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Editorial

This volume honors Prof. Jodo Ruggiero Neto and Prof. Méarcio Francisco Colombo, two experimental
physicists who made relevant contributions to Biophysics’ development in the worldwide scientific community. They
were also foundering of the Physics Department of the Institute of Biosciences, Humanities and Exact Sciences,
Universidade Estadual Paulista (UNESP), campus of S&o José do Rio Preto, SP, Brazil. Both are Full Professors from
this institution.

The scientific contributions of the honorees in the field of Molecular Biophysics are remarkable. Prof.
Colombo centered his work on the role of hydration on the mechanism of allosteric regulation, having published a
seminal paper on the role of water in the structure of hemoglobin®. On his part, Prof. Ruggiero Neto had worked
along with drug intercalation and condensation of DNA molecules, with phase transition on lipidic mono and bilayers
and on the membrane lytic activity of peptides. An important paper is on the anticancer properties of a peptide
extracted from the venom of a S&o Paulo wasp, Polybia paulista?.

Beyond their scientific production, including some mutual collaborations, another essential feature of the
two honorees for academic life is their kindness, friendship, collaboration, and disposition to work for the greater
good. Regarding this, it is better to mention a colleague who has known and nurtured their friendship for decades,
Prof. Oswaldo Baffa Filho (Full Professor-University of Sdo Paulo, USP). He reports, “Jodo and | did our doctorate
in the same period and defended our theses on the same day. We had an intense and fruitful interaction; I learned a
lot from him. His academic rigor, supported on deep basic knowledge, critical vision, and camaraderie, resulted in a
strong friendship that remains despite time and distance. With Marcio | also had an intense relationship. | met him
while he was still an undergraduate, we participated in the student movement, and I think our friendship brought him
to the laboratory where he developed his master and doctoral programs. We lived in a student community in Séo
Carlos with many research activities and healthy social life. Marcio’s restless and questioning spirit was always
noticeable”.

This volume focuses on Biochemistry and Molecular Biophysics. The first article written by Pereira and
Oliveira Jr shows the recent advances in cell membrane models. Olivier, Cespedes, Pazin, Cilli and Ito present results
involving membrane models and their interaction with dengue peptides. The authors Angelo, Cruz, Pattaro Jr,
Zanzarin, Rodrigues, Pilau, Kioshima, Fernandez and Seixas show results on Glycine max and its possible application
as an antifungal agent. Zanoni, Oliveira, Perrone, Ortega, Boscolo, Gomes and Rodriguez sign a paper on the
characterization of xylanases produced by a thermophilic fungus. Kinoshita, Lima, Guidelli and Baffa Filho show
results on the study of gold and platinum nanoparticles using electron spin resonance (ESR). The text of da Silva,
Vasconcellos and Nery rationalize aspects of biodiesel production.

Prof. Colombo recently retired, while Prof. Ruggiero Neto is yet active on academic tasks. This special
edition is to honor these two academics, recognizing and thanking their trajectory of more than three decades
dedicated to higher education and scientific research in Brazil.

Prof. Dr. Elso Drigo Filho (Guest Editor)
Prof. Dr. Fernando Luis Fertonani (Guest Editor)
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Editor’s note

The articles published in this special issue followed all the standard procedures used by the Eclética
Quimica Journal and fulfilled all the qualitative requirements of selection, peer review and editing. Readers can
find papers covering the Biochemistry and Molecular Biophysics areas, in line with the editorial profile of Eclet.
Quim. J., with the following subjects: recent advances in using Langmuir monolayers as cell membrane models;
dengue fusion peptides interacting with model membranes; production and biochemical characterization of
xylanases; antioxidative activity of gold and platinum nanoparticles; purification and characterization of Glycine
max, a potential antifungal; metallo-stannosilicates as support to immobilize lipase for biodiesel production.

Prof. Dr. Assis Vicente Benedetti
Editor-in-Chief
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INSTRUCTIONS FOR AUTHORS

BEFORE YOU SUBMIT

1. Check Eclet. Quim. J.’s focus and scope

Eclética Quimica Journal is a peer-reviewed quarterly publication of the Institute of Chemistry of Séo Paulo State
University (UNESP). It publishes original researches as articles, reviews and short reviews in all areas of Chemistry.

2. Types of papers

a. Original articles

b. Reviews

c. Short reviews

d. Communications

e. Technical notes

f. Articles in education in chemistry and chemistry-related areas

Manuscripts submitted for publication as full articles and communications must contain original and unpublished
results and should not have been submitted elsewhere either partially or whole.

a. Original articles
The manuscript must be organized in sections as follows:

1. Introduction

2. Experimental

3. Results and Discussion
4. Conclusions
References

Sections titles must be written in bold and sequentially numbered; only the first letter should be in uppercase letter.
Subsections, numbered as exemplified, should be written in normal and italic letters; only the first letter should be in
uppercase letter.

Example:

1. Introduction
1.1 History

2. Experimental
2.1 Surface characterization
2.1.1 Morphological analysis

b. Reviews

Review articles should be original and present state-of-the-art overviews in a coherent and concise form covering the
most relevant aspects of the topic that is being revised and indicate the likely future directions of the field. Therefore,
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before beginning the preparation of a Review manuscript, send a letter (one page maximum) to the Editor with the
subject of interest and the main topics that would be covered in the Review manuscript. The Editor will communicate
his decision in two weeks. Receiving this type of manuscript does not imply acceptance to be published in Eclet.
Quim. J. It will be peer-reviewed.

c. Short reviews

Short reviews should present an overview of the state-of-the-art in a specific topic within the scope of the Journal
and limited to 5,000 words. Consider a table or image as corresponding to 100 words. Before beginning the
preparation of a Short Review manuscript, send a letter (one page maximum) to the Editor with the subject of interest
and the main topics that would be covered in the Short Review manuscript.

d. Communications

Communications should cover relevant scientific results and are limited to 1,500 words or three pages of the Journal,
not including the title, authors’ names, figures, tables and references. However, Communications suggesting
fragmentation of complete contributions are strongly discouraged by Editors.

e. Technical notes

Descriptions of methods, techniques, equipment or accessories developed in the authors’ laboratory, as long as they
present chemical content of interest. They should follow the usual form of presentation, according to the peculiarities
of each work. They should have a maximum of 25 pages, including figures, tables, diagrams, etc.

f. Articles in education in chemistry and chemistry-correlated areas
Research manuscript related to undergraduate teaching in Chemistry and innovative experiences in undergraduate

and graduate education. They should have a maximum of 25 pages, including figures, tables, diagrams, and other
elements.

3. Special issues

Special issues with complete articles dedicated to Symposia and Congresses and to special themes or in honor of
scientists with relevant contributions in Chemistry and correlate areas can be published by Eclet. Quim. J. under the
condition that a previous agreement with Editors is established. All the guides of the journal must be followed by the
authors.

4. Approval

Ensure all authors have seen and approved the final version of the article prior to submission. All authors must also
approve the journal you are submitting to.

ETHICAL GUIDELINES

Before starting the submission process, please be sure that all ethical aspects mentioned below were followed.
Violation of these ethical aspects may preclude authors from submitting or publishing articles in Eclet. Quim. J.

a. Coauthorship: The corresponding author is responsible for listing as coauthors only researchers who have
really taken part in the work, for informing them about the entire manuscript content and for obtaining their
permission to submit and publish it.
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b. Nonauthors: Explicit permission of a nonauthor who has collaborated with personal communication or
discussion to the manuscript being submitted to Eclet. Quim. J. must be obtained before being cited.

c. Unbiased research: Authors are responsible for carefully searching for all the scientific work relevant to their
reasoning irrespective of whether they agree or not with the presented information.

d. Citation: Authors are responsible for correctly citing and crediting all data taken from other sources. This
requirement is not necessary only when the information is a result of the research presented in the manuscript
being submitted to Eclet. Chem. J.

e. Direct quotations: The word-for-word reproduction of data or sentences as long as placed between quotation
marks and correctly cited is not considered ethical deviation when indispensable for the discussion of a specific
set of data or a hypothesis.

f. Do not cite: Master’s Degree dissertations and PhD theses are not accepted; instead, you must cite the
publications resulted from them.

g. Plagiarism: Plagiarism, self-plagiarism, and the suggestion of novelty when the material was already published
are unaccepted by Eclet. Quim. J. Before reviewing a manuscript, the Turnitin antiplagiarism software will be
used to detect any ethical deviation.

h. Simultaneous submissions of the same manuscript to more than one journal is considered an ethical deviation
and is conflicted to the declaration has been done below by the authors.

i. Studies with humans or other animals: Before submitting manuscripts involving human beings, materials
from human or animals, the authors need to confirm that the procedures established, respectively, by the
institutional committee on human experimentation and Helsinki’s declaration, and the recommendations of the
animal care institutional committee were followed. Editors may request complementary information on ethical
aspects.

COPYRIGHT NOTICE

The corresponding author transfers the copyright of the submitted manuscript and all its versions to Eclet. Quim. J.,
after having the consent of all authors, which ceases if the manuscript is rejected or withdrawn during the review
process.

When a published manuscript in Eclet. Quim. J. is also published in other Journal, it will be immediately withdrawn
from Eclet. Quim. J. and the authors informed of the Editor decision.

Self-archive to institutional, thematic repositories or personal webpage is permitted just after publication. The articles
published by Eclet. Quim. J. are licensed under the Creative Commons Attribution 4.0 International License.

PUBLICATION CHARGES

Eclética Quimica Journal is supported by the Institute of Chemistry/UNESP and publication is free of charge for
authors.
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MANUSCRIPT PREPARATION

COVER LETTER

We provide a template to help you prepare your cover letter. To download it, click here.
The cover letter MUST include:

1. Identification of authors

a. The authors’ full names (they must be written in full and complete, separated by comma)

Jodo-MJesé Incorrect
FMJoesé Incorrect
Jodo Maria José Correct!

b. E-mail addresses and affiliations (neither more nor less than two instances) of all authors;
c. ORCID ID links;
d. A plus sign (+) indicating the corresponding author.

Example:
Author Full Name®*, Author Full Name?

1. University, Faculty or Institute, City, Country.
2. Company, Division or Sector or Laboratory, City, Country.

+ Author 1: address@mail.com, ORCID: https://orcid.org/xxxx-XxXxxX-XXXX-XXXX
Author 2: address@mail.com, ORCID: https://orcid.org/xxxx-XxXxx-XXXX-XXXX

2. Authors’ contribution

We request authors to include author contributions according to CRediT taxonomy standardized contribution
descriptions. CRediT (Contributor Roles Taxonomy) is a high-level taxonomy, including 14 roles, that can be used
to represent the roles typically played by contributors to scientific scholarly output. The roles describe each
contributor’s specific contribution to the scholarly output.

a. Please, visit this link (https://casrai.org/credit/) to find out which role(s) the authors fit into;

b. Do not modify the role names; do not write “all authors” in any role. Do not combine two or more roles
in one line.

c. If there are any roles that no author has engaged in (such as funding in papers that were not funded), write “Not
applicable” in front of the name of the role;

d. Write the authors’ names according to the American Chemistry Society (ACS) citation style.

Example:

Conceptualization: Foster, J. C.; O’Reilly, R. K.

Data curation: Varlas, S.; Couturaud, B.; Coe, J.; O’Reilly, R. K.
Formal Analysis: Foster, J. C.; Varlas, S.

Funding acquisition: Not applicable.
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Investigation: Foster, J. C.; O’Reilly, R. K.

Methodology: Coe, J.; O’Reilly, R. K.

Project administration: O’Reilly, R. K.

Resources: Coe, J.

Software: Not applicable.

Supervision: O’Reilly, R. K.

Validation: Varlas, S.; Couturaud, B.

Visualization: Foster, J. C.

Writing — original draft: Foster, J. C.; Varlas, S.; Couturaud, B.; Coe, J.; O’Reilly, R. K.
Writing — review & editing: Foster, J. C.; Varlas, S.; Couturaud, B.; Coe, J.; O’Reilly, R. K.

4. Indication of reviewers
We kindly ask the authors to suggest five suitable reviewers, providing full name, affiliation, and email.
5. Other information
a. The authors must write one paragraph remarking the novelty and relevance of the work;
b. The corresponding author must declare, on behalf of the other authors, that the manuscript being submitted is

original and its content has not been published previously and is not under consideration for publication elsewhere;
¢. The authors must inform if there is any conflict of interest.

6. Acknowledgements and funding
Acknowledgements and funding information will be requested after the article is accepted for publication.
7. Data availability statement

A data availability statement informs the reader where the data associated with your published work is available, and
under what conditions they can be accessed. Therefore, authors must inform if:

Data will be available upon request;

All dataset were generated or analyzed in the current study; or
Data sharing is not applicable.

MANUSCRIPT

We provide a template to help you prepare your manuscript. To download it, click here.

1. General rules

Only manuscripts written in English will be accepted. British or American usage is acceptable, but they should not
be mixed. Non-native English speakers are encouraged to have their manuscripts professionally revised before
submission.

Manuscripts must be sent in editable files as *.doc, *.docx or *.odt. The text must be typed using font style Times
New Roman and size 12. Space between lines should be 1.5 mm and paper size A4, top and bottom margins 2.5 cm,

left and right margins 2.0 cm.

All contributions must include an abstract (170 words maximum), three to five keywords and a graphical abstract
(8 cm wide x 8 cm high).
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Supplementary information: all type of articles accepts supplementary information (SI) that aims at complementing
the main text with material that, for any reason, cannot be included in the article.

TITLE

The title should be concise, explanatory and represent the content of the work. The title must have only the first letter
of the sentence in uppercase. The following are not allowed: acronyms, abbreviations, geographical location of the
research, en or em dashes (which must be replaced by a colon). Titles do not have full point.

ABSTRACT

Abstract is the summary of the article. The abstract must be written as a running text not as structured topics, but its
content should present background, objectives, methods, results, and conclusion. It cannot contain citations. The text
should be written in a single paragraph with a maximum of 170 words.

KEYWORDS

Keywords are intended to make it easier for readers to find the content of your text. As fundamental tools for database
indexing, they act as a gateway to the text. The correct selection of keywords significantly increases the chances that
a document will be found by researchers on the topic, and consequently helps to promote the visibility of an article
within a myriad of publications.

FIGURES, TABLES AND EQUATIONS

Figures, tables and equations must be written with initial capital letter followed by their respective number and period,
in bold, without adding zero “Table 17, preceding an explanatory title. Tables, Figures and Equations should appear
after the first citation and should be numbered according to the ascending order of appearance in the text (1, 2, 3...).

Figures, tables, schemes and photographs already published by the same or different authors in other publications
may be reproduced in manuscripts of Eclet. Quim. J. only with permission from the editor house that holds the
copyright.

Nomenclature, abbreviations, and symbols should follow IUPAC recommendations.
DATA AVAILABILITY STATEMENT

The data availability statement informs the reader where the data associated with your work is available, and under
what conditions they can be accessed. They also include links (where applicable) to the data set.

a. The data are available in a data repository (cite repository and the DOI of the deposited data);

b. The data will be available upon request;

c. All data sets were generated or analyzed in the current study;

d. Data sharing is not applicable (in cases where no data sets have been generated or analyzed during the current
study, it should be declared).

GRAPHICAL ABSTRACT

The graphical abstract must summarize the manuscript in an interesting way to catch the attention of the readers. As
already stated, it must be designed with 8 cm wide x 8 cm high, and a 900-dpi resolution is mandatory for this journal.
It must be submitted as *.jpg, *.jpeg, *.tif or *.ppt files as supplementary file.

We provide a template to help you prepare your GA. To download it, click here.
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SUPPLEMENTARY INFORMATION

When appropriate, important data to complement and a better comprehension of the article can be submitted as
Supplementary File, which will be published online and will be made available as links in the original article. This
might include additional figures, tables, text, equations, videos or other materials that are necessary to fully document
the research contained in the paper or to facilitate the readers’ ability to understand the work.

Supplementary material should be presented in appropriate .docx file for text, tables, figures and graphics. All
supplementary figures, tables and videos should be referred in the manuscript body as “Table S1, S2...”, “Fig. S1,
S2...” and “Video S1, S2...”.

At the end of the main text the authors must inform: This article has supplementary information.

Supplementary information will be located following the article with a different DOI number from that of the article,
but easily related to it.

CITATION STYLE GUIDE

From 2021 on, the Eclet. Quim. J. will follow the ACS citation style.
Indication of the sources is made by authorship and date. So, the reference list is organized alphabetically by author.

Each citation consists of two parts: the in-text citation, which provides brief identifying information within the text,
and the reference list, a list of sources that provides full bibliographic information.

We encourage the citation of primary research over review articles, where appropriate, in order to give credit to those
who first reported a finding. Find out more about our commitments to the principles of San Francisco Declaration on
Research Assessment (DORA).
What information you must cite?

a. Exact wording taken from any source, including freely available websites;

b. Paraphrases of passages;

c. Summaries of another person’s work;

d. Indebtedness to another person for an idea;

e. Use of another researchers’ work;
f. Use of your own previous work.

You do not need to cite common knowledge.

Example:

Water is a tasteless and odorless liquid at room temperature (common knowledge, no citation needed)
In-text citations

You can choose the cite your references within or at the end of the phrase, as showed below.

Within the cited information:
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One author: Finnegan states that the primary structure of this enzyme has also been determined (2004).
Two authors: Finnegan and Roman state that the structure of this enzyme has also been determined (2004).
Three or more authors: Finnegan et al. state that the structure of this enzyme has also been determined (2004).

At the end of the cited information:

One author: The primary structure of this enzyme has also been determined (Finnegan, 2004).
Two authors: The primary structure of this enzyme has also been determined (Finnegan and Roman, 2004).
Three or more authors: The primary structure of this enzyme has also been determined (Finnegan et al., 2004).

If you need to cite more than one reference in the same brackets, separate them with semicolon and write them in
alphabetic order:

The primary structure of this enzyme was determined (Abel et al., 2011; Borges, 2004; Castro et al., 2021).
Bibliographic references
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Book
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1. Introduction

Langmuir monolayers*® have long been used as
simplified membrane models as they mimic half of the
cell membranes that are formed by a fluid lipid bilayer
containing proteins and polysaccharides*®. The reason
why membrane models are employed is the difficulty
to characterize the cells directly, particularly if
molecular-level information is required. Since the
seminal works by RAYLEIGH®, Langmuir” and Nandi
and Vollhardt®, monolayers have been utilized for in
situ characterization of surfactant molecules at the air-
liquid interface and in the formation of Langmuir-
Blodgett (LB) films®*°. Because lateral organization is
important and there are specific lipid functions in
biomembranes, the Langmuir monolayer model is
advantageous, as the area per molecule and lipid
composition are controlled precisely. Furthermore,
with monolayers, one may investigate biomolecule-
membrane interactions by modifying and controlling
the lipid charge and structure, and subphase conditions,
such as pH and concentration of the biologically-
relevant molecules'*?,

Since the 1990s, novel in situ methods have been
made available to study liquid interfaces with
microscopic and molecular resolution, as described in
recent reviews! >, In Section 2 in this review paper,
we describe several methods to characterize Langmuir
monolayers, while selected results from the last five
years with monolayers used as membrane models are
discussed in Section 3. These results refer to a few
topics that have gained prominence, viz. interaction
with pharmaceutical drugs and emerging pollutants,
enzyme activity, use of lipid mixtures to better mimic a
real membrane and interaction with chitosans.

2. Methodology

Langmuir monolayers are obtained with instruments
referred to as Langmuir troughs, with which a solution
of an amphiphilic material is spread at the air-water
interface. These Langmuir troughs are made of inert
materials, usually Teflon, and contain movable
barriers, one pressure sensor and one dipper. For
monolayer formation, a small volume of a diluted
solution of the selected compound in a volatile organic
solvent (usually chloroform) is spread over the water
surface. The barriers allow the area occupied to be
varied and the dipper permits immersion of substrates
for LB film deposition. The pressure sensor measures
the surface pressure (m), normally with the Wilhelmy
method®. After solvent evaporation, the barriers
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compress the molecules at a constant rate, which
makes them oriented in relation to the water surface,
with the hydrophobic portions facing air and
hydrophilic portions in contact with the water. When
the film is closely packed and continues to be
compressed, collapse occurs with disordered layers
being formed*>. There are several methods to study the
properties of a Langmuir monolayer. For various
spectroscopic and microscopy methods and other in
situ characterization techniques, the Langmuir trough
Is installed to give access to the measuring systems. In
this review paper, we shall introduce methods which
have been employed in Brazil or by Brazilian
researchers in collaboration with international partners.

2.1 Surface pressure measurements

The most popular way to characterize Langmuir
monolayers is to obtain the surface pressure-area (n-A)
isotherm?®. From the isotherms, one may determine the
molecular area, monolayer phases, collapse behavior,
compressibility and interaction with species in the
subphase. The measurement is usually done in a
pseudo-equilibrium condition, with a continuous
compression of the monolayer while the surface
pressure is monitored. Surface pressure is measured by
either of two main methods: the Langmuir balance,
which is a differential measurement, and the Wilhelmy
plate, an absolute method that involves the forces
acting on the plate (made of platinum or filter paper)
partially immersed in the subphase®. The surface
pressure (m) is defined as the difference between the
surface tension of one subphase in absence of the
compound (yo) and in the monolayer presence (y), as in
Eq. 1:

)

The minimum pressure is zero and the maximum is
around 73 mN m (at 25 °C), which corresponds to the
surface tension of pure water if the monolayer is
stable!®. The factors that affect the shape of surface-
pressure isotherms include experimental conditions and
chemical modification of the molecule’s structures,
such as their polarity, size and shape®®. The analysis of
surface pressure isotherms yields information on
the collapse pressure and the compressibility modulus
(Cs1H)Y. The latter allows one to characterize the state
of the monolayers and the phase transitions, and may
be calculated using Eq. 2:

T=Y—VY

- an
Cst=—-A—
dA

(2)
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where A corresponds to the mean molecular area and &
is the surface pressure.

