE
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFT
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFUUUUUU
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFT
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFUUUU
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFE
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFUULULUU
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFE
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFT
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFR
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFUUULUUULUU
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFRF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFT
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFUUUUUUUUUUUUUUUUUUUUUUUUUU
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFUUUUUUUUULULUUUUU
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Table 7.2. List of residues with the lowest conformational stability constants for CALB
ensembles.

Residue Name Residue Number

PRO 295
ASP 296
LEU 297
MET 298
PRO 299
TYR 300
ALA 301
ARG 302
PRO 303
PHE 304
ALA 305
VAL 306
GLY 307
LYS 308
ARG 309
THR 310
CYS 311
SER 312
GLY 313
ILE 314
VAL 315
THR 316
PRO 317

After upl oading CALBOSs Sstructure to t he
conformational states were determined in approximately 6 hours. The sequences of 15 most
probable ensembles are shownTiable 7.1. The stability constants for each residue were
subsequently calculated as discussed above. The analysis showed that residues 295 to 317 have
low stability. The names of these residues are list&dbie 7.2 for reference. A graphical view
of the residue stability is provided kigure7.3. Ourexperimental findings for CALB agree well
with the COREX analysis and even serve as e
dynamism. Similar calculations were performeddoCarlsbergand TLL to check whether the

COREX algorithm also supports the eximental data reported here for these two enzymes.
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Figure 7.3. Singlemo |l ecul e schematic of the different
structure. Residues in red exhibit the highest stability while those yellow the lowest. In
agreement with our experimental findings, CALB has regions of low stability that provide

mobility and dynamism.

3 4.5 6 7.5 9

Stability Constant

Figure 7.4. Singlemolecule schematic of the different regions of ability in s . Carl sberg
structure. Residues in red exhibit the highest stability while those in yellow the lowest. In
agreement with our experimental findings,s. Carlsbergas opposed to CALB exhibit a

relatively stable structure.
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Figure 7.4 shows the single molecule representation from COREX residue stability
analysis ofs. Carlsberg The lowest value for the stability constant was approximately 3.5 while
the highst was of about 8. This further supports the notion of a static structure with high
resilience to propagate structural perturbations. The numerical values of stability for each residue

are shown irFigure7.5.

10
8 7 U .
Stability
Constant
4 L
i
2
0 50 100 150 200 250

Residue Number

Figure 7.5. Stability constants for s. Carlsbergresidues as calculated from the statistical
thermodynamic analysis of conformational ensembles implemented in th€OREX
algorithm.

Figure 7.6 shows the single molecule representation from COREX residue stability
analysis ofTLL. In this case, the lowest value for the stabilitystant was approximatei9.1
while the highest was of about 10. This demonstrates that TLL can also tolerate structural
fluctuations to a larger extent than CALB. The numerical values of stability for each residue are

shown inFigure7.7.
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Figure 7.6. Singlemolecule schematic of the different regions of stability inTL L 6 s
structure. Residues in red exhibit the highest stability while those in yellow the lowest. In
agreement with our experimental findings, TLL shows resilience to conformational
fluctuations.
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Figure 7.7. Stabillity constants for TLL residues as calculated from the statistical
thermodynamic analysis of conformational ensembles with the COREX algorithm.
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Another parameter that appears to be related to the tendency of enzymes to unfold is the
packing density. A resonable estimate of this parameter can be obtained by calculating the
fraction of the volume occupied by internal cavities in the protein strdét(fieese cavities are
thought to be involved in the unfolding mechanisms of proteins. Cavities were cadculahe
Swiss PDB viewer v4.0.1 for CALBs. Carlsberg and TLL. The results are summarized in

Table7.3, Table7.4, andTable7.5; respectively.

Table 7.3. Surface expose and volume of internal cavities for CALB. The calculation was
performed with Swiss PDB viewer.

Region (Color) Area (v?2) Volume
(v3)
Exposed surface (yellow) 10175 39287
Cavity 1 (Blue) 53 28
Cavity 2 (Red) 41 19
Cavity 3 (Green) 35 14

Table 7.4. Surface exposed and volume of internal cavities fa. Carlsberg The calculation
was performed with Swiss PDB viewer.

Region Color Area (v2) Volume (v3)
Exposed surface (yellow) 8208 32001
Cavity 1 (Blue) 39 17
Cavity 2 (Green) 36 17

Table 7.5. Surface exposed and volume of internal cavities for TLL. The calculation was
performed with Swiss PDB viewer.

RegionColor Area (v2) Volume (v3)
Exposed surface (yellow) 9535 35045
Cavity 1 (Blue) 158 139
Cavity 2 (Red) 154 114
Cavity 3 (Green) 60 28
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The location of the cavities in the structure is showRigure7.8, Figure7.9, andFigure
7.10for CALB, s. Carlsbergand TLL; respectively.

Figure 7.8. Location of CALB6s cavities (bl ue, red
Swiss PBD viewer. Internal cavities account for appmimately 0.2% of the total volume.

Figure 7.9. Location ofs. Carlsber§ s cavi ties (blue and green r
Swiss PBD viewer. Internal cavities account for approximately 0.1% of the totalolume.