2.2 Surface potential measurements

The surface potential (AV) technique has been
utilized over decades with Langmuir monolayers. It is
defined as the potential difference between an aqueous
surface in the presence of a Langmuir monolayer and a
surface without the monolayer. This measurement
provides information about the dipole moments of the
film-forming materials, in addition to changes in
orientation of water molecules in the subphase and of
the double-layer formed in ionized monolayers
between the electrolytic subphase and the headgroups®.
The measurement of surface potential is usually made
with a Kelvin probe in a vibrating capacitor scheme.
The surface potential changes when the film is
compressed, owing to reorientation of the head or tail
groups. Theoretical models have been used to relate the
measured potentials with the dipole moments of the
molecules. In one of these models'®, the monolayer
was considered as a three-layer capacitor, each layer
with its “effective” dipole moment and local dielectric
constant. As the interactions between the molecules are
weak for large areas per molecule, the surface potential
of the monolayer is zero. During monolayer
compression, there is a critical area in which the
potential is no longer null and increases rapidly with
the decrease in area per molecule. It is worth
mentioning that the surface potential is more sensitive
to the organization of the Langmuir monolayers than
the surface pressure®®.

2.3 Fluorescence microscopy

Fluorescence microscopy is used to obtain structural
information and study the dynamics of possible
chemical and structural changes in Langmuir
monolayers. The technique requires that molecules in
the monolayer contain dyes or chromophores**, with an
incident light (from the air or from the water) exciting
the monolayer material or incorporated dyes. As the
solubility of the fluorescent probe depends on the
monolayer state, a contrast is originated upon changing
these states®. Therefore, with fluorescence microscopy
one may inspect the molecular aggregates and domains
at different film compression stages. The analysis of
fluorescence microscopy data may be difficult due to
the possible segregation of probe molecules, which can
form separate monolayer phases'®. This occurs because
a fluorescent amphiphilic molecule can be added to the
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monolayer. Since this probe could act as an impurity in
the monolayer, its solubility can vary in the coexisting
phases. Also, significant are the possible
photochemical transformations in the fluorescent
probes, which should be accounted for?2:,

2.4 Brewster angle microscopy

Brewster angle microscopy (BAM) was reported in
1991, independently, by two groups: Hénon and
Meunier from France and Honig and Mdbius from
Germany?+?2, Similarly to fluorescence microscopy,
BAM allows the observation of the mesoscopic
morphology and ordering of condensed phase
domains?®. One of the main advantages of BAM
compared to fluorescence microscopy is that it does not
require external probes, which means that the
monolayers may be visualized on a mesoscopic scale
without external interference?*. Brewster angle
microscopy also provides information about monolayer
phases, packing of the molecules, phase transitions and
chemical modifications?®. The principle of BAM is
based on reflection spectroscopy. The plane interface
reflectivity between two media of refractive index (n:
and n,) depends on the polarization (a)) of the incident
light and on the angle of this incidence (). For p
polarization (electric field in the plane of incidence)
and considering a Fresnel interface, the reflectivity
vanishes at the Brewster angle (0g), as indicated in
Eq. 3:

tan[0] = "?/p, 3)

Condensed monolayer phases affect the refractive
index with measurable changes in reflectivity*. Three
origins may be identified for the reflectivity: the
thickness and roughness of the interface and the
anisotropy of the monolayer’. For the air-water
interface, the Brewster angle is 53° for p polarization
light. When a monolayer is introduced, a new interface
is formed and a is changed. Thus, the light is reflected
and can be observed with a microscope, which allows
for monolayer visualization?®?’.

2.5 Polarization modulation infrared reflection
absorption spectroscopy (PM-IRRAS)

Spectroscopy in the infrared region allows one to
investigate vibration modes of the chemical bonds. For
Langmuir monolayers, it has become frequent to
employ polarization-modulated infrared reflection
absorption spectroscopy (PM-IRRAS). This method is
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sensitive to the component of the perpendicular dipole
moment in relation to the substrate’®, thus yielding
information on the orientation of film-forming
molecules®®®,  The importance of polarization
modulation is related to the minimization of the
absorption of the water vapor and making PM-IRRAS
surface specific®®. Polarization modulated infrared
reflection absorption spectroscopy was developed
around 1990 and has been utilized with metallic
substrates as well as in Langmuir monolayers. It
combines Fourier transform and mid-infrared reflection
spectroscopy with polarization modulation of the
incident beam with two-channel electronic and
mathematical processing of the detected signal®’. By
alternating s- and p-polarizations in the impinging light
at a high frequency using a photoelastic modulator, the
reflectivity of both polarizations are detected. The
difference between them yields surface specific
information while their sum serves as reference. The
ratio between the difference and sum is the PM-IRRAS
signal, in which the gas phase absorbance is
compensated®. With PM-IRRAS one may distinguish
between in-plane and out-of-plane vibrations. For
instance, positive bands correspond to the vibrations
parallel to the water surface, while negative bands are
due to vibration modes normal to the water surface®.

2.6 Sum-frequency generation

Sum-frequency generation spectroscopy (SFG) has
been developed as a surface-specific technique for
interfaces and surfaces®®*. As a second-order
nonlinear optical process, SFG is forbidden under the
electric-dipole  approximation in  media  with
centrosymmetry, and a signal is only measured when
the inversion symmetry is broken®2¢. Sum-frequency
generation spectroscopy utilizes different input/output
polarization combinations, which provide a great deal
of structural information®, including for different
Langmuir monolayer phases. A unique feature of SFG
is the possibility to investigate the interfacial water
layers, which can be affected by changes in ion
concentration and pH*%. In SFG, two input laser
beams overlap to generate an output at a frequency
which is the sum of the incoming frequencies. One
frequency is visible while the infrared beam is tunable.
When this infrared frequency approaches a surface
resonance, the SFG output is enhanced and a spectrum
of the surface or the interface is obtained”’, in some
cases identifying the chemical groups®. The
vibrational spectrum is thus obtained with the detection
of the light with summed frequencies®.
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In general, infrared spectroscopy has enough
sensitivity to detect a surface monolayer. However, the
spectrum is usually complicated and the information
about the conformation of the monolayer chain is
indirect. In SFG, on the other hand, the spectra of the
hydrocarbon chains are simplified by the intrinsic
selection rules and they are sensitive to chain
conformation, which means that they can be used to
provide qualitative information about chain
conformation®’. The selection rules for sum frequency
involve the asymmetric environment, and the
asymmetry must be satisfied in molecular and
macroscopic levels. On a macroscopic scale, the sum
frequency is inactive, because isotropic distribution of
molecules in the bulk phase is centrosymmetric. For
interfacial molecules to be active, a net polar
orientation is necessary, since no SFG signal is
observed when the surface structure is completely
disordered*>*,

2.7 X-ray techniques

The structure of Langmuir monolayers started to be
investigated in detail in the 1980s when synchrotron
light sources became available. With grazing incidence
X-ray diffraction (GIXD) measurements, it was
possible to determine the in-plane structures for the
first time, including tilt directions and tilt angles with
Angstrom resolution**. This technique is based on the
total reflection phenomenon, in  which the
electromagnetic wave propagates at a critical angle
along the boundary between two media and is totally
reflected from the medium with the lower refractive
index. The GIXD is highly surface sensitive because a
monochromatic X-ray beam with a well-defined
wavelength is used to focus the water surface at an
angle a; (a value below the critical angle oc of total
external reflection). The evanescent wave propagates
along a top layer of only 8 nm. For a crystalline
monolayer, the evanescent wave may be scattered from
the lattice planes as in a Bragg scattering®. The types
of information that may be obtained with GIXD
include molecular organization in terms of unit cell
dimensions and orientation of the molecules in relation
to the interface.

In addition to GIXD, two other techniques have
been important for the study of Langmuir monolayers:
specular X-ray reflectivity (XR) and total reflection X-
ray fluorescence (TRXF). With XR, one may probe
non-structured liquid monolayers, which is not possible
with GIXD. From XR experiments, the vertical
structure of the monolayer may be determined,
regardless of the phase state. The incident angle o; can
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vary from 0.01 to 0.8 A of the vertical scattering
vector component (Eq. 4).

Q; = (4m/2) sin(ay) (4)

The background scattering from the subphase is
measured at 20 = 0.7° and subtracted from the specular
signal measured at 20 = 0%,

Total reflection X-ray fluorescence is a simple
method to characterize quantitatively the monolayers*.
For the coupling between electron and X-ray to be
efficient, the gap between the energy of the X-ray
beam and the edge energy should not be too large,
which means that the X-ray energy depends on the type
of element to be detected. However, in some cases, the
fluorescence process is inefficient and the radiation is
much weaker than the primary beam. Hence, light
elements cannot be detected because of instrumental
limitations and low X-ray fluorescence vyields. In
TRXF, the measurement does not depend on the
structure and monolayer composition, it depends on the
experimental conditions, the fluorescence yield for a
line and the X-ray absorbance of an element. The
fluorescence intensity (1) of an element | with a
concentration profile ci(z) (in the directional normal to
the interface) is given in Eqg. 5:

1l = b; [ Lex(2) ci(2)dz (5)

where 1,,(z) corresponds to the exciting X-ray
intensity at a distance z from the surface and b; is a
constant®.

3. Summary of recent results

The use of Langmuir monolayers as cell membrane
models has continued as a popular topic, with more
than 500 papers in indexed journals (in the Web of
Science in July, 2020) over the last five years. For this
review paper, we have chosen a few topics associated
with drugs and biopolymers, which interactions with
cell membranes are essential for their physiological
action®’,

The first topic is associated with pharmaceutical
drugs which physiological action may be correlated
with the ways they interact with cell membranes.
Rodrigues et al.*® investigated bacitracin, a drug used
for treating minor wounds. Bacitracin is able to disrupt
membrane models representing gram-positive and
gram-negative bacteria. They observed that bacitracin
is incorporated in 1,2-dipalmitoyl-sn-glycero-3-
phospho-L-choline  (DPPC), 1,2-dipalmitoyl-sn-
glycero-3-phospho-(1'-rac-glycerol) (DPPG) and 1,2-
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dipalmitoyl-sn-glycero-3-phospho-L-serine (DPPS)
monolayers, and affects the monolayer morphology, as
they showed in BAM images. The effects from
bacitracin  depended on the nature and
microenvironment of the monolayer, as well as on the
lipid polar head. For DPPC and DPPG, bacitracin
expands the lipid monolayer, while for DPPS the drug
condenses it. The observation that bacitracin interacted
with the phospholipid monolayers at a surface pressure
typical of a real membrane model (i.e. 30 — 35 mN/m)
was of biological relevance®.

Weder et al.*® studied 2-hydroxyoleic acid (20HOA
or Minerval) and its interaction with different
membrane  components, such as cholesterol,
sphingomyelin  and  phosphatidylcholine®.  They
observed that the interactions between the lipids and
the 20HOA in the monolayer are more favorable when
the monolayer is more fluid. The effects of 20HOA
depended on the condensation of monolayers
mimicking lipid rafts; the ability of 20HOA to
destabilize and modify the morphology of the
monolayers was suggested to be linked to its activity.
Some classes of peptides are promising for Killing
bacteria, especially as they can disrupt bacteria
membrane. This has motivated a number of studies
with Langmuir monolayers®, including those from
Prof. Jodo Ruggiero®. In the latter study, the
interaction of peptides was studied with Langmuir
monolayers of DPPC, which was used to verify the
influence of a peptide on lipid packing during the LE-
LC coexistence plateau. Their results permitted to
confirm that the subphase pH is an important parameter
which modulates the peptide surface activity. Also
relevant was the conclusion that the mutual lateral
interaction could stabilize the peptides in the
hydrophobic region of the membrane.

The importance of immobilizing enzymes in
Langmuir and Langmuir—Blodgett films arises from the
possible monitoring of catalytic activity at the
molecular level***3. Also significant is the finding that
the environment provided by the lipid-enzyme
architecture could conserve the catalytic activity for a
long time>**°, which is interesting for biosensors.
Rocha Junior and Caseli*® studied the surface activity
of the enzyme asparaginase at the air-water interface.
Asparaginase is responsible for catalyzing the
hydrolysis of asparagine to aspartic acid and ammonia
and serves as an antitumorigenic agent®’. They detected
the formation of mixed asparaginase-DPPC
monolayers using surface pressure and surface
potential measurements and vibrational spectroscopy.
Asparaginase decreased the lipid surface elasticity,
increased the surface potential and condensed the
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monolayer. When asparaginase was immobilized in
phospholipid LB films, its activity was better preserved
than in a homogeneous medium®e,

An increased use of emerging pollutants with
Langmuir monolayers has been noted for two main
reasons. These pollutants have attracted considerable
attention and their study in in vivo systems is
difficult™. Alessio et al. investigated the interactions of
the pollutants amoxicillin (AMX) and methylene blue
(MB) with a simple membrane model consisting of
DPPC monolayers®. Amoxicillin is an antibiotic of the
penicillin  family wused to treat bacteria-related
infections, and MB is a phenothiazine derivative used

ig.unesp.br/ecletica

as a medicine®, among other applications®.
Amoxicillin and MB shifted the surface pressure of
DPPC monolayers to larger areas and made these
monolayers more compressible, as observed in Fig. 1.
Even more important was the observation that a
stronger effect occurred when the two pollutants were
mixed, which was corroborated with PM-IRRAS data.
This synergistic effect is in line with the problems
reported about cooperative action of pollutants
effects™.
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Figure 1. (a) Surface pressure isotherms of DPPC for 10 mol/L subphases with AMX, MB and the mixture at
23 °C. (b) Modifications of the area induced by the subphases of AMX, MB and the mixture. (¢) Compressional
modulus versus surface pressure for DPPC monolayers obtained from the zm-A isotherms. Reproduced from

Maximino et al.>® with Elsevier permission.

Another work related to pollutants by Weder et al.®
involved the persistent organic pollutants polycyclic
aromatic hydrocarbons (PAHs)® that can easily
migrate in the environment. One way to eliminate
PAHs is through bioremediation by using soil
decomposer consortia in bacterial species capable of
PAHSs degradation®®, However, the surface of the soil
bacteria is hydrophilic, while PAHs are hydrophobic,
so the direct contact between them is very limited.
With this problem in mind, the authors proposed to
study  Langmuir  monolayers  from  bacterial
phospholipids as model membranes, as the studies in
the literature are predominantly based on
phosphatidylcholines (PC)%, which do not occur in this
type of membrane. The lipid mixtures they used
contained cardiolipin, phosphatidylglycerol and
phosphatidyl ethanolamine. Six PAH molecules were
employed, which showed different behaviors in contact
with the monolayers. The results do not depend on the
kind of the polar headgroup of the lipids. Polycyclic
aromatic hydrocarbon molecules do not have any polar
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groups and, therefore, they are incorporated between
the hydrophobic chains of the phospholipid and
interact with them, avoiding the hydrated regions of the
monolayers. Based on the results for the various
monolayers, Weder et al.%? suggested that the toxicity
of PAH molecules is directly related to their
interactions with the membrane phospholipids.

One of the major challenges in the use of Langmuir
monolayers as cell membrane models is to mimic the
rich variety of membrane composition. For decades,
most studies employed only neat phospholipids in the
monolayers in order to make it simple. In recent years,
attempts have been made to better mimic the
membrane composition by using mixtures of lipids.
Herein, we mention some contributions from the last
four years in this topic. Sun et al.°” used the mixtures of
POPC/DPPC and POPC/DPPC/Chol (POPC is 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine  and
Chol is cholesterol) to investigate interactions with
Lycium barbarum polysaccharides (LBP), natural
biopolymers used in medicine and in the food
industry®. A fewer number of LBP molecules
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interacted with POPC/DPPC/Chol monolayers in
comparison to POPC/DPPC monolayers, and Cs™max
was higher for the ternary mixture. These results
indicated that the presence of cholesterol led to a more
rigid, more stable membrane at the air-water interface.
They were interpreted as considering that cholesterol
protected the cell membrane from the effects of LBP.
Another example of lipid mixtures in Langmuir
monolayers included different proportions of Chol and
sphingomyelin (SM) in a study of effects from the
antimalarial drug cyclosporine A®. Cholesterol is
known to affect membrane fluidity’®’* and forms the
so-called lipid rafts along with SM"%73, Wnetrzak et al.®®
observed that cyclosporine A was distributed on the
monolayers in different ways, depending on the Chol-
SM proportion. Cyclosporine A induces modifications
in SM-Chol model membranes, especially in their
mechanical properties. These modifications could
affect the antimalarial activity of cyclosporine A, since
this drug may disorganize SM-rich domains, which
destabilizes the vacuolar membrane, preventing the
development of parasites.

As already mentioned, Chol affects the
conformational order and membrane permeability, thus
regulating the lateral organization of membrane
components™>’%’27 This has been studied in detail on
aminophospholipid membranes™. The isotherms and
compressibility modulus depend on the Chol
concentration, and the same applies to the molecular
organization inferred from X-ray reflectivity
measurements (XRR).

The third type of representative study of cell
membrane  models involves chitosans, which
applications in medicine depend on their interactions
with biomembranes. Owing to their biocompatibility
and biodegradability, chitosans have been used in drug
delivery’® and as bactericidal agents’’. Pavinatto et al.”®
investigated the interaction between two samples of
chitosan with different molecular weights and
zwitterionic (DPPC) and negatively charged (DPPG)
phospholipids. The action of chitosan depends on three
factors: degree of acetylation’®°, molecular weight?
and functionalization®. The goal of this study was to
show that smaller chitosan chains are more capable of
penetrating into the membranes®. Both chitosans
expanded the DPPC and DPPG monolayers and
reduced their compressibility modulus, but the effects
were more pronounced for the low molecular weight
sample, as shown in Fig. 2. Furthermore, interaction
was stronger with DPPG, owing to its negative charge.
The reason why chitosans with lower molecular weight
had more access to the monolayer was identified by
dynamic light scattering measurements with the
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chitosan solutions. Larger aggregates were observed
for the high molecular weight chitosan, which
hampered the access to the phospholipid hydrophobic
tails’™.
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Figure 2. Surface pressure-area isotherms for (a)
DPPC and (b) DPPG monolayers. Subphase: TS buffer
pH 3.0 and 0.2 mg mL* commercial chitosan (Chi)
and lower molecular weight chitosan (LMWChi).
Reproduced from Pavinatto et al.”® with Elsevier
permission.

Until recently, all the experiments with Langmuir
monolayers were made with chitosans that were only
soluble at acidic subphases. This has changed with the
development of a novel strategy to produce chitosans
soluble at a wide pH range with controllable degree of
acetylation®. A chitosan with 35% acetylation degree
(Ch35%) was made to interact with Langmuir
monolayers of equimolar mixtures of (SM/DPPC/Chol)
to mimic lipid rafts in cell membranes®. The most
important observation was that interaction with such
lipid rafts occurred at chitosan concentrations much
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lower than reported in the literature, as shown in Fig. 3
for a subphase of phosphate buffer saline (PBS)
solution. In fact, interaction with the SM/DPPC/Chol
was always stronger than for the pure DPPC, and this
applied not only to the high molecular weight Ch35%,
but also for other types of chitosan. It is also worth
noting that the interactions with SM/DPPC/Chol
monolayers are even more pronounced for acidic
subphases.

60
w— absence of Ch35%
10-'\ mg/mL
45+ -4,
\ 10 mg/mL
= T
._.E \ 10~ mg/mL
. 30 \. —IO-2 mg/mL
g 2y
Ay =10 " mg/mL
i
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Figure 3. Surface pressure-area isotherms for

monolayers of SM-DPPC-chol (1:1:1). Subphase: PBS
(pH 7.4) containing Ch35% at different concentrations.
Reproduced from Pereira et al.®® with Elsevier
permission.

4. Final Remarks

The mimicking of cell membranes is, today, one of
the most noble uses for Langmuir monolayers. In spite
of the simplifications in the modeling, these
monolayers are useful to obtain molecular-level
information, which is virtually impossible with any
other method. One may, for instance, identify the
reasons why a peptide is effective against gram-
positive bacteria, but not for gram-negative bacteria by
simply verifying that the peptide cannot disrupt a
Langmuir monolayer of lipopolysaccharide®'. With the
in situ vibrational spectroscopy technigues, on the
other hand, it is possible to determine the chemical
groups involved in the interactions between
biologically-relevant molecules and the model
membranes. While recent achievements in modeling
are promising, some of which were discussed in this
review paper, there are important challenges to move
the field forward. In our view, the two most relevant
hurdles are the need to use more complex mixtures of
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lipids and other compounds to better mimic a real cell
membrane and the need to understand the molecular-
level interactions based on theoretical models. The
latter has been addressed with molecular dynamics
simulations®, but the results are still limited, owing to
computational resources and to phenomena involving
charge transfer that is difficult to simulate with
classical methods.
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ABSTRACT: Dengue fever is a widespread '

infectious disease caused by Dengue viruses virus fusion pepTide

and responsible for millions of cases per year. 2=
One of the key steps during the infection is the
fusion between the cell membrane and the .
lipidic bilayer of the virus, done by the
glycoprotein envelope. At the tip of the ;s
envelope there is a fusion peptide widely = :
conserved among the four known virus Ty : , 4 p <o ES
serotypes. Here dengue fusion peptides were HZQGTIVG Ilpld vesicles
studied in buffer solution and interacting with

model membranes using fluorescence techniques. Peptides have the tryptophan residue exposed to agueous environment
when in buffer, while is exposed to a hydrophobic environment when interacting with negatively charged vesicles, as
shown by the blue shift of fluorescence emission and increase in the lifetime decay. Fluorescence anisotropy results
confirm that the residue is in a more restrictive environment when interacting with vesicles. Finally, fluorescence
correlation spectroscopy results support the importance of electrostatic interaction, showing that dengue peptide promotes a
significant increase in diameter of negatively charged vesicles, compared to the absence of effect in the size of neutral
vesicles.
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1. Introduction

Dengue fever is an infectious disease spread in
tropical and subtropical areas of the world, affecting
around 2 billion people and causing as many as
100 million cases each year'?. The disease is caused by
the dengue virus, a member of the Flaviviridae family,
a group of enveloped viruses containing a positive-
sense single-stranded RNA genome. The viral particle
contains three structural proteins — capsid, membrane
precursor and envelope glycoprotein protein (E) — and
seven non-structural proteins®. As for other enveloped
viruses, dengue virus infection depends on a step
involving the fusion of the viral envelope with the cell
membrane promoted by the envelope glycoprotein E>S,

a)
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The glycoprotein E is a dimer complex with 495
amino acids in each subunit, which, under acidic
conditions, undergoes a structural change, exposing the
fusion peptide and forming a trimer”*°. The segment
between residues 98 and 112, called fusion peptide,
forms a loop in domain Il of glycoprotein E and inserts
into the cell membrane”®!:!? in the interaction step
between the flavivirus and the host cell. The same
sequence is present in the four dengue virus serotypes,
which differ by the amino acid sequences flanking the
fusion peptide. Dengue virus serotype Il is associated
with severe symptoms in humans, and the extended
sequence 88-123, has been studied, trying to
understand the process of fusion with membranes

(Fig. 1).