It appears that there is a connection between the void volumes at the interior of proteins
with the tendency to propagate structural perturbations as indicated by the higher volume of



cavities for fAsofto CABERarlsbbrg n Soompasedgwyt hTBh

enzyme, appears to have a higher cavity volume than that of CALB.

Figure 7.10. Location of TLL6s cavi ties (bl ue, green, and r e
Swiss PBD viewer. Iternal cavities account for approximately 0.8% of the total volume.

With the locations of the cavities, selected mutations would probably help to estimate if
by reducing t he voi d vol ume, t he tendency
perturbationc an be suppressed. This initiative can
per residue provided ifiable7.6. Packing density calculations were performed withovioia*.

A further correlation with the stability data provided above would help to determine which
residues are suitable for protein engineering. Those residues with both low stability and low

packing density will be the best candidates.
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Table 7.6. Packing density per residue for native CALB. Data calculated with Voronoi4.

Residue Residue Van derWaals Solvent excluded Total Packing density
number type volume [A?] volume[A?] volume[A?
295 PRO 37.80 21.16 58.96 0.71
296 ASP 19.83 4.68 24.51 0.80
297 LEU 66.86 43.84 110.70 0.64
298 MET 24.47 9.63 34.10 0.73
299 PRO 5.67 1.07 6.74 0.84
300 TYR 41.89 28.98 70.87 0.68
301 ALA 60.02 32.64 92.66 0.70
302 ARG 37.66 14.41 52.07 0.74
303 PRO 12.22 2.84 15.06 0.82
304 PHE 53.85 23.17 77.02 0.73
305 ALA 46.28 24.25 70.53 0.68
306 VAL 19.49 3.76 23.25 0.85
308 LYS 24.38 10.19 34.57 0.71
309 ARG 19.81 5.13 24.94 0.79
310 THR 4417 23.39 67.56 0.72
311 CYS 9.56 3.41 12.97 0.74
312 SER 0.48 3.63 13.11 0.72
314 ILE 13.01 2.04 15.05 0.86
315 VAL 26.82 7.05 33.87 0.80
316 THR 19.63 5.81 25.44 0.77
317 PRO 19.50 8.49 27.99 0.72




7.2.1.2 Experimental Techniqueso Identify Regions of Low Conformational Stability in

Proteins

Complementary to the computational methods presented previously, both calorimetric
and force spectroscopy techniques could help to confirm if the introduced structural

modifications are effdively increasing the overall conformational stability.
7.2.1.2.1 Calorimetric Techniques

An interesting avenue to determine the impact of structural changes in protein stability
through fundamental thermodynamic parameters was developed by MakhatadZe"etrathis
approach, changes in specific volume upon protein unfolding can be directly calculated from
thermodynamic data. The method relies on pressure perturbation calorimetry (PPC) and
differential scanning calorimetry (DSC) to estimate the linear theemdnsion coefficient and
the partial molar heat capacity, respectively. The data is fitted simultaneously to a set of
equations that allow accessing the change of volume upon protein unfolding. If the introduced
structural changes promote a higher pacldegsity, the change of volume upon unfolding is

likely to decrease. This change can be monitored very accurately with this approach.
7.2.1.2.2 Force Spectroscopy

Once the enzyme is genetically engineered, the stability of the modified regions can be
also assesselly promoting unfolding with force. This can be accomplished by pulling the
enzyme with a isgle-molecule forceclamp spectroscopgystem.Fernandez et af *® have
applied thistechniqueto investigate the chemical kinetics of disulfide bond cleavegarce-
clamp spectroscopy, an AFM system is connected to a feedback system that maintains a constant
force while the extension of the molecule being stretched is recorded as a function of time. The
major advantages of these systems are their high resolaio low signal to noise ratios. A
simple comparison of the unfolding fingerprints of the native and engineered proteins would
allow for an unambiguous quantitative analysis of subtle changes in the overall conformational

stability.

19C



7.2.2 Strategies to Control Interfacial Dynamics of Enzymes Adsorbing on

Hydrophilic Surfaces

The view of enzymes as dynamic entities with a significant conformational heterogeneity
was superficially explored in this dissertation. This aspect, however, is thought to be of
considerale importance when assembling proteins on surfaces. Both amérintra molecular
mechanisms of adsorption, surface translational diffusion, and molecular orientational states of
the enzyme molecules are most likely controlled by this heterogeneihertdit our knowledge
of these phenomena and their correlation with the functionality of the obtained nanobiomaterials
remains poorly explored.