KRFVC KHSMV DRGWG NGCGL FGKGG IVTCA MFTCKK

88 98
b)

112 123

Figure 1. (a) Amino acid sequence of serotype Il dengue virus fusion peptide (88-123); the sequence 98-112 is
underlined, charged polar residues are indicated in green, hydrophobic residues are in blue and non-charged polar
are in red. (b) Dengue peptide and tryptophan in new cartoon and CPK representation, respectively. Color code is

the same as presented in (a). PDB ID:10K83,

The peptide has a Trp residue in position 101 of the
sequence, allowing its direct observation by
fluorescence spectroscopy. In this study, we examined
the fusion loop peptide and three other peptides from
dengue virus serotype II: the long sequence 88-123,
the amino flank 88-111 and the carboxy flank 98-123.
Due to the involvement in the process of virus fusion
with cell membranes, we report here the analysis of the
peptides in a buffer medium and interacting with model
membranes  using  fluorescence  spectroscopy
techniques. As model membranes, we used small
unilamellar vesicles (SUVs) of neutral lipid 1,2-
dimyristoyl-sn-glycero-3-phosphocoline (DMPC) and
negative 1,2-dimyristoyl-sn-glycero-3-phosphoglycerol
(DMPG). We also used large unilamellar vesicles
(LUVs) of neutral lipid 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC) and negatively charged 1,2-
dipalmitoyl-sn-glycero-3-phosphoglycerol (DPPG).

31

2. Experimental
2.1 Peptides synthesis

Peptides were manually prepared using solid phase
peptide synthesis by the 9-fluorenylmethoxylcarbonyl
(Fmoc) procedure®®. Ninhydrin test was used to
monitor each coupling/deprotection steps. Amino acids
were purchased in Nova Biochem Corp Synpep or
Advanced Chem Tech (USA). PA solvents were
acquired from LabSynth and Acros Organics (USA).
Purification of products of synthesis was performed by
preparative high performance liquid chromatography
(HPLC) using C18 Phenomenex column. After the
purification, peptides were characterized by analytical
HPLC and mass spectrometry.
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2.2 Preparation of model membranes

The lipids DMPC, DMPG, DPPC and DMPG were
purchased from Avanti Polar Lipids (Alabaster, AL,
USA) as powder. The fluorescent probe 1,19-
dioctadecyl-3,3,39,39-tetramethylindocarbocyanine
perchlorate (DilC18) was from Molecular Probes
(Eugene, OR, USA). All the reagents were used
without further purification.

Small unilamellar vesicles films of DMPC and
DMPG were prepared in standard test tubes by diluting
the lipid in 20-30 pL of chloroform, followed by
evaporation of the solvent in a stream of N». After this
step, the tube is left under reduced pressure for 2 h.
Lipid dispersions were prepared by adding citrate
buffer up to final concentration equal to 1 mmol L*
lipid in 2 mL citrate buffer (10 mmol L, pH 5.4).
After vortexing in temperature above the lipid gel-fluid
transition, the content was transferred into a Falcon
with volume of 50 mL.

The SUVs were prepared by sonication of the lipid
dispersion using the Vibracell VC-600 sonicator, with
1/2 in (13 mm) probe tip. The amplitude used during
the sonication was set to 37%. To measure the particle
size, we used the Beckman coulter - N5 submicron
particle size analyzer. The analysis was made by
counts to obtain the percentage distribution and size of
the particles.

Large unilamellar vesicles were prepared from
stock solutions of DPPC and DPPG in chloroform at
40 mmol L. Dry films emerged by evaporating the
solvent under a N, flow and eliminating the remaining
traces of organic solvent under reduced pressure for at
least 3 h. Multilamellar vesicles (MLVs) were prepared
by adding Milli-Q water onto the films and vortexing
them at 45 °C for 2 min above the phase transition
temperature of DPPC. Subsequent extrusion afforded
the LUVs, as described elsewhere!*®. The MLVs
suspension was passed through a polycarbonate
membrane with pores measuring 0.1 pum (Whatman,
Sigma Aldrich) at least 21 times.
fluorescence

2.3 Optical and

apparatus

absorption

An Amersham
spectrophotometer was used to obtain
absorption  spectra.  Steady-state  fluorescence
measurements were made in a Hitachi F-7000
spectrofluorometer; internal calibration was performed
to correct the emission spectra intensity, and polarizer
filters were employed for anisotropy experiments.

Ultrospec 2100 pro

optical
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Fluorescence intensity decays, and time-resolved
anisotropy measurements were recorded on a
picosecond laser system operating in the time-
correlated single-photon counting mode. The excitation
source was a mode-locked Ti:sapphire laser (Tsunami
3950, pumped by Milennia X, Spectra Physics), which
produced laser pulses with 5.0-ps Full Width at Half
Maximum (FWHM). The pulse repetition rate was
adjusted to 8.0 MHz using the 3980 Spectra Physics
pulse picker. The laser wavelength was selected with a
third harmonic generator (BBO crystal, GWN-23PL
Spectra Physics), yielding 295 nm excitation pulses
that were directed to an L-format Edinburgh FL900
spectrometer with a monochromator in the emission
channel. Single photons were detected by a cooled
Hamamatsu R3809U microchannel plate
photomultiplier, and the instrument response function
was ~100 ps. In anisotropy experiments, a Soleil-
Babinet compensator and a Glann-Taylor polarizer
were used in the excitation and emission beam,
respectively. Data were analyzed by using a
commercial software (Edinburgh Instruments) based
on nonlinear least squares method. The quality of the
fit was judged by the reduced x? values and the
residuals distribution.

2.4 Fluorescence correlation spectroscopy

Fluorescence correlation  spectroscopy (FCS)
experiments were performed in the PicoQuant
MicroTime 200 instrument, which combined confocal
optics (Olympus IX-71 inverted microscope) with
pulsed excitation and time resolved data acquisition
along with a highly sensitive avalanche photodiode
detector. A pulsed diode laser operating at an
excitation wavelength of 530 nm was employed, and
detection was accomplished using a bandpass filter to
collect light with a wavelength above 550 nm to
remove scattered light. The samples were examined in
a microscope slide, where a very small fluorescent
volume was selected, and fluctuations in emission were
collected. Using the software provided by PicoQuant,
FCS measurements allowed determination of the
autocorrelation function G(t) for the fluorescence
emission.

3. Results and discussion
3.1 Peptides synthesis

The sequence of the peptides obtained in the
synthesis and used in this work are presented in Tab. 1.
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The peptides contain serine residues in substitution to
cysteine in position 92, 105, 116 and 121. The cysteine
residues were replaced by serine residues to avoid

Table 1. Peptides sequence.

iq.unesp.br/ecletica

dimerization. In previous study, it was verified that this
modification did not promote difference in fusion
activity'°.

Peptide \ Sequence
88 98 112 123
DEN 11 98-112 DRGWGNGSGLFGKGG
DEN 11 98-123 DRGWGNGSGLFGKGG VTSAMFRSKK

DEN2NC 11 88-123

KRFVSKHSMV DRGWGNGSGLFGKGG VTSAMFRSKK

DEN2N 11 88-111

KRFVSKHSMV DRGWGNGSGLFGKG

3.2 Fluorescence of peptides in buffer
3.2.1 Emission spectra

The peptides in citrate buffer (10 mM, pH 5.4)
solution presented absorption centered in 280 nm due
to the presence of tryptophan residue. Under excitation
at 290 nm, the maximum of fluorescence emission was
observed at 358 nm for DEN Il 98-112 and DEN I
98-123 peptides and at 356 nm for DEN 11 88-111 and
DEN Il 88-123 peptides. The fluorescence spectra are
typical of emission from tryptophan immersed in a
polar environment (Fig. 2). Thus, the spectra observed
for all peptides in citrate buffer solution indicate that
the tryptophan residue in DEN Il is exposed to the
aqueous environment, independent of the sequences
flanking the 98-112 fusion loop peptide.

800
— DEN.II-98-112
DEN.II-98-123
DEN.II-88-111
—— DEN.II-88-123

"
‘.V ~ \\‘

600 T

400 +

200 —

350 400 450 500
Wavelength / nm

Figure 2. Fluorescence emission of dengue peptides

incitrate buffer pH 5.4. Peptide concentration

15 pmol L%, excitation 290 nm.
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3.2.2 Time-resolved emission

Time-intensity I(t) decays of all peptides measured
at 350 nm were complex, and the experimental data
were fitted to multi-exponential curves (Eqg. 1):

-t

1) = Ih X aet 1)

where |, is the initial intensity, and ai and z; are the
normalized pre-exponential factor and the lifetime of
component i of the intensity decay, respectively. The
best fit of intensity decay profiles of peptides in citrate
buffer pH 5.4 was obtained using three exponential
functions, as usually found in peptides containing
tryptophan (Fig. 3).

—— DEN.I11-98-112
DEN.II-98-123
DEN.II-88-111

DEN.II-88-123

Counts / #
S

1'0' o '1'5' o '2'0' o
Time / ns

Figure 3. Time-resolved fluorescence decay for

dengue Il fusion peptides in citrate buffer pH 5.4.

Excitation 290 nm, temperature 45 °C.

The occurrence of three lifetimes in the decay of
peptides was attributed to the presence of different
rotational conformers of the indole ring around the C,-
Cs bond of the alanyl side chain: in the g* (gauche
plus) rotamers of Trp in the peptide chain, electron
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transfer processes predominate over fluorescence
emission’’, leading to sub-nanosecond lifetime
component. In the fitted curve for DEN Il peptides, the
value of the long lifetime component was around 3.0
ns, and the intermediate component was circa 1.5 ns;

iq.unesp.br/ecletica

the sub-nanosecond component around 0.3 ns was
necessary to fit the experimental decay (Tab. 2). The
values are within those wusually found in
peptides, where the Trp residue is exposed to aqueous
solvent'®2t,

Table 2. Time-resolved data from fit of intensity decay to three exponential curves: lifetime components (t;) and
normalized pre-exponential factors (a;). Peptides in citrate buffer solution, pH 5.4. Concentration 15 pmol L*
excitation 290 nm, emission at 350 nm. Temperature 45 °C.

Lifetime

Norm. re-exonential Average

Peptide

11/ ns T2 /ns 13/ ns o1 02 o3 <t>/ns
DEN 11 98-112 2.88 1.47 0.25 0.15 0.49 0.36 1.87
DEN Il 98-123 3.23 1.56 0.39 0.15 0.58 0.27 2.02
DEN 11 88-111 3.62 1.53 0.26 0.05 0.63 0.32 1.75
DEN 11 88-123 3.77 1.45 0.28 0.06 0.64 0.30 1.79

The normalized pre-exponential factor for the short
component was around 0.30 for all peptides. However,
we can notice that the long lifetime component of the
peptides with the amino flanking sequence (88-111
and 88-123) presents lower contribution to the decay
(normalized pre-exponential around 0.05) compared to
the fusion loop peptide (98-112) and the peptide with
carboxy flanking sequence (98-123).

From the definition of mean values, the average
lifetime <> was calculated from individual lifetimes
and corresponding pre-exponential factors according to
Eq. 2

(T) — Zi aiTiz

Xt

2)

It is observed that smaller values of average lifetime
correspond to the amino flanking peptides. The
interaction of Trp with charged residues Arg, Lys and
His may contribute to nonradiative de-excitation rate
and subsequent decrease in fluorescent emission
lifetime.

3.2.3 Quenching of fluorescence emission

The steady-state fluorescence emission intensity of
peptides tryptophan decreased upon the addition of
acrylamide into the solution. The decrease in intensity
with increase in the concentration of quencher can be
described by the Stern—Volmer equation (Eqg. 3):

Fo

=1 + Koy [Q]

©)

where F, is the intensity in the solution without
quencher, F is the intensity in the presence of quencher
at concentration [Q], and Ksv is the proportionality
constant known as Stern—Volmer constant.

34

From time-resolved measurements, an equivalent
equation can be written as Eq. 4.

(4)

where 7, is the lifetime of the fluorescent molecule in
the absence of quencher and z is the lifetime in the
presence of quencher at concentration [Q], and Kgin is
the proportionality constant known as dynamic
constant for quenching.

Quenching of peptides emission was examined
through the Stern—-Volmer plot (Fig. 4). Both
parameters Fo/F and to/t increased linearly with the
guencher concentration and the Stern—-Volmer
constants (Ksy) and the dynamic constant (Kqin),
obtained from the respective plots, present good
agreement (Tab. 3), demonstrating the collisional
nature of quenching without the formation of
nonfluorescent species.

TTO =1+ Kgin[Q]

a)

DEN.11-98-
DEN.11-98-
DEN.II-88-
DEN.1I-88-

112
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111
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4 > o =
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*0

> e

1.0 4 '

T v T

T T
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DEN.I1-98-112
DEN.I1-98-123
DEN_I1-88-111
DEN.II-88-123 4

4 » &
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Figure 4. Quenching, by acrylamide, of tryptophan
fluorescence in dengue Il peptides. (a) Stern-Volmer
plot using steady-state fluorescence emission.
(b) Stern—Volmer plot from time-resolved data.
Straight lines are best fits of experimental data to
Stern—\Volmer equation.

Results indicated that Trp residues in the peptides
are exposed to the solvent, allowing the interaction
with the quencher molecules. The quenching results
from collisions between acrylamide molecules and
tryptophan residues in the peptides are a process
dependent on the diffusion of the interacting species in
the medium. The collisional constant Kq is proportional
to the diffusion coefficients of acrylamide and peptides
and is determined with Eq. 5.

_ Kain
Kq ==

®)

In order to calculate the constant, we used the
results of average lifetimes obtained according to
Eq. 2. The values of collisional constant calculated for
all the peptides (Tab. 3) are comparable to the results
of observations made in antimicrobial and
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melanotropic peptides??* and are consistent with the
dimensions of the molecules involved in the process.

The collisional constant is proportional to the sum
of diffusion coefficients of fluorophore and quencher.
We must consider that, in our experiments, the
fluorophore is the tryptophan residue bound to the
peptide chain, and there is another component in the
process, related to the accessibility of the quencher to
the indol group of tryptophan. Thus, the slightly higher
value of K, observed for 88-111 peptide indicates an
increased accessibility of the indol group to the
guencher, suggesting that the tryptophan in the peptide
has a high degree of exposure to the solvent.

Table 3. Steady state (K.) and time-resolved (K..)
constants for quenching of tryptophan emission by
acrylamide. The collisional constants (K, were

calculated from Eq. 5.

Peptide Ko/ L Kan / L K./10° L
mol- mol+

DEN 11 98-112 16.9 14.1 7.6

DEN 11 98-123 14.6 13.9 6.9

DEN 11 88-111 13.1 18.0 10.1

DEN 11 88-123 12.8 14.0 1.7

3.2.4 Fluorescence anisotropy

Values of steady-state fluorescence anisotropy (Ass)
of the peptides measured in citrate buffer solution pH
5.4, around 0.020 (Tab. 4), are comparable to those
observed in peptides with similar number of residues,
like melanocyte stimulating hormone (MSH) and
adrenocorticotropin  hormone fragment (ACTH 1-
24)?022, As the fluorescence anisotropy originates from
the rotational movement of the fluorophore, the
relatively low values of anisotropy reflect the rotational
freedom of the peptides in agueous medium. Slightly
higher values were observed for the sequence 88-123
of the larger peptide.

Table 4. Steady-state anisotropy (Ass) and time-resolved components of anisotropy decay: rotational correlation
time (¢i) and time-zero anisotropy (5i) of component i. Peptides in citrate buffer, pH 5.4, concentration 15 umol L?,

excitation 290 nm, emission set at 350 nm.

p2lns |

Peptide pu/ns |

p1
-0.006

98-112 45 °C 0.017 0.03 0.40 0.21 0.08 0.27 0.023
98-123 45 °C 0.019 - - - - -

88-11145°C 0.018 0.06 0.56 0.19 0.08 -0.012 0.25 0.019
88-123 45 °C 0.021 0.08 0.55 0.15 0.11 -0.014 0.25 0.027
88-123 25 °C 0.023 0.06 0.65 0.17 0.08 0.006 0.26 0.029
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Time-resolved data can offer elements for the
analysis of steady-state results and the experimental
anisotropy decays r(t) were fitted to multi-exponential
curves (Eq. 6):

t

r(t) = X i + 1 (6)

where Bi and ¢; are the time-zero anisotropy and
rotational correlation time of component i of the
anisotropy decay, respectively, and r, stands for the
residual anisotropy at long time t.

The fitted function for anisotropy decay relates to
the theoretically derived expression?® (Eq. 7):

t

r(8) = (1 — 1) S fie¥i + 1o @)

where 1, is the initial anisotropy obtained from the
experimental fit of anisotropy decay through (Eq. 8)

ro=Xif +roandf, = 5 ®)

From the usual definition of mean value, it is
possible to calculate the mean anisotropy from the
temporal dependence of intensity and anisotropy®,
written from the fitted parameters as Eq. 9.

Jy r®1@at 1 @iBig;
T = ——— =T+ —— D
m fo 1(t)dt @ Y <Y (rz+(ﬂj)

(9)

Anisotropy decay profiles, as illustrated in Fig. 5 for
DEN Il 98-112, were best fitted to two rotational
correlation times in the sub-nanosecond region
(Tab. 4). For peptides, the short correlation time is
ascribed to rotation of the Trp residue around its
bonding to the peptide chain, and the longer correlation
time corresponds to the whole peptide rotations?. The
mean anisotropy, calculated from time-resolved data,
has values comparable to the results of steady-state
measurements. The calculated mean anisotropy
contains contributions from fluorescence intensity
decay and rotational movement of the fluorophore
(Eqg. 9). As the lifetime of Trp did not show large
variation in the different peptides, the slightly higher
value of anisotropy observed for the sequence 88-123
is consistent with the decrease in rotational diffusion of
the longer peptide, associated to its larger dimension.
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Figure 5. Fluorescence anisotropy decay for DEN.II
98-112 in buffer at 45 °C. Also shown best fit to a two
exponential decay and graphic of residuals.

3.3 Interaction with lipid vesicles

The fluorescence of the long peptide 88-123 was
measured in the presence of SUVs and LUVs. SUVs of
neutral (DMPC) and charged (DMPG) vesicles were
prepared by sonication at 25 °C. LUVs of neutral
(DPPC) and charged (DPPG) lipids were prepared by
extrusion at 45 °C, above the vesicles thermal
transition temperature.

In the presence of neutral PC vesicles, the spectral
position of maximum emission did not change
compared to the observations in aqueous buffer. In
contrast, in the presence of negatively charged PG
vesicles, we observed a ~10 nm blue shift in the
emission of tryptophan, accompanied by ~25%
increase in intensity, indicating the positioning of the
fluorescent residue in a less polar environment in the
acidic lipid vesicle. However, the extent of the spectral
changes is not very large, indicating that the tryptophan
is not inserted deep inside the bilayer. As the
interaction occurs with negative lipids, there is also
contribution of electrostatic effects, suggesting the
positioning of the peptide in the region near to the
negative charged phosphate groups of the lipids.

The results of the experiments of intensity time
decay of the peptides emission in the presence of
negatively charged DMPG and DPPG vesicles showed
that the long lifetime component increased
considerably, yielding to mean lifetime remarkably
high compared to the values obtained in buffer
(Tab.5). The steady-state anisotropy changed
markedly in the presence of vesicles, the more
pronounced effect observed for the negatively charged
LUVs or SUVs (Tab. 6). Furthermore, the long
rotational correlation time attained values as high as
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3.2 ns in DMPG SUVs at 25 °C and 1.47 ns in DPPG
LUVs at 45 °C, showing that the rotational diffusion of
the peptides greatly slowed down due to the interaction
with negative vesicles. The increase in anisotropy and

iq.unesp.br/ecletica

lifetimes is consistent with the insertion of the peptide
in the interface region of the negatively charged
vesicles?®?!, with consequent restriction to the
rotational diffusion of tryptophan.

Table 5. Time-resolved data for emission of peptide 88-123 in the presence of lipid vesicles. Parameters obtained
from fit of intensity decay to three exponential curves: lifetime components (z;) and normalized pre-exponential
factors (ci). Peptides in citrate buffer solution, pH 5.4. Concentration 20 umol L, excitation 290 nm, emission set
at 350 nm. Temperature 45 °C.

Norm pre-exponential Mean

Lifetime

T/ ns T2/ Ns 13/ NS a1 a2 a3 <t>/ns
Buffer 25 °C 4.6 2.3 0.71 0.09 0.54 0.37 2.58
DMPC - SUV 25 °C 4.8 2.3 0.86 0.09 0.56 0.35 2.62
DMPG - SUV 25 °C 7.1 3.2 1.20 0.05 0.58 0.36 3.40
Buffer 45 °C 3.8 15 0.28 0.06 0.64 0.30 1.81
DPPC — LUV 45 °C 8.0 1.7 0.14 0.05 0.50 0.45 3.54
DPPG - LUV 45 °C 8.1 2.5 0.17 0.05 0.58 0.36 3.66

Table 6. Steady-state anisotropy (Ass) and time-resolved components of anisotropy decay: rotational correlation
time (¢i) and time-zero anisotropy (fi) of component i. Peptides in citrate buffer, pH 5.4, in medium containing
suspension of lipid unilamellar vesicles. Peptide concentration 20 pumol L?, lipid concentration 1 mmol L7,
excitation 290 nm, emission at 350 nm.

System Ass @1/ ns @2/ ns p1 A I lo I'mean
Buffer 25 °C 0.023 0.06 0.65 0.17 0.08 0.002 0.260 0.029
DMPC/SUV 25 °C 0.034 0.06 0.67 0.14 0.07 0.010 0.253 0.035
DMPG/SUV 25 °C 0.083 0.07 3.20 0.21 0.02 0.020 0.250 0.067
Buffer 45 °C 0.021 0.08 0.55 0.15 0.11 -0.014 0.246 0.024
DPPC/LUV 45 °C 0.042 0.04 0.45 0.18 0.10 0.018 0.296 0.042
DPPG/LUV 45 °C 0.065 0.06 1.47 0.16 0.07 0.015 0.246 0.049

An interesting result was that increase in lifetime
was not observed for the peptide in the presence of
neutral SUVs of DMPC at 25 °C. However, at the

3.4 Fluorescence correlation spectroscopy -
effects of the peptide on the size of vesicles

temperature of 45 °C the long lifetime component
increased in the presence of neutral vesicles of DPPC,
Thus, at high temperature the bilayer structure allows
those neutral lipids to interact with the peptide with a
significant increase in the calculated mean lifetime of
Trp emission. The increase in temperature promotes
thermal disorganization of the bilayer. At 25 °C the
bilayers are in the gel phase and at 45 °C, above the
thermal phase transition temperature, the bilayers are in
the liquid crystalline phase. In the high temperature the
bilayer of the neutral lipids is less packed, making
possible the positioning of the peptides so that the
tryptophan residue can span regions in the bilayer with
decreased polarity compared to the aqueous
environment.
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In FCS measurements, software (SymPho Time 64)
provided by PicoQuant, allowed determination of the
auto-correlation function G(t) for the fluorescence
emission. The algorithm employed for data analysis,
adequate to the Ilow intensity emission from
microscopic volumes, is based in a combination of
time-correlated  single-photon  counting (TCSPC)
technique and data acquisition following a specific
time-tagged event, or TTTR (time-tagged time-
resolved) mode?,

The time evolution of the fluctuations in intensity
can be described by the autocorrelation function G(t),
which is dependent on the fluctuations in the
concentration of the fluorophores. It was shown that, in
the case of emission forming a single fluorescent
species, the autocorrelation function relates to the
diffusion of the fluorophore within a tiny sampling
volume through Eg. 10.
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G(t) =7—

N 1+t/1p

(10)

where N and tp are the mean number of molecules and
the diffusion time within the illuminated volume,
respectively?®.

The diffusion coefficient D of the emitting subject
is inversely proportional to tp and was determined
from the experimental autocorrelation function. From
D values, the hydrodynamic radius Ry of the
fluorescent subject was calculated from the Stokes—
Einstein equation (Eq. 11):

kT
Ry =405 (11)
where k is the Boltzmann constant, and # is the
viscosity of the solution. In our experiments, the
emitting species was the fluorescent probe DilCis. As
the probe is bound to the wvesicles, the diffusion
coefficient and the hydrodynamic radius refer to the
whole vesicles.

Fluorescence correlation spectroscopy experiments
were performed in small unilamellar vesicles of DMPC
and DMPG containing the fluorescent probe DilCig
located in the surface vesicles, using a probe to lipid
concentration below 1/100. From the measurements,
we observed that the SUVs dimensions in buffer,
calculated from the correlation curves, were
comparable to those obtained from DLS (Tab. 7). After
the addition of peptides, the FCS data for the neutral
vesicles changed slightly, indicating the small extent of
interaction that could not be observed through changes
in the vesicle’s diffusion. However, in the case of
negative DMPC vesicles, the wvesicles diffusion
coefficient was significantly modified due to
interaction with the peptides, resulting in a drastic
increase in the diameter of the negative SUVs (Fig. 6).
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Figure 6. Autocorrelation function obtained from FCS
experiments performed in small unilamellar vesicles of
neutral DMPC and negative DMPG containing the
fluorescent probe DilCis. Experiments in citrate buffer
pH 5.4, at 45 °C, in the presence and in absence of
DEN 11 88-123 peptide.

Table 7. Diameter (@) of small unilamellar vesicles of DMPC and DMPG determined from DLS and FCS
measurements in citrate buffer pH 5.4, in the absence and in presence of DEN Il 88-123 peptide. Also shown
diffusion coefficient (D) of the vesicles determined from FCS experiments.

System \ @ /nm - DLS D/um2st-FCS @ /nm - FCS
DMPC 32.5 - -
DMPC + DilCyg 32.8 7.51 28.8
DMPC + DilCys + Peptide nd 8.18 26.4
DMPG 46.0 - -
DMPG + DilCig 47.5 8.43 25.6
DMPG + DilCsg + Peptide nd 3.24 67.0

The FCS provides an experimental verification,
independent of Trp fluorescence, revealing that the
interaction between the DEN Il 88-123 fusion peptide
and the lipids vesicles has an electrostatic component,
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involving the charged residues of the peptide and the
negatively charged head groups of DMPG vesicles. As
a result of the interaction, the vesicles drastically
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changed shape and dimension, as revealed by the
increase in the diffusion coefficient.

4. Conclusions

The fluorescence spectroscopy gives information
about the local environment around the tryptophan
residue in the dengue fusion peptides. The changes in
fluorescence characteristics (emission spectrum, time-
resolved intensity decay, quenching by acrylamide,
steady-state and time-resolved anisotropy) are similar
to observations performed in different peptides
containing tryptophan, like melanocyte stimulating
hormone, adrenocorticotropin hormone and
antimicrobial peptides. Despite the local character of
the information obtained from tryptophan fluorescence,
it is possible to draw conclusions concerning the
peptides. In buffer solution, intensities and lifetimes
are smaller for the amino flanking peptides 88-111 and
88-123, due to the presence of positively charged
amino acids Lys, Arg and His in the sequence that
promotes nonradiative pathways to the de-excitation of
the tryptophan excited state.

The dengue fusion peptides in the buffer have the
tryptophan  residue exposed to the aqueous
environment, interacting with molecules dissolved in
the medium. The extent of interaction with the
guencher acrylamide depends on the size of the
peptides, which affects their translational diffusion.
The rotational diffusion was monitored by fluorescence
anisotropy measurements and are resulted from the
rotation of the Trp residue around its bonding to the
peptide chain, combined with the rotation of the whole
peptide. The model is consistent with the dependence
of anisotropy on the size of the peptides.

The interaction with lipid vesicles was assessed by
changes in spectral position, intensity and time-
resolved parameters. Compatible with the role that the
fusion loop peptide exerts in the process of entry in the
cell, the fluorescence of tryptophan residue gives
information about the insertion of the nonpolar
sequence of fusion peptide into the nonpolar region of
lipid vesicles. Noticeably, the effect is enhanced in the
aggregates containing negatively charged
phospholipids. The presence of positive residues in the
amino flanking peptides indicates that the electrostatic
and hydrophobic interactions are relevant to the
process of interaction of serotype Il dengue virus
fusion peptide with the membrane. Results of FCS
experiments using the membrane probe DilCis reveal
changes in the size of negative vesicles due to
interaction with fusion peptides and are consistent with
those obtained from tryptophan fluorescence.
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two main urease isoforms: ubiquitous and
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performed, in terms of optimal pH and
temperature, as well as the determination of the
Michaelis—Menten constant (Km) and maximum
velocity (Vmax). The protein sequence was identified by mass spectrometry and used in computational modeling of the biological
structure. The optimum pH and temperature of the enzyme were 6.5 and 65 °C, respectively, Km 526 mmol L and Vmax 7.4 mmol L*
NH3-Hgurease 2-s~t and biological unity as a trimer. The antifungal activity assays (in vitro) were promising, showing a fungicidal profile of
the urease, with a minimum inhibitory concentration of 10 pg-mL=. This work demonstrated, for the first time, the fungitoxic activity of
embryo-specific soy urease against the Pb18 strain of P. brasiliensis.

After purification and structural-functional characterization, the embryo-specific
soybean urease shows antifungal properties against Paracoccidioides brasiliensis.
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1. Introduction

Ureases are nickel-dependent amidohydrolases
(EC.3.5.1.5) that catalyze the breakdown of the urea
amide group into ammonia and carbamate, which
decomposes spontaneously in a neutral environment to
ammonia and carbon dioxide'?. Ureases are present in
bacteria, fungi and vegetables, but are absent in
animals®. Vegetable ureases play an important role in
using urea as a source of nitrogen for the plant. This
substrate can originate both from the internal plant
metabolism and from an external source, when used as
a fertilizer. This substrate can originate either from the
internal plant metabolism or from external source when
used as fertilizer. In the latter situation, urea is used as
nitrogen source, and it can be directly absorbed by the
plant or may be used in the form of ammonia or nitrate.
When absorbed in the form of ammonia, urea is
hydrolyzed outside the plant by ureases present in the
soil, which can be of either from vegetable or microbial
origin. When absorbed as nitrate, the ammonia
hydrolyzed from urea is converted into nitrate by
microorganisms present in the soil*®.

The discovery of ureases in vegetables occurred in
1909 by Takeuchi, when studying soybeans, since then,
it was discovered that these enzymes are present in all
vegetables, in their most diverse tissues®. However,
such enzymes are especially abundant in vegetables of
the families Fabaceae (vegetables), Cucurbitaceae,
Asteraceae and Pinaceae’®. The soy (Glycine max) has
three urease isoforms: ubiquitous, embryo-specific and
SBU-3. Ubiquitous urease is found in the various
tissues of soy, while embryo-specific urease is found
only in the seed and SBU-3 is found in small amounts,
at specific moments of plant development’.

More recent studies indicate a new property of plant
ureases, related to its toxic role against fungi and
insects. It is noteworthy that these toxic activities do
not depend on the catalytic activity of this enzyme®?°.
Due to this property, plant ureases have come to be
considered multi proteins?, and studies have been
carried out in order to explore their fungitoxic'®'* and
entomotoxic potential'®>. Regarding the fungitoxic
potential,  studies are mainly  focused on
phytopathogenic filamentous fungi, such as species
from the genera Fusarium and Penicillium?®, There are
also some studies with pathogenic mammalian yeasts,
such as those of the genus Candida'®*®. However, there
are no studies with dimorphic fungi pathogenic to
humans, such as Paracoccidioides brasiliensis.

Paracoccidioides brasiliensis is one of those

responsible  for causing paracoccidioidomycosis
(PCM), an endemic systemic mycosis in Latin
42
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America, frequent in Brazil, Argentina, Colombia and
Venezuela. This dimorphic fungus is common at
filamentous form in the environment, especially in the
soil. Hyphae may contain propagating-infective
structures (microconidia) that become yeast-like when
inhaled. This form multiplies in the body, causing
pathogenesis, which can compromise the functions of
several systems, especially the respiratory system®*%,
In the chronic form, lesions on the oral mucosa, lymph
node involvement and, rarely, dermatological lesions
may be observed'®. It is estimated that 10 million
people in Latin America are infected by
Paracoccidioides spp., with 1-2% presenting clinical
manifestations®’. Brazil has a high incidence of PCM
and annual estimates of its occurrence vary from 0.71
to 3.7 cases for every 100,000 inhabitants. However,
there are Brazilian regions where the incidence of PCM
is even higher, as in two municipalities in Ronddnia,
where the incidence rate is 40 cases for every
100,000 inhabitants'®. Paracoccidioidomycosis is the
main responsible for death due to systemic mycoses in
Brazil, corresponding to 51.2% of deaths in this
category, between the years 1996 to 2006*°. Even so, it
is considered by the World Health Organization
(WHO) as a neglected disease'’.

Regarding the treatments available for human
fungal diseases, many antifungals promote adverse
effects on the patient, which makes the treatment
difficult to continue?®. In the case of PCM, this
situation is aggravated, as the treatments tend to be
long, reaching up to 24 months'>*%,

Thus, in view of the antifungal potential of ureases,
as well as the need to develop new drugs against PCM,
this work aims to extract and characterize embryo-
specific soy urease (GmaxUrease), as well as to
evaluate its activity (in vitro) against P. brasiliensis.
Thus, this work can contribute to the development of
future technologies based on urease (nhatural product),
aimed at the treatment of topical manifestations of
PCM.

2. Experimental
2.1 Extraction of embryo-specific soy urease

The protocol for enzyme extraction was guided by
the method proposed by Bracco et al.?* with
modifications. The soy flour was obtained from the
soybean seed Bayer 26B42 ground. Then, 25 g of the
flour was defatted by double washing with chloroform
in an ice bath under stirring for 30 min, followed by
filtration on Whatman paper. The defatted extract was
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used for protein extraction by means of constant
agitation with 20% (w/v) of 20 mmol L phosphate
buffer with 1 mmol L B-mercaptoethanol, pH 7.5 at
4°C for 12 h. The soluble protein fraction
(supernatant) was separated by centrifugation at 30,000
g for 30 min. This fraction was considered the crude
extract and 10 pL of the cocktail of a plant protease
inhibitor was added to it (Sigma P9599, USA).

2.2 Purification of embryo-specific soy urease

Purification of GmaxUrease was done using
chromatography and  centrifugation  techniques.
Initially, a gel filtration chromatography column
containing Sephadex G-25 resin (25.0 x 1.5 cm) and
phosphate buffer (20 mmol L) with 100 mmol L*
NaCl and pH 7.5 as mobile phase and elution flow of
1.0 mL-min~! monitored by spectrophotometer at 280
nm. The fraction that showed ureolytic activity was
concentrated by means of ultrafiltration using Amicon
filter 30 kDa cutoff, at 1,000 g for 20 min. This
fraction was called G25 and 10% glycerol (g.s.) was
added to it.

The G-25 fraction was subjected to a new size
exclusion chromatography in a column with Sephacryl
HS-200 resin (60.0 x 1.5 cm), in a fast protein liquid
chromatography (FPLC) system model Akta Prime
(GE Lifesciences, USA). The protein fractions were
eluted using the phosphate buffer described in the
previous step, with a flow rate of 0.5 mL-min. The
fraction that showed ureolytic activity was collected
and concentrated by means of ultracentrifugation. At
the end, 10% glycerol was added to the concentrate
(g.s.), which was identified as the Sephacryl fraction.

Finally, the Sephacryl fraction was subjected to a
third size exclusion chromatography, using a
Superdex-200 10/300 column (GE Lifesciences, USA),
using other FPLC filtration system model Akta Pure M
(GE Lifesciences, USA). The elution and concentration
conditions were the same as in the previous steps. At
the end, the concentrate received 10% glycerol (g.s.)
again and was called Superdex fraction.

2.3 Verification of purity and molecular weight

The purity of the eluted fractions was verified using
12% SDS-PAGE electrophoresis, stained with
Coomassie blue?’. Electrophoresis was also used to
estimate the molecular weight of the bands, using the
marker Sigma-Marker ColorBurst (Sigma, C1992,
USA) by means of ImageQuant-TL 8.1 program (GE-
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lifescience, USA). This program was also used to
estimate the percentage of urease in the sample.

The molecular weight (MW) of the biological unity
of soybean urease, under nondenaturing conditions,
was calculated using the gel filtration method by a
Superdex-200 10/300 column (GE Lifesciences). The
calibration curve was constructed with the low and
high MW gel filtration calibration kit standards (GE
Lifesciences), following the manufacturer’s
recommendations. The proteins were eluted in
isocratic mode using 50 mmol L phosphate buffer +
150 mmol L NaCl, pH 7.2 at room temperature, in a
flow rate of 0.5 mL-min-t. The absorbances were
monitored at 214 and 280 nm and elution volumes for
each protein were measured and converted to Ka
(Eq. 1) and plotted against the logarithm of the
respective molecular weights (log MW).

_ Ve =V

K =
Ve =V

av

)

where Ve = elution volume, Vo = column void volume
and Vc = geometric column volume.

2.4 Determination of protein concentration and
ureolytic activity

The protein concentration of the crude extract, as
well as of the G-25, Sephacryl and Superdex fractions,
was determined according to Bradford*, using bovine
serum albumin as a standard. The assays were done in
duplicate and triplicate if necessary. The measurement
of ureolytic activity was performed by quantifying the
ammonia (product) using Nessler’s reagent®*. An
enzyme unit (U) was considered to be the amount of
enzyme needed to produce 1 pmol L of ammonia
per minute®®.

2.5 Protein identification by liquid
chromatography-mass spectrometry (LC-MSF)

To determine whether the protein obtained was
embryo-specific soy urease (GmaxUrease), peptide
sequence identification was performed by liquid
chromatography-mass spectrometry (LC-MSE)
analysis. The protein band extracted from the SDS-
PAGE, which had molecular mass corresponding to the
estimated theoretical value for urease, was digested in
the cropped gel band with trypsin, according to the
Shevchenko protocols??’,

Eclética Quimica Journal, vol. 46, special issue 1, 2021, 41-52
ISSN: 1678-4618
DOI: 10.26850,/1678-4618eqj.v46.151.2021.p41-52


http://revista.iq.unesp.br/ojs/index.php/ecletica/index
https://doi.org/10.26850/1678-4618eqj.v46.1SI.2021.p41-52

Original article

The analysis was performed using Acquity UPLC
M-Class System ultra-high performance liquid
chromatography (Waters, Milford, MA) coupled a
time-of-flight high resolution mass spectrometry (Xevo
G2, Waters) equipped with an electrospray ionization
source. Chromatographic separation was performed on
an Acquity UPLC M-Class HSS T3 column, with
particle size 1.8 um, 300 um x 150 mm (Waters, UK),
and flux of 6 pL-min~t. The solvent gradient mixture:
A (H0/0.1% formic acid; wviv) and B
(acetonitrile/0.1% formic acid; v/v) was: 3% B 0-1
min, 40% B 1-80 min, 97% B 80-90 min, holding
97% B for 90-97 min, 3% B for 97-100 min, and
holding 3% B for 100-103 min at 40 °C. The capillary
voltage was operated in the positive mode at 3.0 kV. In
the cone, the voltage was adjusted to 40 V and the gas
to 600 L-h~* at 400 °C. Data were collected in the range
between 50 to 2000 m/z using MSE acquisition mode,
scan time 0.5 sec and collision energy ramp 15-45 V.

After  analysis, the data (raw) were
processed/analyzed using the ProteinLynx Global
ServerTM 3.0.3 software, and the revised soy database
(Glycine max, Uniprot). The parameters used for
searching the database were: cleavage specificity,
trypsin with 1 missed cleavage allowed, min fragment
ion matches per peptide = 2, min fragment ion matches
per protein = 5, min peptide matches per protein = 1,
fixed modifier reagent: carbamidomethyl C, variable
modifier reagents: oxidation M.

2.6 Structural modeling of embryo-specific soy
urease

The amino acid sequence of soy urease identified by
LC-MSE deposited in Uniprot (id: i1k3k3) was used to
search for template structures in the protein data bank
(PDB), by BlastP program. The urease structure of
Canavalia ensiformis (pdb id: 3la4)*® was chosen and
used as a template. The modeling was performed using
the Modeller v9.24 software package”, where 2,100
models of urease were generated in the presence of the
nickel cofactor and four residues with post-
transcriptional modifications. Only one chain was
modeled, and the homotrimer and homohexamer
structures generated by symmetry operations. The final
model was chosen based on the Modeller DOPE score
and also by stereochemical quality using the Procheck
program®.
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2.7 Effect of pH and temperature on enzyme
activity

The effect of pH on ureolytic activity was estimated
using the Britton—Robinson 0.04 mol L buffer®, in
the range of 5.0 to 9.0. Firstly, a single buffer was
made in the presence of 3% urea and the pH adjusted
according to the test. Subsequently, incubation was
performed with 2.7 pg-mL™ of urease at 55 °C for 15
min.

The effect of temperature on the rate of urea
production was determined at constant enzyme
concentrations. An amount of 2.7 pg-mL™ urease was
incubated in 0.2 mol L phosphate buffer, 3% urea,
pH 6.5, for 15 min. The incubation temperatures
ranged between 25 to 85 °C, the experiments were
carried out in duplicate, discounting the urea
degradation due to temperature, using a negative
control. The ammonia generated was quantified using
the Nessler methodology, in a NanoDrop system
(Thermo Scientific) in all activity assays.

2.8 Effect of different substrate concentrations

The assays were performed at urea concentrations
ranging from 0 to 235 mmol L?, pH 6.5, temperature
of 65 °C and incubation time of 5 min, followed by the
determination of ureolytic activity. The enzyme
concentration used in these assays was 2.7 pg-mL™™.
The results were plotted as function of substrate
concentration (Michaelis—-Menten plot) and double-
reciprocal (Lineweaver—Burk plot), through which was
possible to calculate the Michaelis—Menten apparent
constant (Km) and Vmax.

2.9 Antifungal activity against P. brasiliensis

The fungitoxic activity of urease was evaluated
against P. brasiliensis, Pb18 strain, by means of serial
broth  microdilution assay, according to the
methodology of Clinical and Laboratory Standards
Institute®>*®, with modifications as described by
Rodrigues—Vendramini**. The urease concentration
ranged between 0.02 to 10 pg-mLt. The antifungal
agent itraconazole was used as a negative control at a
concentration of 1 pg-mL™. An assay containing only
the microorganism and the culture medium was used as
positive control, in order to verify the viability of the
strain. In addition, bovine serum albumin (BSA) was
evaluated at concentrations between 0.2 to
104.4 ug-mL™t, to assess whether any inhibitory
activity could be due to osmotic origin. The inoculum
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for the assays were grown in RPMI 1640 medium,
prepared with a concentration of 105 UFC-mL™,
standardized by counting in a Neubauer chamber and
diluted 1:2 in the wells of a 96-well microplate. After
inoculation, the microplates were incubated at 37 °C
for 7 days, and on the sixth day 20 pL of 0.02%
resazurin was added to each well, as an indicator of
metabolic activity. Then, the plates were again
incubated for 24 h.

To identify the minimum inhibitory concentration
(MIC), a visual reading of the color change of the wells
was performed. To identify the minimum fungicidal
concentration (MFC), growth was evaluated in solid
medium. For this purpose, 20 pL aliquots of the wells
were transferred to plates containing brain heart
infusion agar, followed by superficial inoculation
(spread plate). The plates were kept at 35 °C for 48 h
and, after this period, the possible formation of
colonies was observed. The MFC was considered the
lowest concentration in which there was no growth in
the plate®.

iq.unesp.br/ecletica
3. Results and discussion
3.1 Protein purification

The extraction of proteins from defatted soy flour
resulted in a sample containing 18.79 mg-mL™! of total
proteins. The purification carried out using
centrifugation and chromatographic methods of gel
filtration resulted in a vyield of 18.23% and a
purification factor of 5.92, for which steps are
summarized in Tab. 1. Although the yield was lower
than reported by other authors®, the specific activity
was about 5 times higher. This is because the soy used
probably had a high initial urease content. Enzyme unit
values are compatible with other study with embryo-
specific soy urease, which showed values between
24,630 and 141,350 of enzyme units®. It is interesting
to note that even in studies with heterologous
expression of urease, the concentration in the culture
medium is around 2 pg-mL?* and 5 pg-mL* after
purification and concentration respectively*. Thus, the
results presented here are promising.

Table 1. Summary of GmaxUrease purification steps from soybean seeds.