The major challenge is to assess the structural dynamics and function simultaneously.
Most biophysical tools allw for static structural details of proteins but they often do not explain
what the molecule does and how it does it. Additional challenges are posed by the fact that
sometimes the assembly process proceeds under crowding conditions which gives rise to
important technical difficulties. Several experimental tools to address this issue are discussed

below.
7.2.2.1 Adsorption Studies and Surface Chemistry Modification

The first step to understand the dynamics of interaction of enzymes with the surface is to
calculate dsorption isotherms. The type of interactions, the level of orientational and
conformational change, and the binding strength can be inferred from the isotherms. The
experimental data could be fitted to one of the main models available in the literalesetibe
such processes. Two type of models have been associated to protein adsorption oh’s(ijfaces
those based on statistical and geometrical aspects, e.g., the random sequential adsorption model
(RSA), and (ii) those based on diffusional consitiers, e.g., the ballistic deposition model
(BD). A recent experimental study of the adsorption of CALB on,T$0ggested that this
protein follows the RSAnodel’. CALB molecules first occupy the empty space on the surface
and then continue to aggregate, everything in a random manner. This was evidenced by the shape
of the isotherms, a very steep increase of rapid deposition followed by a relaxation stage where

aggegation occurs. The validity of this model for other hydrophilic surfaces is yet to be proved.
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Additionally, the impact of changing the surface coverage on the dynamics of adsorption is not
clear.
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Figure 7.11. Adsorption isotherm for CALB on fumed silica at a surface coverage of 17%.
Ceqlis the equilibrium concentration of enzyme.
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Figure 7.12. Adsorption isotherm for TLL on fumed silica at a surface coverag®f 2%. Ceq
is the equilibrium concentration of enzyme.
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Preliminary isotherms for CALB and TLL adsorbed on fumed silica were calculated in
our laboratory and are shown here for referendéignre 7.11 and Figure 7.12, respectively. It
appears that these two enzymes followed the RSA model as evidenced by the presence of two
regimesof adsorption: an initial saturation step of high affinity followed a stage of lower affinity
where bigger aggregates continue to adsorb. CALB seems to have a higher affinity towards the
surface in the early stages of adsorption. The adsorbed amountsbeowlbrroborated with
TGA.

The presence of an intermediate step in the adsorption isotherm where a second regime is
likely to be present brings out the possibility of orientational changes. We have suggested that
these events are most likely a direct @angence of an energy minimization when the ensemble
of enzymes needs to accommodate on the surface. Recent studies have spent considerable effort
in defining strategies to promote the assembly of proteins with a desired orientation/organization
on the sudicé®®. This has resulted in a new set of surface activation/functionalization
techniques that allow for surfaces with highly controlled protein patterns and nanoscale
resolutiot®. Some of the most successful avenues for chemically tailoring surfaces to
preferentially adsorb one or several protein orientations include silanization, dendrimer
functionalization, and SAM& This is conventionally followed by coupling of a surface spacer
between the protein and the reactive group on the surface. A mysadadrs are commercially
available with different chemical functionalities, lengths, rigidities, and hydrophobicTtase(

7.7).
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Figure 7.13. Silanization of fumed silica with aminopropyltriethoxysilane (APTES}®. The
functionalized fumed silica can be subsequently coupled with one of the spacersTiable
7.7. This could help to control the number of reactive groups on the surface and ultimately
the surface coverage, orientation, and conformation of the adsorbed enzymes.
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The silanol chemistry of fumed silica offers a numberopportunities for chemical
modification. Two strategies that can be tested are silanization with aminopropyltriethoxysilane

(Figure7.13) and dendrimer formation witoly-(propylene imine)Kgigure7.14).
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Figure 7.14. Dendrimer-functionalization of fumed silica with poly-(propylene imine)
dendrimers'®. This approach is aimed at promoting an oriented assembly of enzymes on
fumed silica. Orientational changes are thought to be present during the random
adsorption events that normally occur on virgin fumed silica.

One of the major chiEnges is to prevent satbndensation of the nanoparticles and
consequently their clustering. The selection of the proper surface chemistry would require a trial

and error process due to the large number of possible combinations.
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Table 7.7. Commercially available spacer moleculé. Potentially any desired functional
group can be incorporated for further interaction with the enzyme molecules.

Spacers

Heterobifunctional
Amine-reactive

Homobifunctional
Amine-reactive

RS — I
Glutaraldehyde H,lL_ﬂ____,Lh y Glutaric anhydride o o0
| . {fﬁ o
1,4butanediol Do O] SATA . N -'Jj‘x_,-f"\«]r-"
diglycidyl ether o (protected thiol) . T
q_lé’:' o
1,4-phenyl = MSA -
, p gny ene SN {\ N NCS ) <.'Y N\G.-J'LN\_/\\_/\"_,GH.
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o s N".'
MH. G ' I
i imi : SADP /’J\ el - - -'“:'LH.I
e T v . N B =
Dimethylsuberimidate ~g s (photoreactive) -y ‘Ig
MHL I o
? . .
Divinylsulfone 57 Amine- and hydroxy-reactive
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.-"'—i/-“'D 0 D%——" _I___.f!i" —,
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7.2.2.2 Reattime Monitoring of Translational and Rotational Dynamics
A flat hydrophilic surface appears to be

chemistry.

Figure 7.15. Confocal image of CALB adsorbed on a silica wafer wh a SiO, layer of 100
nm. The nominal surface coverage was 150%.
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Figure 7.16. 3D intensity profile of image shown inFigure 7.15. Substantial enzyme
aggregation was observed. This could support the idea that the structure is well maintained
in this surface coverage regime due to the multayer packing.
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