Proteins /

Enzyme unity / | Specific activity :
mg-mL- U /U-mg? Yield/%

Purification
factor

Crude extract 18.79 96,764.72 5,149.80 100.00 1.00
G25 3.96 36,130.19 9,123.79 37.34 1.77
Sephacryl 1.69 25,150.22 14,881.78 25.99 2.89
Superdex 0.58 17,638.42 30,411.07 18.23 5.90

The urease purification chromatograms in the
Sephadex G25, Sephacryl HS-200 and Superdex S-200
columns, pointing the peaks that showed ureolytic
activity, are shown in Fig. la—c. It is noteworthy that,
in the step performed using Superdex S-200 column,
which has analytical grade, only the maximum point of
the eluted peak was collected in the process, in order to
ensure better purification. However, this fact may have
contributed to the lower yield, when compared to
another urease purification studies®.

The SDS-PAGE showed a band with approximately
90 kDa. According to data in the literature, ureases
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correspond to 0.2 to 0.3% of soluble proteins that can
be extracted®’. Additional attempts to purify urease in a
Q-Sepharose  anion  exchange column (GE
Lifesciences) resulted in almost total loss of ureolytic
activity, even after supplementation of the eluted
fraction with nickel. Thus, the purification process was
all carried out using different gel filtration columns.
The calculated MW for the protein in solution using
the elution volume of the Superdex S-200 column was
272.2 kDa, compatible as a trimer in solution (Fig. 1d).
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Figure 1. Chromatograms of the GmaxUrease purification steps. The red lines indicate the peaks that showed
ureolytic activity and were collected. (a) Sephadex G25, (b) Sephacryl HS-200, (¢) Superdex S-200. The volume
referring to the peak of the Superdex S-200 column was used to estimate the molecular weight of GmaxUrease in
figure (d). In this assay, 500 uL of the protein mix with known molecular weights (black dots) was applied: Ferritin
(440 kDa), aldolase (158 kDa), canalbumin (75 kDa), carbonic anhydrase (29 kDa) and ribonuclease (13.7 kDa), in
the Superdex-200 10/300 column. To estimate the MW of GmaxUrease, 500 pL of protein was applied at a
concentration of 1 mg-min-?, and its elution volume converted to Ka, (blue dot). The elution flow was 0.5 mg-min-?
at room temperature of ~23 °C. The estimated MW was ~272.2 kDa, compatible with a trimer in solution. The
linear regretion (y = a + bx) parameters are: a = 2.00381, b = —-0.33196 and R= -0.99912. The K, for GmaxUrease

is (y =0.19961).

3.2 Protein identification using data-independent
analysis (MSE)

Mass spectrometry was performed using an
electrospray ionization source and time of flight (TOF)
analyzer, which allow proteomic analysis, since it is
possible to form fragments with various charges and
there is no molecular weight limitation for the
analyzer. Thus, the protein on the electrophoresis gel
band was digested by trypsin to obtain peptides for
injection into the mass spectrometer, followed by
comparative analysis using Uniprot database. The
processing results data showed different levels of
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coverage of urease sequences (several Uniprot ids)
without occurrence of false positives. In view of the
high molecular weight of this protein, the percentage
found is suitable for its identification, considering that
in other study the percentage of 20% was sufficient for
this identification®®. Table 2 summarizes the results of
the mass spectrometry analysis and shows that all
ranked proteins resulting from processing refer to soy
urease. The alignment of the resulting sequences, let to
the identification of the protein with Uniprot id: i1k3k3
with theoretical molecular mass of 90,338 Da being the
most conserved, therefore, being used for modeling the
protein structure.
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Table 2. Results from mass spectrometry analysis of the band considered as GmaxUrease extracted from SDS-

PAGE.

Protein description (Uniprot) Score

Uniprot id

Theoretical molecular

Urease OS=Glycine soja a0a0b2rjr9 28.11 90,046
Urease OS=Glycine max i1k3k3 1209 26.22 90,338
Urease OS=Glycine soja a0a445knyl 1209 26.22 90,360
Urease OS=Glycine max g7xach 1026 18.62 90,157
Urease (Fragment) OS=Glycine max 041214 726 21.37 14,091
Protein Urease OS=Glycine soja; Uniprot ID i1k3k3
Species Glycine max (Soybean) (Glycine hispida)
Peptide numbers 17
LGDTDLFAK
LNIAAGTAVR
GPLQPGESDNDNFR
GGVVAWADMGDPNASIPTPEPVK
NYFLF
GSSSKPDELHDIIK
DGLIVSIGK

EGTIAAEDILHDIGAISIISSDSQAMGR

Peptide sequences

GGNGIADGQVNETNLR

NAVILK

YGPTTGDK

ADIGIK

ATTCTPAPSQMK

VEAVGNVR

EEEDASEGITGDPDSPFTTIIPREEYANK

EDNRIPGEIIYGDGSLVLNPGK

RVEAVGNVR
Protein mass (MW) 90,338
Sequence coverage* 26.22%

RNYFLF

MKLSPREVEKLGLHNAGYLAQKRLARGLRLNYTEAVALTIATQIMEFARDGEKTVAQLMCIGKHLLGRRQVLPEVQHLLNAVQV
EATFPDGTKLVTVHDPISCEHGDLGQALFGSFLPVPSLDKFAENKEDNRIPGEIIYGDGSLVLNPGKNAVILKVVSNGDRPIQ
VGSHYHFIEVNPYLTFDRRKAYGMRLNIAAGTAVRFEPGDSKSVKLVRIGGNKVIRGGNGIADGQVNETNLREAMEAVCKRGE
GHKEEEDASEGITGDPDSPFTTIIPREEYANKYGPTTGDKIRLGDTDLFAKIEKDFALYGDECVFGGGKVLRDGMGQSCGHPP
AISLDTVITNAVIIDYSGIIKADIGIKDGLIVSIGKAGNPDIMDDVFFNMIIGANTEVIAGEGLIVTAGAIDCHVHYICPQLV
DEAISSGITTLVGGGTGPTAGTRATTCTPAPSQMKLMLOSTDDLPLNFGFTGKGSSSKPDELHDIIKAGAMGLKLHEDWGSTP
AAIDSCLTVADQYDIQINIHTDTLNEAGEVEHSIAAFKGRTIHTYHSEGAGGGHAPDIIKVCGMKNVLPSSTNPTRPLTLNTI
DEHLDMLMVCHHLNREIPEDLAFACSRIREGTIAAEDILHDIGAISIISSDSQAMGRVGEVISRTWQTANKMKVORGPLQPGE
SDNDNFRIKRYIAKYTINPATIANGFSQYVGSVEVGKLADLVMWKPSFEFGAKPEMVIKGGVVAWADMGDPNASIPTPEPVKMRP
MFGTLGKAGGALSIAFAAVDQRVHALYGLNKRVEAVGNVRKLTKLDMKLNDSLPQITVDPDNYTVTADGEVLTSFATTEVPLS

*functional protein without N-terminal signal peptide.

3.3 Analysis of enzyme activity

Different enzyme batches were extracted from
different soy samples, which guaranteed biological
reproducibility. Then, in order to characterize the
functional parameters of the protein, activity assays
were carried out under different pH and temperature
conditions (Fig. 2). The enzyme showed better activity
at pH 6.5 and temperature close to 65 °C. Literature
reports that the optimal pH for ureases, in general,
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ranges between 5.0 and 8.0, depending on the species
and even the isoform*. However, for ubiquitous soy
urease, there are two peaks of activity, one around 5.5
and the other at 9.0%%; however, there is a study that
reports optimal activity for embryo-specific soy urease
at pH 6.1%. Regarding the temperature, literature also
reports variation, however, it is usually around 0 °C*.
The substrate concentration at maximum urease
activity was close to 190 mmol L (Fig. 3a). Beyond
this concentration, activity begins to decrease
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gradually, a fact that can be explained by a mechanism
of substrate inhibition*°. Thus, the Michaelis—Menten
equation was adjusted to the experimental points and
provided Kv of 109 + 23 mmol L and Vma of 2.5
0.4 mmol L nuaMQurease -5 (Fig. 3a). Values quite
different from those obtained by the double-reciprocal
plot (Fig. 3b), which presented Kym of ~526 mmol L
and Vmax 0f 7.4 MM nu3-UQurease =571 However, Pisum
sativum urease showed the same substrate inhibitory
effect, and its Km found by adjusting the Michaelis—
Menten equation to data points was close to
100 mmol Lt but was 500 mmol L when calculated
by the double-reciprocal plot at pH 7.5%. These values
are very similar to those found in this work.
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Figure 2. Effects of changes in the experimental
conditions on the catalytic activity of GmaxUrease.
(a) Effect of pH using 0.04 mol L Britton—Robinson
buffer, with 3% urea and a temperature of 55 °C. (b)
Effect of temperature using 0.2 mol L7 phosphate
buffer, 3% urea, pH 6.5. In both assays, the enzyme
concentration was 2.7 pg-mL~t. Each point on the
graph represents the average of two repetitions.
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Figure 3. Effect of the substrate (urea) concentration
on the catalytic activity of GmaxUrease, using
0.2 mol L* phosphate buffer, pH of 6.5 at 65 °C
temperature. (a) Michaelis—Menten plot showing a
tendency of decrease in velocity at urea concentrations
higher than 195 mmol L. The red line represents the
best fit of Michaelis-Menten equation to the
experimental data points. (b) Double-reciprocal plot
for estimating Km and Vmax values. Each point on the
graphs represents the average of two repetitions.
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3.4 Evaluation of antifungal activity

We carried out microbiological assays aiming to
evaluate the antifungal property of GmaxUrease
against the human pathogenic fungus P. brasiliensis.
Until then, this property of urease was never evaluated
against this fungal. The MIC and MFC values obtained
were ~10 pg-mL™ of urease. Bovine serum albumin
was used as negative control in order to verify a
possible inhibitory osmotic effect due to protein
concentration; however, such influence did not occur
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(Fig. 4). The MIC/MFC values found are promising,
because, although this is the first study that
demonstrates the urease antifungal activity against
P. brasiliensis, when comparing this result to similar
ones that used other fungi, such as the yeast Candida
albicans, the MIC values ranged between 240 to
150 pg-mL? of urease'™*2,

pg/mL 100 51 25 12 06 0.3 016 008 004 002 C+ C-

., OD0PPPPOPFEGEEE
P99 Poo0Pe0e
et eGP e O

urease
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16 08 04 02 C+ C-
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Figure 4. The experimental values of MIC and MFC of
GmaxUrease against Pb18 strain of P. brasiliensis. The
inoculum concentration was 10° CFU and GmaxUrease
concentration ranged between 0.02 upg-mL? to
10 pg-mL~1. The concentration of BSA ranged between
0.2 to 104.4 pg-mL~. Minimal inhibitory concentration
is displayed in color and MFC in black/white. Negative
control (C-) and positive control (C+).

3.5 Modeled structure

The final model of GmaxUrease shares 92.3%
identity with template from Canavalia ensiformis and
presents excellent stereochemical quality with 91.9%
of the residues in the most favored, 7.8% in the
additional allowed and only 0.3% of the residues in the
generously allowed regions of Ramachandran plot, a
much better quality than template (88.3%, 11.1% and
0.6% respectively). The Fig. 5a and b shows the
embryo-specific soy urease modeled in this study. The
pdb file is provided as supplementary material. Ureases
have high homology between different organisms,
which indicates common genetic ancestry and similar
catalytic action®*°. This may justify all residues of
catalytic site conserved in GmaxUrease regarding
Canavalia ensiformis. However, the three-dimensional
structure of ureases varies between organisms and
many still need to be clarified’. Plants have ureases
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formed by a single kind of chain with ~90 kDa, which
form complex trimers (a3), hexamers (a6) and, more
rarely, dodecamers (al2), located in the cytosol of
plant and fungal cells*®°. There are studies indicating
that fungitoxic activity of ureases is independent of the
catalytic activity®'!, being related to the release of
peptides with antimicrobial activity when hydrolyzed.
It is noteworthy that P. brasiliensis has close to 30 to
35 extracellular proteases®, which could act on urease,
resulting in polypeptides that could be toxic to the
fungus. The Fig. 5c shows the alignment of part of the
amino acid sequences of plant and microorganisms
ureases, plus the recombinant jaburetox peptide
identified in the urease of Canavalia ensiformis,
considered responsible for the antifungal effect'?. In
GmaxUrease, the homologous sequence corresponds to
residues 229 to 269. It is noteworthy that
microorganisms do not have this sequence in their
ureases. There are several hypotheses to explain the
antifungal mechanism of these peptides, the most likely
being due to the reorganization of membrane lipids?;
however, for GmaxUrease, this mechanism still needs
validation assays.

Regardless of the action mechanism, the antifungal
property of GmaxUrease against Pb18, the most
virulent strain of P. brasiliensis, was clearly
demonstrated in this work. Due to the low yield of the
protein obtained, it was not possible to perform
additional tests in this work. However, the results
presented here demonstrate the feasibility for carrying
out future studies, aiming at the expression of
recombinant GmaxUrease. The soybean is a feedstock
widely used in human and animal nutrition and there
are no reports of toxic effects in humans regarding the
ingestion of urease present in soy. The possibilities for
biotechnological use of ureases are wide and can be
explored in topical creams formulations for antifungal
medicines, especially for oral manifestations of PCM,
dermatophytes, as well as a natural preservative in
industrialized foods, replacing possible antimicrobial
products. This work allows to envision a wide range of
research  possibilities for the biotechnological
applications of soy urease. In addition, despite being an
organism of economic and agricultural interest, the
notation of soy proteins in the proteomic databases is
still very incipient. Many proteins do not have status
(sequence of amino acids) confirmed by means of
sequencing studies, which include urease. This work
helps to improve this notation.
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Figure 5. GmaxUrease as structure models and homologs alignment. (a) Ribbon model (blue) of the modeled
structure of GmaxUrease. The red segment represents the peptide homolog to jaburetox. (b) Ribbon representation
of the biological unity (trimer). (c) Alignment of plant urease sequences: Jaburetox, Canavalia ensiformis
(P07374), Canavalia ensiformis JBURE-II (Q8H6V8), Glycine max, this work (11K3K3), Arabidopsis thaliana
(Q9SR52), Solanum tuberosum (Q93WI8). Microorganisms ureases: Sporosarcina pasteurii (P41021), Klebsiella
aerogenes, alpha subunit (P18314), Helicobacter pylori, beta subunit (P69996) and Sporosarcina pasteurii, alpha
subunit (P41020). The jaburetox peptide present in plant ureases, but absent in bacterial ureases, is highlighted by a

red rectangle.
4. Conclusions

The embryo-specific soybean urease was extracted
and kept its functional properties after centrifugation,
gel filtration chromatography and ultrafiltration
membrane separation techniques. The results obtained
from structural analysis by LC-MSE, as well as the
characterization of the functional catalytic activity,
were compatible with those of embryo-specific soy
urease. The enzyme has homotrimer as biological unit
and, therefore, the structure was modeled by homology
in this assembly. In terms of Kkinetic parameters,
the enzyme presented Ky of ~526 mmol L? and Vmax
of 7.4 mmol Lnns PQurease™™ S, similar to those from
Pisum sativum urease. The extracted protein fraction
showed, for the first time, an activity compatible with
fungicidal profile (in vitro) against P. brasiliensis. We
hope to contribute to better understanding the
antifungal property of this enzyme, in order to glimpse
other possible biotechnological applications.
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ABSTRACT: The xylanolytic enzyme complex hydrolyzes xylan, and these enzymes have various industrial applications. The goal
of this work was to characterize the endoxylanases produced by the thermophilic fungus Rasamsonia emersonii in solid-state cultivation.
Tests were carried out to evaluate the effects of pH, temperature, glycerol and phenolic compounds on enzyme activity. Thermal
denaturation of one isolated enzyme was evaluated. The crude extract from R. emersonii was applied to breakdown pretreated sugarcane
bagasse, by quantifying the release of xylose and glucose. The optimum pH value for the crude enzymatic extract was 5.5, and 80 °C was

the optimum temperature. Regarding the stability
of the crude extract, the highest values occurred
between the pH ranges from 4 to 5.5. Several
phenolic compounds were tested, showing an
increase in enzymatic activity on the crude extract,
except for tannic acid. Zymography displayed four
corresponding endoxylanase bands, which were
isolated by extraction from a polyacrylamide gel.
The thermodynamic parameters of isolated
Xylanase C were evaluated, showing a half-life
greater than 6 h at 80 °C (optimum temperature),
in addition to high melting temperature (93.3 °C)
and structural resistance to thermal denaturation.
Pretreated sugarcane bagasse breakdown by the
crude enzymatic extract from R. emersonii has
good hemicellulose conversion to xylose.
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1. Introduction

The negative effects resulting from the growing
demand for fossil fuel energy have mobilized the
international community in the search for renewable
fuels?. An alternative is the use of biofuels, and,
among them bioethanol, or second-generation ethanol
(2G), obtained by the fermentation of sugars present in
plant residues®*.

The plant cell wall matrix is lignocellulosic and
composed of cellulose fibrils with a protective layer of
hemicellulose and lignin. Covalent bonds ensure cell
wall rigidity and high resistance to microbial
degradation®. Cellulose is the primary constituent®,
followed by hemicellulose, which is composed by
different linked monomers, resulting in a branched
heteropolysaccharide. ~ These monomers include
pentoses (D-xylose, L-arabinopyranose, L-
arabinofuranose), hexoses (D-glucose, D-mannose, D-
galactose), hexuronic acids (D-glycuronic, D-4-O-
methylglycuronic, D-galacturonic) and deoxyhexoses
(L-rhamnose and L-fucose)’. Xylan, a polymer of D-
xylose, is the primary polymer constituent of
hemicelluloses.

Xylanases degrade xylan by hydrolyzing the B 1,4
glycosidic bonds producing xylooligosaccharides
(XOS) and p—xylosidases convert them to xylose.
However, xylan has more structural complexity,
containing B-D-xylopyranoside residues linked by
B 1,4 glycosidic bonds associated with other sugars,
forming glucuronoxylans, glucuronoarabinoxylans,
glucomannans, arabinogalactans and
galactoglucomannans®. Because of this heterogeneity,
their complete hydrolysis requires several enzymes
acting synergistically to convert their disaccharides and
constituent monosaccharides into its subunits®°.

Industry uses enzymes of the xylanolytic complex
in different processes. For example, the paper industry
uses enzymes in the bleaching stage to replace
chlorine, as they promote the removal of xylan linked
to the lignin, facilitating the bleaching of lignin*. They
are also used in the pretreatment of arabinoxylan found
in the substrate in beer production, reducing the
viscosity and facilitating the process of filtration. These
enzymes are employed in the production of bread, by
increasing the volume of the product, making the
dough soft and loose*?.

Filamentous fungi are the major producers of
enzymes of the xylanolytic complex, followed by
macromycetes,  bacteria, seaweed and some
germinating plant seeds®. Fungal enzymes for
biotechnological purposes can be produced in two
main ways: by cultivation in solid-state (CSS) or by
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submerged culture (CSm). The CSm is characterized
by the high availability of free water in the culture
medium®, To promote the aeration necessary for the
growth of filamentous fungi, it is necessary to agitate
the culture medium, but the constant agitation during
the growth of the mycelium can cause morphological
changes in the microorganism*, resulting in changes in
the metabolite production.

Cultivation in solid-state is carried out without the
presence of free water, and with the humidity
necessary for fungal growth'®, the material is incubated
and the product is recovered at the end of the process.
The solid substrate provides better conditions for
mycelial growth and is similar to the natural
environment of fungi, requiring a lower demand of
energy®. Aeration of the medium does not require
agitation when the fungus contact surface with the
substrate is assured.

The biodegradation of xylan by enzymes from the
xylanolytic complex allows to obtain several products,
such as xylitol, xylooligosaccharides (XOS) and
xylose®*’. In recent years, the use of these enzymes in
saccharification of plant biomass has gained
prominence, since in combination with other enzymes
they facilitate the release of monosaccharides from the
hemicellulose polymer, thus, yeasts can metabolize
them for the production of second generation ethanol”.
The enzymatic attack on the lignocellulosic material
allows the conversion of polymers into carbohydrate
monomers. For an efficient degradation, it is necessary
to overcome the structural barrier of this material, and
for that pretreatment strategies are adopted. Several
options can be used; the main ones are physical,
chemical and biological pretreatment. Also, the
combination of these processes is described as more
efficient in removing the noncellulosic fraction®®,

Physical pretreatment (grinding, radiation, or heat
treatment) is responsible for decreasing polymerization
of the material, increasing the surface area. Among
thermal methods, high temperatures are required, the
biomass is mixed with water and are heated to the
desired temperature and held at the pretreatment
conditions for a controlled time before being cooled®.
Higher temperatures require shorter treatment times,
while lower temperatures require longer treatment
times. In this context, it would be helpful to use
thermostable enzymes for the next hydrolysis step,
thus, the pretreated material could be hydrolyzed at
high temperatures, saving refrigeration resources.

This study describes a biochemical characterization
of endoxylanases from the crude extract of the
thermophilic fungi Rasamsonia emersonii. In addition,
it was investigated the effectiveness of this crude
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extract to hydrolyze pretreated sugarcane bagasse to
release  products, like glucose and xylose.
Endoxylanases isolation and the analysis of
thermostability for the enzyme with the highest activity
towards xylan were also carried out.

2. Experimental
2.1 Materials

All chemicals and solvents used for the procedures
were analytical grade.

2.2 Enzyme production by R. emersonii S10 by
solid-state cultivation

The thermophilic fungus R. emersonii S10, isolated
and identified by a previous work®, was cultivated on
Sabouraud dextrose agar. From this agar, 20 disks of
1 cm in diameter were extracted and cultivated at 55 °C
for 6 days in individual polypropylene bags containing
5 g (1:1:1 w/w) of sugarcane bagasse, wheat bran and
corn straw, these were previously washed on distilled
water and dried at 47 °C until constant weight. To each
bag were added 20 mL of nutrition solution (3.5 g L™
of (NH)sSOq4, 3 g L of KH2PO4, 0.5 g L of CaCly,
0.5 g Lt of MgS0O4.7H,0 and 10 g L of tween 80) at
pH 5.0.

To prepare the enzyme extract, 50 mL of deionized
water was added, and the plastic bags were placed on
an orbital shaker at 150 rpm for 40 min. The liquid
extract containing the enzymes was transferred from
the bag and it was vacuum filtered through a 0.45 pm
nylon membrane. Subsequently, the filtrate was
centrifuged at 10,000 xg for 30 min at 4 °C. The
supernatant was the used as crude extract in the
subsequent procedures.

2.3 Biochemical characterization of xylanases
from the crude extract

To determine the xylanolytic activity, the sample
was incubated in 1% (w/v) beechwood xylan at 55 °C
for 10 min, and for endoglucanase activity, the sample
was incubated with 4% (wiv) of
carboxymethylcellulose (CMC) as substrate at 50 °C
using a 1:9 enzyme:substrate volume ratio®. The
released reducing sugars reacted with 3,5-
dinitrosalicylic acid (DNS) and the activity was
quantified using spectrophotometry, being expressed as
the product concentration change over time (d[P]/dt)%,
which was linear up to 4 min, time adopted for the
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enzymatic assays. Experiments were carried out using
a 0.1 mol L acetate buffer pH 5.5, with the exception
of the determination of the optimal pH.

All experiments to determine the optimal pH (3.0—
9.5) and temperature (30-90 °C) were conducted in
three repetitions, and the pH stability of the crude
extract was evaluated after 24 h of incubation in this
range of pH, at the optimum temperature. For the
optimal pH determination, the following buffers
(0.1 mol L) were used: citrate (pH 3.0 and 3.5),
acetate (pH 4, 4.5, 5.0 and 5.5), MES (pH 6.0, 6.5 and
7.0), tris (pH 7.5 and 8.0) and glycine (pH 8.5, 9.0 and
9.5). For the pH stability experiment, the enzyme
activity was expressed as the relative activity between
the activity before and after the 24 h treatment.

The effect of glycerol on the storage conditions of
the xylanases was evaluated by their activity,
performing every experiment in triplicate. Three
aliquots of the crude extract were stored in liquid
nitrogen (-196 °C), -80 °C freezer, freezer (-20 °C),
refrigerator (4 °C) and room temperature (25 °C), with
and without glycerol 50% (v/v). The enzyme activity
was quantified before and after 24 h of storage.

2.4 Effect of phenolic compounds on the
xylanolytic activity

The inhibition of xylanolytic activity by phenolic
compounds was tested on the crude extract at room
temperature (24 °C). The following compounds were
tested individually at a final concentration of 10
mmol L: tannic acid, p-coumaric acid, syringic acid,
gallic acid, ferulic acid, 4-hydroxybenzoic acid,
vanillin, wvanillic acid and syringaldehyde. The
enzymatic activity was measured and expressed as
percentage for the solutions incubated for 10 min, 24
and 48 h. The activity of the enzyme was compared
with that measured prior to incubation, considered to
be 100%.

2.5 Sugarcane bagasse pretreatment

The pretreatment was carried out by a combination
of ozonolysis with an alkaline treatment®. After these
procedures, the bagasse was either washed or left
unwashed. The washed bagasse was rinsed several
times with distilled water. Both washed and unwashed
treated bagasses were dried in a convective oven at
40 °C until constant weight.
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2.6 Enzymatic hydrolysis of sugarcane bagasse

Hydrolysis was performed using an orbital shaker at
150 rpm in glass flasks with rubber stoppers,
containing 0.5 g of washed or unwashed bagasses,
2.5 mL of acetate buffer 0.1 mmol L* pH 5.5 and
2.5mL of crude extract of R. emersonii containing
22U mL?! of xylanase (or 110 U per g of
sugarcane bagasse) and 17 U mL™ of endoglucanases
(or 85 U per g of sugarcane bagasse). All the tests were
conducted in three repetitions.

A preliminary test to determine the optimal time
and temperature for enzymatic hydrolysis was
conducted with untreated sugarcane bagasse. The
untreated sugarcane bagasse was hydrolyzed for 6, 12
and 24 h at 50, 60, 70 and 80 °C. Maximum hydrolysis
was observed with 6 h at 60 °C.

The pretreated sugarcane bagasses, washed and
unwashed, were hydrolyzed at 60 °C for 2, 4 and 6 h.
The material was filtered after hydrolysis, and the
soluble fraction was used for quantification of released
sugars. Experiments were performed using sugarcane
bagasse (untreated, washed and unwashed pretreated)
with 5 mL of 0.1 mmol L pH 5.5 acetate buffer
(without enzyme extract) as a control of hydrolysis.

The efficiency in converting hemicellulose (or
cellulose) was calculated as in Eq. 1:

cxvx09

% xylose=T x 100% @

where ¢ is the concentration (g L) of sugars in the
soluble fraction hydrolyzed, v is the volume in liters of
soluble fraction and m is the hemicellulose (or
cellulose) mass in grams.

2.7 Quantification of the sugars from the
breakdown of the sugarcane bagasse

The procedures were done according to
Perrone etal.?®. The obtained hydrolysates from
washed and unwashed pretreated sugarcane bagasses
were analyzed by chromatography. The quantification
of glucose and xylose were carried out using high-
performance liquid chromatography (HPLC) with a
pulsed amperometric detector (HPAEC-PAD, Thermo
Scientific, Dionex, 1CS-5000). A Dionex CarboPac
PA-1 column was used for separation at 25 °C, using a
flow of 1 mL min= with ultrapure water (solvent A)
and 0.5 mol Lt NaOH (solvent B). Elution was carried
from 0 to 12 min with 4.8% of solvent B, and from 12
to 16 min with 100% of the same solution. Before each
injection, the sample was diluted and filtered through a
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0.22 pum polyvinylidene fluoride (PVDF) filter unit
(Merck).

2.8 Electrophoretic profile of endoxylanases
produced by R. emersonii

Polyacrylamide gel electrophoresis was performed
on the crude extract. The gel was immersed on 1% of
triton X-100 at the end of the run to eliminate the
residual SDS and washed with a 0.1 mmol L* pH 5.5
acetate buffer.

One vertical strip was separated and used for
zymogram analysis®. After that, the strip and the
original unstained gel were put side by side and a strip
of the gel was cut horizontally to compare the known
gel isoforms with the zymogram, a technique used to
isolate other enzymes?>.

The enzymatic activity of the four isolated
endoxylanase isoforms was analyzed against different
substrates: the synthetic substrates pNPG (specific for
B-xylanases) and pNPX (specific for B-glucanases),
and the natural polymers CMC (for endoglucanases),
beechwood xylan and oat spelt xylan (for
endoxylanases).

2.9 Thermodynamic analysis of Xyl _C isolated
from the crude enzymatic extract of R. emersonii

Among the four isolated isoforms, was selected the
xylanase that showed the highest affinity for the
complex substrate, confirming the endoxylanase
identity for these experiments.

The thermodynamic analysis of Xyl C thermal
denaturation was done using xylan from beechwood at
the optimum pH. After incubation at each temperature
samples were cooled in ice overnight, followed by the
enzyme assay for residual activity. The calculation of
the activation energy E,, the temperature coefficient
Qao, half-life Ty, and other parameters of the enzyme
related to the thermal denaturation, including the
activation energy Eap), melting temperature Tm, AH(p),
AG(py and AS(p), followed the method proposed in the
literature?®?” and done in previous studies with other
enzymes®®?°, The irreversible denatured “I” state is
evaluated using the model N «~ D — |, where N
represents the native conformation and D the reversible
denatured conformation.
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3. Results and discussion

3.1 Production and biochemical characterization
of endoxylanases on the crude extract produced
by R. emersonii

The production of endoxylanases by R. emersonii
on solid state cultivation was 473.86 U g* after 144 h
of cultivation at 55 °C. The substrate combination of
equal amounts of sugarcane bagasse, wheat bran, and
corn straw (w/w) results on a complex carbon source.
The protein expression changes, as recorded for
R. emersonii, with different culture media. This fact
can be a mechanism directly or indirectly based on the
accumulation in the medium of the products and
substrates on which the enzymes are working and
which will influence their induction®°.

When analyzing the chemical composition of
substrates used to induce xylanase production, it could
be inferred that the combination of various substrates,
such as sugarcane bagasse, corn straw; and wheat bran,
is successful due to the heterogeneity of the
composition to which the fungus was subjected. Corn
straw has higher xylan values than the stalk of the
plant, with 26.8% xylan in the straw versus 19.4%
xylan in the stalk. In contrast, proteins constitute 1.2%
in the fiber and 3.4% in the stem®. Sugarcane bagasse
has a characteristic chemical composition that is high
in cellulose, hemicellulose and lignin, while overall ash
values are lower (1.0-5.5%)%, factors that make it
attractive for the cultivation of microorganisms that
produce lignocellulolytic enzymes. Studies use wheat
bran as a substratum for the production of biomass
because it is rich in starch; however, the
oligosaccharides present in its composition are shown
to be efficient in inducing cellulase and hemicellulase
production®,

The optimum pH and temperature of xylanases on
the crude enzymatic extract from R. emersonii was 5.5
(Fig. 1) and 80 °C (Fig. 2), close to those described for
Talaromyces emersonii, currently classified as
R. emersonii, with solid-state wheat and beet pulp
cultivation (1:1 w/w) at pH 4.5 and 45 °C*’. Another
increase of activity occurred at pH 7.0 and suggests
isoforms of the endoxylanases produced by
R. emersonii, since the zymogram shown in Fig. 3
indicates four bands.
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Figure 1. Effect of pH on xylanolytic activity in crude
enzymatic extract produced by R. emersonii. Stability
in relation to pH and optimum pH. The tests were
performed at pH 5.5 with beechwood xylan. The
symbol represents the average of three replicates.
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Figure 2. Effect of incubation temperature on
xylanolytic activity from crude enzymatic extract
produced by the thermophilic fungus R. emersonii. The
tests were performed at pH 5.5 with beechwood xylan.
The symbol represents the average of three replicates.
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Figure 3. Zymogram of endoxylanases present from
crude enzymatic extract produced by the fungus
R. emersonii. The gel was stained with 0.1% congo red
and detained with 1 mol L* NaCl. The dark bands
show the presence of xylanase and the letters (A, B, C
and D) identify the possible isoforms of the enzyme
(the image was transformed from color to shades of
gray, then into its negative and the contrast became
more evident using the free software GIMP version
2.8.10 for Linux).
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Endoxylanolytic activity remained stable for pH
ranging from 4 to 8, with relative activity above 70%,
and from 4 to 5.5 with relative activity values above
100% (Fig. 1). The chemical species related to the pH
can change the tridimensional structure of the enzyme,
by protonation or deprotonation of the amino acid side
chains on the enzyme surface or affecting the catalytic
residues, becoming more favorable or unfavorable to
interact with the substrate. Among these changes,
electrostatic repulsions, destruction of salt bridges and
formation of isolated buried charges stand out®.

Comparative analyses of structural changes in acid,
neutral and alkaline xylanases from family 11 shows
differences in the amino acid compositions and
secondary structure. Neutral xylanases have a decrease
on hydrophobic residues, while acidophilic xylanases
have a decrease on positively charged residues. On the
secondary structure, alkaline xylanases show an o helix
between B strands, and, in nonalkaline xylanases, this
is substituted by a B-turn or a loop™.

In the absence and presence of glycerol, the two
best storage conditions were obtained in liquid nitrogen
at -196 °C with 99% relative activity in the absence
and 170% in the presence of 50% glycerol, and in a -
80 °C freezer, which kept 90.2% of activity in the
absence and 163.8% in the presence of 50%
glycerol (Fig. 4).

[ Without Glycerol 50% (viv)
[ With Glycerol 50% (viv)

U I I I
0 20 40 60

Relative Activity / %

AN REAAE BARRE IARRE RSN RARA
100 120 140 160 180

Figure 4. Effect of the storage temperature on the enzymatic activity of endoxylanases present in the crude
enzymatic extract produced by R. emersonii. The tests were carried out after 24 h in the presence or in the absence
of 50% glycerol (v/v). The results were compared with the enzymatic activity at the beginning of the experiment
(control) and expressed in relative activity (%). The bar represents the value of the average of three replicates, the

horizontal line represents the standard deviation.
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The presence of glycerol during the storage process
increased the endoxylanase activity on all the tested
conditions. The effect of osmolytes on the
conformational stability of proteins in adverse
situations of cellular stress is known®. Similarly to
sorbitol, it favors protein folding, making the
polypeptide chain more compact and less flexible,
since it acts by shifting the reaction balance to the less
energetic state®’.

The interaction of the enzyme with the osmolyte is
not favorable for its function, so it is excluded from the
surface of the protein, where a hydration layer is
formed by several highly organized and less flexible
water layers. Consequently, the unfolded state has a
greater contact surface of the polypeptide chain with
water molecules, resulting in a larger hydration layer,
which will require more energy for stabilization. For
this reason, glycerol acts by shifting the reaction

Control

Gallic acid
Syringaldehyde
p-Coumaric acid
Ferulic acid

Vanillic acid
4-hydroxybenzoic acid
Syringic acid

Vanillin

Tannic acid

iq.unesp.br/ecletica

balance towards the native state, increasing levels of
enzyme catalytic effect®®.

3.2 Effect of phenolic compounds on the xylanolytic
activity on the crude extract from R. emersonii

From all the tested phenolics (Fig. 5), the only one
that decreased the xylanolytic activity was tannic acid,
a large molecule with a molecular weight of
1,701.23 kDa, which is composed by 10 aromatic rings
and 25 hydroxyls, characteristic that could explain the
inactivation of the endoxylanolytic activity, according
to observations previously cited®. Tannins can form a
complex with the protein that results in precipitation,
thus, the enzyme is removed from the solution,
decreasing its catalytic capacity*®*:.

N
60 80 100 120

Relative Activity / %

Figure 5. Effect of 48 h preincubation at 25 °C of phenolic compounds on the relative activity (%) of
endoxylanases on crude extract produced by R. emersonii. The bar represents the value of the average of three
replicates, the horizontal line represents the standard deviation.

The other compounds analyzed showed a modest or
a significant increase of the relative activity compared
to the control. The relative activity of the enzymes
increased 12% for 4-hydroxybenzoic acid; 16% for
vanillic acid; 26% for ferulic acid and 44% for syringic
acid in a 30 mmol L final concentration®.

Phenolic compounds are generated from lignin
degradation®® during the pretreatment step of the
biomass aiming second generation ethanol production
and are reported as enzymatic inhibitors** including
hemicellulase inhibition*®. Some authors propose that
phenolic acids at low concentrations can form a
hydrophobic layer on the surface of the protein,
ensuring more interaction with the substrate; however,
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at high concentrations the increase in this hydrophobic
layer causes protein precipitation due to increased
interactions**2*’,  Boukari et al.** proposed the
inhibition mechanism by phenolic compounds on
family GH11 endo-B-1,4-xylanase. The authors
described a noncompetitive inhibition mechanism, and
more than one aromatic molecule interacting with the
enzyme molecule is necessary to induce complete
inactivation. Effects on the enzyme activity by the
phenolic compound interaction can be produced by
forming soluble enzyme-inhibitor complex at low
phenolic concentrations, while, at high concentrations,
insoluble protein-phenolic complexes decrease the
solubility of enzymes®.
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The interaction of phenolic compounds with
proteins involve amino acid residues present at the
surface of the protein, and can occur in two ways:
hydrophobic aromatic ring stacking with the
tryptophan side chains, or hydrogen interacting with
basic amino acid residues between their functional
groups and phenolic hydroxyl®.

3.3 Enzymatic hydrolysis of pretreated sugarcane
bagasse

The quantification of xylose was slightly higher in
the washed sugarcane bagasse when compared to the
nonwashed, in all evaluations, which difference
increased with time. In hydrolysis for six hours, the
xylose concentration was almost 1.5 times higher with
washed sugarcane bagasse than with the unwashed one
(Tab. 1). Glucose release presented a similar behavior.

Concentration of hemicellulose (14.1%) and
cellulose (48.9%) on the insoluble fraction after the
pretreatment process?® was used to calculate the
hydrolysis efficiency in terms of xylose and glucose.
Under all analyzed conditions, the conversion of xylose
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was greater than glucose (Tab. 1), presumably due to
high xylanolytic activity in the R. emersonii crude
enzymatic extract, and pretreated bagasse structural
changes, that could affect cellulose and hemicellulose
accessibility. The conversion of xylose was greater
than glucose under all the analyzed conditions (Tab. 1),
suggesting that the crude enzymatic extract from
R. emersonii has many xylanolytic enzymes. However,
auxiliary enzymes are necessary to have a greater
effect on the breakdown of the xylan structure and
make cellulose more accessible to hydrolysis®.
Analysis of the secretome of T. emersonii shows 266
proteins, and 119 CAZymes identified with 40
different glycosyl hydrolase families, while the
functional annotation of fungi genome shows
represent 55 different glycosyl hydrolase families®.
The secretion of protein by fungi relate directly to the
carbon source used for fungi cultivation, so analyses of
different complex carbon sources on the culture
medium of R. emersonii can be performed to find how
to improve the expression of enzymes for xylan
hydrolysis.

Table 1. Sugars obtained by enzymatic hydrolysis of pretreated sugarcane bagasse with combined ozone and
alkaline treatment, using crude enzymatic extract produced by R. emersonii.

Xylose

Hydrolysis Washed bagasse / Yield washed bagasse / Unwashed bagasse / Yield unwashed bagasse /
time / h mg g* %gt mg g* %gt

2 5.8+£0.3 3.7+£0.2 49+0.3 3.1+05

4 79+0.3 50+£1.2 6.4+0.6 41+04

6 124+1.0 7.9+0.6 8.8+0.2 5.6+0.5

Glucose |

Hydrolysis Washed bagasse / Yield washed bagasse / Unwashed bagasse / Yield unwashed bagasse /
time / h mg g* %gt mg g* %gt

2 6.4+0.3 2.1+0.7 53+0.2 1.3+0.2

4 10.0+£0.4 1.7+0.6 7.3+£0.9 1.3+0.1

6 13.7+0.6 1.7+£05 7.4+0.2 1.1+£0.2

Average * standard deviation (mean values of three independent measurements).

As noted earlier, the findings obtained could also be
related to the effects of pretreatment on the
lignocellulosic material structure. The pretreatment
used in this study was proposed by Perrone et al.??,
where the authors reported that the combined
pretreatment of ozone and NaOH results in a greater
amount of hemicellulose, when compared to the
combined pretreatment of ozone with NaOH and
ultrasound irradiation, and smaller amounts of
hemicellulose than the pretreatment using only ozone.
Still, according to the same authors, the insoluble
fraction after the pretreatment has 6.7 mg of total
phenolic compounds per gram of sugarcane bagasse.
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Therefore, the phenolic compounds would be present
in the pretreated unwashed sugarcane bagasse, which
could negatively affect the enzymatic performance and
result in a lower yield of released monosaccharides.
Although our results on the effect of phenolic
compounds on endoxylanolytic activity are promising,
with the only exception of tannic acid, there is a
probability that negative results could be observed
when several phenolic compounds are present in the
same solution and submitted to higher temperatures.
The possible effect of pH resulting from the alkaline
pretreatment was also considered, and, for that reason,
it was performed an inhibition test with the soluble
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fraction obtained after that procedure. In this inhibition
test, the crude enzyme extract was diluted in the same
volume with the insoluble fraction resulting from the
sugar cane bagasse pretreatment process. The mixture
remained in contact for 0, 2, 4 and 6 h, and, after each
time, endoxylanase activity was evaluated and
compared with the values obtained before the test. The
maximum value of inhibition of relative activity was
10% for the time of 2 h, remaining essentially constant
(9.8%) in 4 h and decreasing to 8.2% after 6 h. The pH
was 6.1 after 2 h, 5.9 at 4 h and 5.7 after 6 h for the
unwashed bagasse, while the pH was 5.5 for the
washed bagasse. A reason for the lower activity may be
the higher pH in the unwashed bagasse, above the
optimum verified at 5.5.

Our hydrolysis results are similar to those presented
by Marques et al.*. In their work, hydrothermally
pretreated sugarcane bagasse was hydrolyzed using a
mixture (1:1 v/v) of the enzymatic extracts produced
by solid-state cultivation of fungi Botryosphaeria sp.
AMO1 and Saccharicola sp. EJCO04. In this case,
pretreated bagasse hydrolysis continued at 50 °C for 20
h with an enzymatic load of 150 U g of pretreated
bagasse at 5% (m/v) concentration. The authors had
3.56 mg mL* of glucose and 1.66 mg mL™ of xylose.
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Our findings were 1.37 mg mL* of glucose and
1.24 mg mL of xylose at 60 °C, using approximately
one third of the incubation time and a lower enzymatic
load (110 U g ).

Our results are similar to those presented by
Marques and coworkers. In their work, hydrothermally
pretreated sugarcane bagasse was hydrolyzed using a
mixture (1:1 v/v) of the enzymatic extracts produced
by solid-state cultivation of fungi Botryosphaeria sp.
AMO1 and Saccharicola sp. EJCO04. In this case,
pretreated bagasse hydrolysis continued at 50 °C for
20 hours with an enzymatic load of 150 U/g of
pretreated bagasse at 5 % (m/v) concentration. The
authors had 3.56 mg/mL of glucose and 1.66 mg/mL of
xylose®®. Our findings were 1.37 mg/mL of glucose
and 124 mg/mL of xylose at 60 °C using
approximately one third of the incubation time and a
lower enzymatic load (110 U/g). Table 2 shows more
comparisons with the literature.

The lower sugar yields in the unwashed sugarcane
bagasse could be the result of a sum of factors, such as
the inhibitory effect of the residual alkaline pH of the
pretreated bagasse that increased pH of the assay above
the optimum value, and a potential inhibitory effect of
a mixture of phenolic compounds.

Table 2. Comparative xylose and glucose conversion by enzymatic hydrolyze from sugarcane bagasse.
Hydrolysis

Sugarcane Xylose / Glucose

QI time / h UEmEs, e bagasse / % m/v. = mg mL™? mg mL? ‘ el
Rasamsonia emersonii 4 60 5 1.4 1.24 This study
Thermomyces lanuginosus 24 40 3.5 0.9 NA Ref 5!
Trichoderma reesei 24 50 2 1.0 1.80 Ref .52
Aspergillus awamor 24 50 2 1.3 3.80 Ref.>®
Botryosphaeria sp. AM01 50
and Saccharicola sp. EJC04 20 50 5 17 3.56 Ref.

NS 50013 by Novozymes* 24 50 5 12.5 20.0 Ref .3

NA = not analyzed.
*Commercial enzyme preparation.

3.4 Isolation and evaluation of
endoxylanase catalysis substrate

specific

The four isolated isoforms from polyacrylamide gel
were evaluated by hydrolysis of synthetic substrates
(pPNPX and pNPG) and natural polymers (CMC,
beechwood xylan and oat spelt xylan) (Tab. 3). None
of the enzymes had activity against pNPG and CMC
and only Xyl B had activity against synthetic
substrates. The enzymes Xyl A, Xyl B and Xyl C
showed high activity concerning natural polymers,
whereas Xyl_D showed lower activity.
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Endoxylanases from R. emersonii are not able to
recognize glucose to hydrolyze the glycosidic bond,
which limits their action to xylan constituent
carbohydrates. This is observed in the GH 11 family of
glycosyl hydrolases, composed exclusively of endo
B 1,4 xylanases, in which no other activity was
observed. They are capable of cleaving internal §§ 1,4-
xylosidic bonds, unlike GH10 xylanases, which are
also capable of cleaving B 1,3-xylosidic and § 1,4 -
glycosidic bonds®>*.
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Table 3. Evaluation of activity of endoxylanases

produced by R. emersonii.
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4 mmol L pNPG ND ND - ND - ND -

4 mmol L pNPX ND 0.7 0.1 ND - ND -

4% CMC ND ND - ND - ND -

1% beechwood xylan 35 173 5 71 3 5 3

1% oat spelt xylan 35 78 3 56 4 10 3
Data ND: no detected activity. Average + standard deviation (mean values of three independent measurements).
3.5 Thermodynamic analysis of the isolated S 77—

i — .
Xyl_C P = ————- 1
Xylanase xyl_C displayed the highest activity when s A . -
tested against xylan: 70.87 U mL™* for beechwood :i by v
xylan and 56.11 U mL* for oat spelt xylan. Therefore, ® 2} e v
it was chosen for the thermodynamic analysis. E
The Arrhenius plot (Fig. 6), allowed calculating the % T . .
optimum temperature (80 °C) and the enzymatic -
activation energy (26.10 kJ mol?). The first-order °5 or i
plot for the effect of temperature on enzyme activity 4L |
(Fig. 7), was used to find the half-life and the first- I -
order rate of thermal inactivation (kq). The kg rates were 2t 4
used for the first-order Arrhenius plot (Fig. 8), R Y S S U PR A -
0 200 400 600 800 1000 1200 1400 1600

allowing to determine the activation energy of
denaturation (Ea(d)), estimated as 99.58 kJ mol. The
temperature coefficient decreases slightly with each
increase of 10 °C (Tab. 4).

2.824
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Figure 6. First-order Arrhenius plot showing the effect
of temperature on activity of isolated Xyl _C produced
by R. emersonii using beechwood xylan as substrate.
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Time / min

Figure 7. First-order plot for the effect of temperature
on enzyme activity of isolated Xyl C produced by R.
emersonii using Beechwood xylan as the substrate.
Samples were incubated at 50 (¢), 60 (m), 70 (A), 80
(V) and 90 °C (#) for 90, 246, 1060 and 1440 min.
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Figure 8. First-order Arrhenius plot for determination
of activation energy of denaturation (Eap)) of isolated
Xyl_C from R. emersonii. The values of kq were taken
from the slopes in Fig. 7.
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Table 4. Temperature coefficient (Qio) from Xyl _C
produced by R. emersonii. Values estimated based on
Arrhenius plot.

Temp./°C Temp. / K Q1o

Thermodynamic parameters were calculated to
evaluate the temperature denaturant effect on the
enzyme. Enzymes undergo thermal denaturation in two
steps: the native enzyme becomes unfolded inactive

50 313.15 1.35 enzyme when exposed to high temperature and follows
60 323.15 1.33 to become the inactivated enzyme if the thermal
70 333.15 1.31 exposition continues™. The first structural modification
80 343.15 1.29 could be reversible upon cooling, while the second one
90 353.15 1.27 is irreversible®®. Table 5 shows the values for the
95 363.15 1.26 variation of enthalpy, Gibbs free energy, entropy and

the half-life time related to denaturation.

Table 5. Kinetic and thermodynamic parameters of irreversible thermal inactivation.

Temp./°C Temp. / K t¥% [ min AHg/kdmol? | AGy/ kI mol? = ASy/J mol
50

kq / min?

323.15 0.00012 5056 96.9 114.3 -53.8

60 333.15 0.00007 1670 96.8 119.7 -68.9

70 343.15 0.00143 495 96.7 114.8 -52.7

80 353.15 0.00176 408 96.6 117.6 -59.4

90 363.15 0.00297 262 96.6 119.5 -63.0
Some enzymes have an optimal catalytic ~ Thermomyces lanuginosus: 108.5 and 112.4 kJ mol=,

performance at high temperatures and are useful in
high temperatures processes and for brief times;
however, when kept at high temperatures for a long
time, many enzymes do not have stability to remain
active throughout the process. The half-life of Xyl _C
was approximately 8 h at 50 °C, 27 h at 60 °C, 8 h at
70 °C, 6 h at 80 °C and 4 h at 90 °C. The half-life at
70 °C is larger than the value reported for a mutant
xylanase from Aspergillus fumigatus produced by
heterologous expression at Escherichia coli BL21,
42 min at 70 °C®. Site directed mutagenesis can
improve the stability significantly. Alterations of N-
terminal residues of a xylanase from Penicillium
janthinellum MA21601 improved the half-life 107-fold
higher than the wild-type strain, increasing from 30 s to
53.6 min at 60 °C*®,

High half-life values at elevated temperatures can
be directly related to high melting temperatures (Tm).
The Tm is described as the temperature at which the
maximum activity drops by half. For Xyl C, the
maximum activity occurred at 80 °C and decreased to
50% of that value at 93.3 °C (Fig. 9).

There was no significant variation in the enthalpy
variation (AHd) of thermal denaturation of Xyl_C. The
enthalpy values decrease slightly with increasing
temperature (Tab. 4). This behavior, together with
lower entropy values, is related to enzymatic
thermostability®°.

Gibbs free energy values found for Xyl C
(114.3 kJ mol™) at 50 °C are higher than those reported
at 55 °C for wild and mutant enzymes from
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respectively. The enzymes were produced by liquid
cultivation with 2% of corn cobs at 45 °C*. These
values suggest that Xyl C is more resistant to
unfolding. Xyl C is also more resistant than
Melanocarpus albomyces xylanase in the presence of
glycerol and NaCl (96.6 kJ mol2)%,

93.3
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Figure 9. Determination of melting temperature (Tm)
for the isolated Xyl_C produced by R. emersonii. The
Tm corresponds to the temperature at which the
enzyme activity drops to half of the initial activity.

Entropy is a measure of disorder in the system; the
increase in disorder of the protein structure is a
consequence of conformational changes in the protein.
Conformational changes comprise changes in
noncovalent interactions: ion-dipole, hydrogen and van
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der Waals, and in the rotational positions controlled by
the secondary bond structure®’. A decrease in entropy
values was observed with increasing temperature for
Xyl_C (Tab. 4).

Negative entropy (ASq) and positive free energy
(AGy) values reveal the resistance for the denaturation
reaction to occur. The increase in temperature
promotes the weakening of polar interactions, and it
strengthens  hydrophobic  interactions®  ensuring
resistance of the enzyme to thermal denaturation.

4. Conclusions

The endoxylanases from solid state culture of R.
emersonii present interesting properties, such as the
tolerance to a wide pH range, as well as to the presence
of diverse phenolic compounds. The enzymes also
demonstrate higher activity and stability in the
presence of glycerol and this is potentially relevant for
industrial applications. The isolate Xyl_C has good
stability against thermal denaturation, properties which
can be positive on the process requiring high
temperature and long periods of xylan hydrolysis. On
the breakdown of the sugarcane bagasse, R. emersonii
crude extract has provided strong hemicellulose
conversion values to xylose and can be used in the
process of obtaining high-value products, such as
xylooligosaccharides and, for the most part, biofuels
from lignocellulose residues without any additional
area of cultivation.
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ABSTRACT: Gold nanoparticle P
(AuNP) is a well-known biocompatible / A
structure  with  several  biomedical

AUNP
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Reduced DPPH

applications for labeling, heating, and
sensing, besides delivery of drugs to cells.
Similarly, platinum nanoparticles (PtNPs)

4©7|\|02+ —~
have important applications in medicine.

- L O
Traditional ~ applications  of  these ‘
nanoparticles in  medicine/biomedicine I
depend on their physical-chemical

properties. In this work, a preliminary pPpH- radical

Before

study of the antioxidative properties of
AuNP and PtNP was performed using
electron spin resonance (ESR)
spectroscopy. Antioxidant activity against
DPPH (1,1-diphenyl-2-picrylhydrazyl)
radical was found for both nanoparticles,
but the PtNP was more reactive than the
AuNP to reduce the DPPH ESR signal.
The decay time for the signal intensity was
T=3.1+0.1 min*for AuUNP and T = 1.80
+ 0.07 min-* for PtNP.
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1. Introduction

Metal nanoparticles have been known for a long
time and have always called the attention due to their
optical features. The photophysical properties of the
particles or of nearby molecules (such as absorption,
scattering, fluorescence, and Raman scattering) are
enhanced due to the interaction of light with the free
electrons on the metal nanoparticle surface. The
electromagnetic field of light causes a coherent
collective oscillation of the conduction band electrons
giving rise to the surface plasmon resonance®.

These nanoparticles can be synthesized by several
methods. For instance, the most traditional protocol for
gold nanoparticles (AuNPs) synthesis was proposed by
Turkevich, consisting of the reduction of
tetrachloroauric acid (HAuCls) with sodium citrate at
90-100 °C. Sodium citrate acts both as reducing and
stabilizing agent, but other agents have been used, such
as borohydrides, aminoboranes, hydrazine,
formaldehyde, etc.?. Deraedt et al.®> observed that the
ratio between salt and Borohydride during reaction
alters the particle dimensions and, consequently, its
optical and catalytic properties. For each proportion, a
different color of colloidal suspension was obtained;
the ratio 1Au:10 NaBH,4 produced AuNPs with size of
about 3 nm and high stability.

Polymers can stabilize AuNPs; they are versatile
and enable to control the size, solubility,
amphiphilicity, compatibility among other
characteristics with the use of specific ones®. Chitosan
is a commonly used polymer employed to produce
AUNP, it is a natural product and can be used as
stabilizing and reducing agent, making a green
synthesis of nanoparticles possible. Offering good
biocompatibility and other features enabling
applications in biomedicine and several others areas®.
Similarly, alanine is an amino acid that can be used to
stabilize AuNP. One of the important applications of

alanine is as an ionizing radiation sensor and
dosimeter®. When associated with AuNPs, this
dosimeter becomes more sensitive, allowing the

detection of smaller doses of radiation, which expands
the field of applications in ionizing radiation
dosimetry®.

The fact that polymers and other molecules can bind
to AuNP greatly expands its application. In the field of
biological applications, Sperling” explains in details
several uses in which highlights labeling, delivering,
heating, and sensing. For labeling, usually a molecule
with a functional group that associates with specific
sites in cells is linked to the nanoparticle. This bond
can be directly on the surface of the nanoparticle or by
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partial replacement of the stabilizer. Thus, this
molecule will direct AUNP to regions of interest in the
material, concentrating AuNP, providing contrast at
these specific sites. Subsequently, the visualization can
be optical by the interaction of AuUNP with light or by
transmission electron microscopy (TEM), since Au is a
metal with a high atomic weight, causing high contrast.
It is also possible to obtain contrasted images with X-
rays. Gold nanoparticles are conjugated with specific
antibodies or ligands, the solution is applied (in
animals) and it is specifically uptake by the organ of
interest. Thus, in X-ray tomography it is possible to
visualize the region of interest with high contrast and
resolution by the presence of AuNP.

Nie et al.® functionalized AuNP with Trolox, an
antioxidant substance. Their results showed an
improvement of chemical reactivity, enhancing the
antioxidant activity, suggesting that the assembling of
organic molecules on AuNP can endow these
molecules with reactivity higher than the sum of the
monomers. Other studies such as Rajan et al.° used
phytochemicals present in Areca catechu to synthesize
AUNP and obtained a compound with antioxidant,
antibacterial, and anticancer potential.

Gold nanoparticles are also used as delivery
vehicles for substances. These are attached to the
nanoparticle surface, that are introduced into the cells.
Inside the cells, the substances detach themselves.
Similarly, in hyperthermia, nanoparticles are
introduced in cells. They can be targeted, for example,
to cancer cells through ligands that are specific to the
receptors of these cells. Through absorption of light,
AUNPs are heated, raising the temperature of the
neighborhood, which can lead to the death of cancer
cells. The heating triggered by light also allows AuNP
to control the delivery of substances. In this case,
AUNPs are associated with polymers that form small
capsules, containing the substance. Thus, through
interaction with the light, this capsule heats up, breaks,
and then the substance is released.

The use of AuNP as sensors in the colorimetric
method is based on altering the wavelength peak of
plasmonic absorption in the presence of the substance
to be detected. Gold nanoparticles can be
functionalized by molecules that specifically bind to a
particular substance. In this case, the substance leads to
the agglomeration of AuNP, shifting the plasmonic
peak and consequently changing its color, from red to
white or blue. In other techniques, fluorescent
substances are used. When in close contact with AuNP,
the fluorescence is annihilated and, when the
fluorophores are far away, with the presence/absence
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of analyte, the light emitted is detected and related to
the concentration.

In the last decades, platinum nanoparticles (PtNPs)
have also been employed extensively in the field of
chemistry and medicine, as glucose and gas sensors,
catalysts in fuel cells'*? and in cancer treatment®,
Also, PtNPs are a promising alternative as an agent that
enhance the dose of ionizing radiation in cancer
treatment'®. In radiotherapy, the insertion of PtNPs
could increase the probability of interaction with
ionizing radiation due to its high atomic number and
consequently increasing the local dose and the
radiosensitization of the tumor tissue'**°.

The anticancer drugs known as cisplatin and
oxaliplatin have been employed in chemotherapy for
quite some time with good results'’'é, Platinum
nanoparticles present low toxicity in human cells and
are therefore used commercially in chemotherapy™.
Studies about the toxicity of 5-8 nm PtNPs in human
cells concluded that the toxicity can be passivated by
coating their surfaces with polyvinyl alcohol (PVA). It
is also shown, in cell culture, that the toxicity depends
on the concentration of PtNPs (higher concentration,
higher toxicity); and are independent of time and cell
lineages. In addition, the functionalization of the PtNPs
surface can reduce the damage in renal tissues caused
by cisplatin; as demonstrated in the literature, the
combination of an antihypertensive and antioxidant
carvedilol (CV) with chemotherapy drug was able to
reduce kidney damage without interfering in the
biodistribution or genotoxicity of cisplatin®.

The properties of PtNPs depend strongly on the
size, shape and structure that can be controlled in the
synthesis process. The most common routes for
synthesis of PtNPs in colloidal suspension is through
chemical  reduction?,  microemulsions®,  green
synthesis? and gamma irradiation?* by the reduction of
precursors, such as Pt** or Pt? *ions in the presence of
coating agent. In order to control size and morphology,
polyacrylate and polyvinylpyrrolidone were used?®;
however, the use of NaBHs is related as a faster
reducing agent employed for the synthesis and control
of size?.

Moreover, PtNPs have been shown to a have
potential antioxidant activity?’. Platinum nanoparticles
reduced the effect of reactive oxygen species
(ROS)?%?°. Due to this strong antioxidant activity,
PtNPs have been effectively used in the pharmaceutical
area, as antiaging formulations in the cosmetic sector.
This antioxidant potential was used to prevent the
effects of ROS lung diseases attributed to oxidative
stress™.
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Electron spin resonance (ESR) is a powerful
spectroscopic technique to detect and quantify free
radicals in different mediums. In solid state free
radicals created by ionizing radiation can be used for
dosimetry®>**3* and archeological dating®** for
instance. In solutions, the nature of radicals created by
different processes can also be studied®. The
antioxidant effect of different substances can also be
studied in a straightforward way*"¢, Because it is not a
colorimetric method, it can be useful for substances
that are not colorless. Thus, antioxidant extracts of
plants were studied allowing a fast selection of those
with potential for pharmaceutical use®. In this work,
AuNP and PtNP were prepared by reducing gold salt
HAUCI, and platinum salt (H2PtCls.6H,0) by sodium
borohydride NaBH.4. The antioxidant activity of AuNP
was studied by ESR, through the observation of DPPH
(1,1-diphenyl-2-picrylhydrazyl) radical annihilation.
These properties are important in the biomedical area,
since free radicals are associated with several
pathologies, including delay of the healing processes.

2. Experimental
2.1 Synthesis AUNP

All chemicals and solvents used for the syntheses
were of commercially available reagent grade and
applied without further purification.

Gold nanoparticles were obtained by chemical
reduction of the gold salt, HAuCls; (4 mmol L) by
sodium borohydride NaBH; (8 mmol L), under
vigorous stirring. The system is kept under agitation of
400 rpm, for 12 h in order to guarantee the total
reduction of gold. The formation of AuNP can be
confirmed by changing the color of the solution from
yellow to red, indicating the formation of colloidal
gold and the presence of the plasmonic peak in the UV-
Vis spectrum around 515 nm®,

2.2 Synthesis PtNP

Platinum nanoparticles were synthetized by the
chemical reduction of the platinum salt H,PtCls.6H,0
(2 mmol L) in the presence of sodium borohydride
NaBH. (4 mmol L) using polyvinyl alcohol (PVA) as
capping agent. The system was kept under vigorous
stirring for 18 h for all reduction. The color of the
system became immediately bright yellow, indicating
the formation of a colloidal dispersion. The
characteristic absorption peak of the PtNPs in the UV-
Vis spectrum is 260 nm*,
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2.3 Anti-oxidative activity against DPPH

The anti-free radical activity of the synthesized
AUNP and PtNP was studied by ESR spectroscopy. For
these tests, 200 pL of the nanoparticle solution and
200 pL of the ethanol solution 200 pmol L' DPPH
free radical (1,1-diphenyl-2-picrylhydrazyl radical)
were used. After the reaction, the resulting solution
was transferred to a glass capillary tube (hematocrit
tube), inserted in a quartz tube, and placed in the ESR
resonant cavity to take the spectra.

The ESR spectra were acquired sequentially every
1min on the ESR Jeol FA-200-Band X spectrometer, at
room temperature, to study the kinetics of the reaction
between the nanoparticles and the DPPH radical.

The parameters of the spectrometer for spectra
acquisition were: central field 345 mT, scan 10 mT,
scan time 1 min, modulation amplitude 0.1 mT, power
1 mW, modulation frequency 100 kHz and microwave
frequency 9.5 GHz.

3. Results and Discussion
3.1 Anti-oxidative activity against DPPH

In this work, ESR and DPPH were employed to
determine the antioxidant activity of AUNP. The DPPH
is widely used as a radical molecule to evaluate the
antioxidative properties of various compounds, using
ESR. The DPPH radical is able to accept an electron or
hydrogen atom (proton) to become a stable
diamagnetic molecule**. Nie et al.® studied AuNP
functionalized with antioxidant molecules through ESR
DPPH radical scavenging tests. They observed an
enhancement  of  antioxidative  ability  after
functionalization. Esumi et al.* showed the
antioxidative ability of AUNP prepared in the presence
of chitosan. The authors used the spin trapping method
with  DMPO (5,5-dimethyl-1-pyrroline-N-oxide) to
monitor the elimination of hydroxyl radicals generated
by Fenton reaction. They observed a decrease of ESR
DMPO-OH signal when increasing the concentration
of gold-chitosan.

In this sense, by monitoring the signal intensity of
the ESR spectrum, the radical scavenging activity of
substances can be studied. The antioxidant activity of
substances can also be assessed with DPPH and the
optical method, since the DPPH solution has its color
changed from violet to yellowish as the reaction
occurs. So, the natural coloring of the substances can
interfere in the procedure, which does not occur when
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using the ESR, since the radical is detected directly
without color interference. Figure la shows DPPH
ESR spectrum reacted with methanol and the App,
Amplitude considered to monitor the reaction. After
reaction with AuNP, the amplitude Ay decays,
showing the free radical scavenging capacity (Fig. 1b).

Experimental data points were adjusted with a
single exponential curve decay (Eq. 1):

I=1y.e T +¢ (1)

Resulting in lp = 3791 + 65, T=3.1+ 0.1 mint ¢ =
552 + 14, and adjusted R-square 0.993 for AuNP; and
lo = 3701 £ 51, T = 1.80 + 0.07 min%, ¢ = 604 + 10,
and R-square 0.995 for PtNP, revealing superior
antioxidative properties of PtNPs compared to AuNPs.
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Figure 1. (a) Electron spin resonance spectrum of
DPPH 200 pmol L* and (b) decay of DPPH ESR
signal amplitude after reaction with AuNP (circle) and
with PtNP (square).
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4. Conclusions

Gold and platinum nanoparticles can be easily
produced by reducing the salt with sodium
borohydride. Both nanoparticles presented
antioxidative properties, but the results suggest that
superior antioxidative properties of PtNPs. These
results can be of great importance for biological
environments, evidencing that their antioxidative effect
should be considered in biomedical applications.
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ABSTRACT: This study reports the application
of metallo-stannosilicates as potential inorganic
solid matrixes for enzymes immobilization and their
use as a heterogenous catalysts in enzymatic
transesterification reactions for the conversion of
triacylglycerides into fatty acid ethyl esters
(FAEEs). Several stannosilicates were synthesized
and physicochemical characterized by X-ray powder
diffraction (XRD), scanning electron microscopy
with energy dispersive X-ray spectrometry (SEM-
EDS), Brunauer—-Emmett-Teller (BET)-N2 surface
area analysis and solid-state magic-angle spinning
nuclear magnetic resonance (MAS NMR 2°Si and
119Sn nuclei) techniques. The experimental results

for enzymes immobilization were promising, = 2 I E—
especially for a nickel ion-exchanged metallo- Metallo-stannosilicates as inorganic supports for enzymes immobilization
Synergistic effect = 82+6% of enzymes and 63.3%0.7% of FAEEs yield

Thermomyces
lanuginosus

stannosilicate, which were able to immobilize 82 +
6% of Thermomyces lanuginosus lipase and also kept a high enzymatic activity (42 + 3 U mg™). Systematic catalytic reactions for
conversion of refined palm oil (Elaeis guineensis) using some of these stannosilicates enzymes complexes yielded 63.3 + 0.7% of
FAEEs. It is worth noticing that, when the transesterification reaction was performed with (a) the as-made stannosilicate without
enzymes and (b) the equivalent amount of immobilized Thermomyces lanuginosus lipase in its free form, the FAEEs yield sharply
decreased to < 5.0% and 6.3 £ 0.3%, respectively. This result is a clear evidence of a synergistic effect among the metallo-stannosilicates
and the immobilized enzymes.
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1. Introduction

The development of alternative biofuels as viable
ways to replace or reduce the use of fossil fuels has
stimulated the efforts of the scientific community. The
energy demand arises from numerous factors,
including environmental concerns and the depletion of
fossil fuel resources that have stimulated the
development of new alternative sources of more
sustainable fuels. Among the various options, biodiesel
is attractive because it is a sustainable and renewable
form of energy’. Chemically, biodiesel consists of a
mixture of fatty acid alkyl esters (FAAESs) and is
predominantly produced, in industrial scale, by means
of transesterification reactions using refined vegetable
oils as triacylglycerides sources, together with short
chain alcohols (methanol or ethanol) and homogeneous
catalysts. The appropriate choice of triacylglycerides
feedstocks and catalysts are the main challenges and
have precluded a faster development of this industry.

Concerning the available triacylglycerides sources,
the use of edible oils has raised ethical and economic
guestions, one of the reasons to search alternative lipid
feedstocks that do not compete with food production®=.
There are several lipids feedstocks for biodiesel
production, such as: palm, castor, soybean, cotton,
peanuts, jatropha, sunflower (vegetable oils), besides
the utilization of animal fats, nonedible and waste oils.
Considering oils from vegetable origin, the palm tree
(Elaeis guineensis) is an excellent option due of its low
price, relatively high oil content (palm fruit contains
approximately 40% of oil) and high productivity
(25004000 kg hectare year™). Furthermore, palm oil
is more saturated and has greater oxidation stability
when compared to other vegetable oils, in addition to
being an important alternative for the sustainable
development of some Brazilian regions, mainly in the
Amazon*®. Another important component in the
biodiesel production process is the short chain alcohol
source. In Brazil, the use of ethanol is a viable option,
since the country is the world’s second largest producer
of ethanol. However, most industrial biodiesel plants
do not have the technology to synthesize biodiesel by
applying ethanol as a solvent, since that the production
of biodiesel via the ethylic route presents some
obstacles, such as high alcohol consumption and
difficulty in separating the final products (glycerol and
biodiesel), which generates greater energy costs for this
process.

In terms of catalyst technology, sodium hydroxide
(NaOH), potassium hydroxide (KOH) and sodium
methoxide (NaOCHs) are currently the main
homogeneous catalysts employed in the biodiesel
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industry. Their disadvantages are associated with the
impossibility of use low-quality feedstocks, with high
contents of water and free fatty acids (FFASs)C.
Although not currently applied in industrial scale for
biodiesel production, heterogeneous acid catalysts
could be an interesting alternative to solve this problem
due the fact of being less sensitive to FFAs content and
perform  simultaneously the esterification and
transesterification reactions. Moreover, the
heterogeneous catalyst can be recycled (reused), there
is none or very little amount of wastewater produced
during the catalytic process and the separation of the
catalysts from biodiesel and glycerol is relatively easy.
Nevertheless, its application in the biodiesel industry is
preclude due the necessity of employing longer
reaction times, higher reaction temperatures and large
alcohol to oil molar ratios’ '°. The combination of all
these factors has a negative impact in the final price of
the biodiesel, therefore the search for new
heterogeneous catalysts able to overcome these
drawbacks is a technical and scientific challenge.

Zeolites and Mixed Octahedral-Pentahedral-
Tetrahedral Silicates (OPT) materials are inorganic
microporous framework oxides and can be an
interesting option to overcome these challenges. Mixed
framework OPT materials containing coordinated
tetrahedra or octahedra, namely stannosilicates, is one
of these materials subject of research. Stannosilicates
and tin-zeotypes materials have been reported as ion
exchangers, sorbents and catalysts for several types of
reaction, as purification of natural gas with sulfur
compounds, like hydrogen sulfides or oxysulfides',
and catalytic reactions for decomposition of propan-2-
ol and oxidation of cyclohexene'?, Baeyer—Villiger
oxidation reactions®®, monosaccharide isomerization
reactions***> and application as heterogeneous catalysts
for biofuels production®. Tin-based homogeneous and
heterogeneous  catalysts have been used in
transesterification reactions, mainly using refined
edible oils as feedstocks and methanol, typically
providing high yields of fatty acid methyl esters
(FAMEs)'"24,

The use of lipases (triacylglycerol acylhydrolases,
E.C.3.1.1.3) as catalysts in the biodiesel production is
also an attractive option due to their high specificity for
the transesterification of triacylglycerides to FAMEs or
FAEEs in comparison with the other conventional
chemical catalysts employed in industrial biodiesel
production. In comparison to the basic homogeneous
catalysts, enzymes exhibit high selectivity and catalytic
activity under mild operative conditions. In addition,
lipases can also catalyze the transesterification of waste
feedstocks that contain a high content of free fatty
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acids (FFAs) and water, therefore decreasing the
probability of forming soap and emulsion®. Some
examples of biodiesel production by enzymatic
catalysis are the transesterification of soybean oil
(Glycine max) by applying different lipases and
experimental parameters (quantity of biocatalyst,
reaction time, amount of water added and turnover of
lipases)® 2%, esterification reactions of oleic acid* and
FAEEs production by enzymatic transesterification of
triolein®®. Besides all the advantages of the enzymatic
process in comparison to the other ones, there are
important drawbacks that preclude their large use in
industrial scale process for biodiesel production.
Between them are the enzymes expensive costs, the
difficulty of its separation (recover of the enzymes and
reuse in its free form), besides the possible deactivation
of enzymes active sites by glycerol, a subproduct of
triacylglycerides transesterification. In this context, the
enzymes immobilization is a viable alternative for
overcoming these obstacles® 3°.

The use of supports for enzymatic immaobilization is
an effective way to combine the advantages of both
heterogeneous and enzymatic catalysts. Enzymatic
immobilization consists of locating or confining an
enzyme on a solid support or matrix. The methods are
basically classified as chemical or physical processes,
and the choice of the appropriate support depends of
physical-chemical characteristics, such as mechanical,
chemical and microbial resistance, thermal stability,
high loading capacity, adequate pore diameter and
hydrophilic/hydrophobic behavior that allows the
immobilization of the enzymes®. Several solid
materials, such as ceramics, kaolinites, silica, cellulose,
polymers and zeolites, have been used as supports for
enzymes immobilization. Specifically, in the case of
zeolites and mixed framework oxides, the aim of the
immobilization is to create a zeolite-enzyme complex
that can be applied as biocatalysts. It is clear from
these studies®“° that both the zeolites and the enzymes
can themselves alone catalyze the transesterification
reaction: each one of them have their own particularity
that determines the rate and yield of the final product.

This study is a sequence of previous work reported
by the authors research group® concerning the
application of a metallo-stannosilicate for biodiesel
production using edible, nonedible and waste oils as
feedstocks. In this paper, several stannosilicates were
synthesized using different  sol-gel  chemical
compositions. The stannosilicates were
physicochemical characterized and, afterwards, used as
heterogeneous catalysts in the transesterification of
refined palm oil (Elaeis guineensis) by ethanolysis
reactions. Furthermore, these materials were also
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studied as potential inorganic solid matrixes for
immobilization of Thermomyces lanuginosus lipase
and tested in enzymatic transesterification reactions
with the following aims: are metallo-stannosilicates
feasible for use as inorganic supports for enzymes
immobilization? What can be learned from catalytic
results about the appropriated application of different
catalysts in specific reactions for biodiesel production?
To the best our knowledge, metallo-stannosilicates
were not previously explored as inorganic supports for
enzymes immobilization and as heterogeneous
catalysts in enzymatic transesterification reactions for
biodiesel production by applying the feedstocks
(refined palm oil and ethanol) used in this work.

2. Experimental
2.1 Materials

The syntheses of the metallo-stannosilicates, the
nickel ion-exchange experiments, the catalytic
reactions for biodiesel production and the enzymes
immobilization reactions employed the following
chemicals: Ludox HS-40 colloidal silica (40 wt.% SiO;
in water), tin chloride pentahydrate (SnCls*5H-0,
98%), sodium hydroxide (NaOH), potassium
hydroxide (KOH), nickel(ll) sulfate hexahydrate
(NiSO4+6H,0, 98%), Bradford reagent (1-1,400 ug
mL protein) and enzyme lipolase 100 L (from
Thermomyces lanuginosus lipase, molecular weight 30
kDa, pl 4.4, solution > 100,000 U g*) were purchased
from Sigma-Aldrich (Steinheim, Germany) and used as
received, without further purification.

The Thermomyces lanuginosus is a purified enzyme
1,3-specific lipases (EC 3.1.1.3) and industrially
produced through the submerged fermentation of a
genetically modified Aspergillus oryzae fungus*. This
lipase was used based on satisfactory results reported
by our research group®=® among other examples of
application of this enzyme to biodiesel production?,
Anhydrous ethyl alcohol (99.8%) was purchased from
Dindmica Chemistry (Diadema, Brazil). The refined
palm oil (Elaeis guineensis) predominantly composed
by palmitic acid (C16), stearic acid (C18), oleic acid
(C18:1) and linoleic acid (C18:2) were obtained from
Agropalma Company (Belém, Brazil). The gas
chromatogram (GC-FID), which illustrates these major
components in the oil composition, is illustrated and
discussed in the supplementary material.
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of SnCl4*5H>0 in 30 g of distilled water. This solution
B was added to the solution A and homogenized under
500 rpm of stirring during 60 min at 25 °C of
temperature (solution C). Finally, solution C was added
to 27.4 g of Ludox HS-40 colloidal silica (40 wt.%
SiO; in water) and this final gel was also kept stirring
for 30 min at 500 rpm. The sol-gel solution was
transferred to a 125 mL teflon-lined stainless-steel
autoclave (Parr Instruments Co., Illinois, USA) and
kept at 200 °C for 7 days. Afterwards, the reactor was
cooled down, the product collected by filtration,
washed with distilled water and dried at 100 °C for
12 h.

2.2 Hydrothermal syntheses of stannosilicates

The stannosilicates were synthesized according to
experimental procedures adapted from the literature*>
by hydrothermal crystallization in the Na,O-SnO;-SiO;
oxides system. Detailed experimental conditions of all
the stannosilicates synthesized are summarized in
Tab. 1. A typical synthesis for the material named
stannosilicate 1, using Sn** (SnCls5H.0O as the tin
source) and gel composition of
1Na20:5n0,:4Si0,:80H,0 was performed at the
following manner: 14.9 g of sodium hydroxide (NaOH)
was dissolved in 20 g of water (solution A). A second
solution (solution B) was prepared by dissolving 20 g

Table 1. Summary of the experimental procedures for the metallo-stannosilicates syntheses.
Step 2 (solution B) Step 3 (solution

Gel Step 1 (solution A)

Step 4 Ludox Step 5 (final Surface area

o Nomenclature C)*** ) e > 1
composition H:0 / g SnCle5H;0 / g HS-40/¢g gel) /I m?g
1Na,0:Sn0,:4 -
Si0,:80H,0 | 14.9 20.0 20.0 30.0 27.4 18.73
2Na,0:5n0,:4 -
Si0,-80H,0 1 29.8 20.0 20.0 30.0 Add solution B to 27.4 Add solution 22.40
1N2,0:Sn0;:1 [ 42 10.0 16.0 220 solution A 54.8 C to Ludox 86.95
0Si0,:80H,0
2Na,0:5n0,:1 HS-40

A 2. Hok

0Si0,:80H,0 \% 84 10.0 16.0 22.0 54.8 50.45
5Na,0:Sn0;:1 o Add SnCl,-5H,0
0Si0,:80H,0 \% 211 20.0 16.0 in solution 54.9 8.16

*Time of hydrothermal synthesis = 7 days; **Time of hydrothermal synthesis = 21 days; ***The gel was homogenized at 500

rpm for 60 min at ambient temperature of 25 °C.
2.3 Nickel ion-exchange experiments

Prior to the enzyme immobilization, all
stannosilicates synthesized were subjected to nickel
ion-exchange experiments. The experiments were
made as follows: 30 mL of 0.5 mol L™ NiSO4 solution
(3.94 g of NiSO,6H,O was dissolved in 30 mL of
distilled water) was added into a teflon bottle.
Afterwards, 1 g of the stannosilicates was added to this
solution and kept stirring at 500 rpm for 60 min and
25 °C of temperature. Afterwards, the solution was
heated at 80 °C for 24 h. After this period, the nickel-
stannosilicates were cooled down, collected by
filtration, washed with distilled water and dried at
100 °C for 12 h.

2.4 Physicochemical characterization of the solid
materials

2.4.1 X-ray diffraction, BET-N. surface area and
SEM-EDS

All  the stannosilicates  synthesized  were
characterized by XRD using a Rigaku Miniflex
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(Rigaku, Tokyo, Japan) operated at 40 kV, 15 mA and
using a Ni-filtered Cu-Ka radiation (A = 1.5418 A) in
the range of 20 from 3 to 80° with goniometer rate of
2° (20) min*. Surface area measurements at 77 K were
performed on a Micromeritics ASAP 2020
(Micrometrics Instrument Corporation, Norcross,
USA) using the facilities of the BAM Federal Institute
for Materials Research and Testing (Division 1.3.
Structural Analysis, Berlin, Germany). Prior to the
measurement, all samples were degassed at
temperature of 300 °C and pressure of 5 x 10> mbar
for 3 h, and isotherms were processed by the BET
(Brunauer-Emmett-Teller) ~ method*’.  Scanning
electron microscopy (SEM) and energy-dispersive X-
ray spectrometry (EDS) results were recorded on a FEI
Inspect F50 (FEI Instruments, Oregon, USA) using the
facilities of the Brazilian National Laboratory of
Nanotechnology (LNNano, Electron Microscopy
Laboratory, Campinas, Brazil). The electronic
microscope is equipped with a Schottky field emission
source, probe current at 200 nA and an electron beam
with accelerating voltages between 0.2 and 30 kV.
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2.4.2 Solid-state MAS NMR

Solid-state magic angle spinning NMR (MAS
NMR) experiments were performed using the facilities
of the BAM Federal Institute for Materials Research
and Testing (Division 1.3. Structural Analysis, Berlin,
Germany). The fully hydrated metallo-stannosilicates
samples were characterized by 2°Si and 1°Sn Single-
Pulse MAS NMR using a Bruker Avance 400
spectrometer (9.4 T). The data were analyzed and
processed in the software TopSpin 3.6.2 version. All
the experiments were carried out at room temperature
and the samples were filled into zirconia rotors
equipped with Kel-F caps (Bruker, Wissembourg,
France) of 7 and 4 mm for #Si and °Sn nuclei,
respectively. The 2°Si single-pulse MAS NMR spectra
were obtained using radiofrequency pulses at the
Larmor frequency of 79.5 MHz, MAS frequency of 6.5
kHz, 90° pulse length of 6.0 us and recycle delay of
300 s. H{®Si} cross-polarization (CPMAS)
experiments were also made by applying 90° pulse of
3.0 ps, cross-polarization time of 6.0 ms and repetition
time of 3.0 s were used in order to maximize 2°Si signal
intensities. A 50% amplitude CP ramp and TPPM15
(decoupling power level is the same as for the 90° 'H
pulse of 3.0 ps) was also applied. The ?°Si chemical
shifts were reported relative to kaolinite as secondary
reference (5 = - 91.5 ppm). The °Sn single-pulse
MAS NMR spectra were obtained using
radiofrequency pulses at the Larmor frequency of
149.1 MHz, MAS frequency of 12.5 kHz, 90° pulse
length of 2.5 ps and recycle delay of 600 s. The
119Sn chemical shifts were reported relative to SnO;
(8 =- 604 ppm)*.

2.4.3 Zeta potential of the stannosilicates and
stannosilicates-lipases complexes

The zeta potential of the stannosilicates and
stannosilicates-enzymes complexes were measured in a
Nano Zetasizer ZS90 equipment (Malvern Instruments,
Worcester Shire, UK). Prior to the measurements, 1 mg
of the materials and 1 mL of deionized water were
placed in Eppendorf tubes and stabilized during 30 min
at 25 °C, and then transferred to a DTS1060 cell,
equipped with golden electrodes. A wide angle (90°)
laser Doppler velocimetry was used to measure the
electrophoretic mobility and the { potential (zeta

% enzymes immobilized =

initial amount of enzymes (solution b)—amountof enzymes after immobilization (solution a)

ig.unesp.br/ecletica

potential), expressed in mV, was calculated by
Smoluchowski equation®.

25 Enzymes  immobilization on  the
stannosilicates

The enzymes immobilization experiments were
made in triplicate, according to adapted procedures
from the literature®*°. The initial concentration of
2 mg mL of the commercial lipases (enzyme Lipolase
100 L, from Thermomyces lanuginosus lipase) was
added in a phosphate buffer solution, 20 mmol L* and
pH 7, according to a proportion of 1:40 (25 pL of
commercial lipase:1 mL phosphate buffer:50 mg of
stannosilicates) and stirred at 300 rpm for 16 h at room
temperature of 25 °C, followed by the separation of
stannosilicates-lipases complexes via centrifugation at
12,000 rpm for 1 min. The products were washed twice
with deionized water, dried at 25 °C overnight and
stored at 4 °C. The amount of the enzymes
immobilized was determined according to proposed by
Bradford®* and based on procedures adapted from the
literature®2.

2.6 Determination of percentual of enzymes
immobilized on the stannosilicates

The percentual of Thermomyces lanuginosus lipase
immobilized on the stannosilicates supports were
determined by the method described Bradford*®, which
uses bovine serum albumin as standard and its
absorption in the ultraviolet wavelength (A = 595 nm).
For these measurements, three different solutions were
prepared, previously the measurements: (a) supernatant
solution that remain after the enzymes immobilization
reactions, (b) a solution with the same quantity of
enzymes prepared for the immobilization reaction,
diluted in the phosphate buffer solution (20 mM and
pH 7) and (c) only the same amount of the phosphate
buffer solution, which has its absorbance subtracted of
the other solutions. Afterwards, a mixture of Bradford
reagent (1-1,400 ng mL? protein, Sigma Aldrich,
Germany) and the samples described above were
mixed in the proportion of 1:20 (50 pL of
solution:950 puL of Bradford reagent) and kept out of
the luminosity for 20 min. The percentage of enzymes
immobilized was calculated from the relationship®
shown in Eq. 1:

initial amount of enzymes (solution b)
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x 100 1)
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2.7  Enzymatic  hydrolytic
stannosilicates-enzymes complexes

activity  of

The enzymatic hydrolytic activity of stannosilicate-
enzymes complexes was determined by titrimetric
method®*>** and following ACS specifications in the
sigma standard enzymatic assays for lipases
(triacylglycerol acylhydrolases, E.C.3.1.1.3). Since
that, the enzymatic activity is obtained by a hydrolysis
reaction, one unit of lipase activity was defined as the
amount stannosilicate-enzymes complexes releasing
one mole of FFAs from a triacylglyceride source in 1 h
of reaction at 40 + 2 °C, expressed by the unity of
Umg? (unit of lipase activity/mg of stannosilicate-
enzymes complexes). In a typical measurement, 10 mL
of a mixture containing 20 mmol L* at pH 7 of
phosphate buffer and a triacylglyceride substrate
(refined soybean oil, Glycine max) was prepared in the
volume proportion of 1:1.

This solution was thoroughly mixed and
equilibrated at 37 °C. Afterwards, 30 mg of the
stannosilicates-enzymes complexes was added and the
reaction maintained at 37 °C for 30 min. Finally, the
reaction was quenched by adding 3 mL of ethanol
(95 %, Sigma Aldrich, Steinheim, Germany) and then
cooled to the temperature of - 4 °C by using a mixture
of ice and ethanol for 10 min. The solution was
centrifuged at 12,000 rpm for 1 min and the FFAs
obtained as a result of the enzymatic hydrolysis
reaction were neutralized by a titration with a solution
of 50 mmol L' NaOH in the presence of
thymolphthalein  as indicator. One unit of
stannosilicate-enzymes activity was expressed as micro
equivalents of FFAs released from the triacylglyceride
substrate in 1 h at 37 °C, calculated according to Eq. 2:

Units

__ (NaOH)(Molarity of NaOH)(1000)(2)
- mass of the solid

solid 2
NaOH = volume (mL)

1000 = conversion factor from 102 equivalents to 10°°
equivalents

2 = time conversion factor from 30 min to 1 h (unit
definition)

Mass of the solid = mass (mg) of stannosilicate-lipase
complexes used in the hydrolysis reaction

2.8 Enzymatic transesterification of refined palm
oil (Elaeis guineensis) for FAEEs production

Enzymatic transesterification of refined palm oil

(Elaeis guineensis) by ethanolysis reaction catalyzed
by free enzymes and stannosilicate-enzymes
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complexes were performed in 10 mL flasks, with an
oil:ethanol ratio of 1:4, 3% of stannosilicates-enzymes
complexes referred to the oil mass and temperature of
40 £ 2 °C for 48 h. In order to avoid the inactivation of
the enzymes, the total amount of ethanol was equally
divided and added stepwise over four different time
intervals (0, 3, 6 and 12 h after the start of the
reaction). Afterwards, FAEEs and glycerol were
separated by centrifugation at 12,000 rpm for 1 min.

2.9 Heterogeneous transesterification of refined
palm oil (Elaeis guineensis) for FAEEs
production

Syntheses of FAEEs through the heterogeneous
transesterification reactions were performed in
triplicate  (as performed for the enzymatic
transesterification reactions) using refined palm oil
(Elaeis guineensis) as triacylglycerides feedstock. In a
typical transesterification reaction, 20.0 g of refined
palm oil (FFAs content = 0.3 wt.%, acid value of
0.6 mg KOH g*) was added in a 100 mL open glass
reactor (catalytic reaction made at atmosphere
pressure) with a reflux condenser, in a thermostatic
bath equipped with a magnetic stirrer. Anhydrous ethyl
alcohol was added according to alcohol:oil molar ratio
of 1:30. The appropriate amount of catalyst (3% of
heterogeneous catalyst referred to oil mass) was added
and the mixture heated at 100 °C for 12 h, magnetic
stirrer was set at 900 rpm and the reflux temperature
adjusted of 10 £ 2 °C. After the reaction time, the
mixture was filtered, the excess of alcohol was
removed using a rotary evaporator (Blchi Rotavapor
R-210, Flawil, Switzerland) and glycerol were
separated by centrifugation at 12,000 rpm for 1 min.

2.10 Quantification of FAEEs yields by gas
chromatography (GC-FID)

The measurements of FAEEs vyields were made
under the following experimental conditions: the
measurements were made in a gas chromatograph
(PerkinElmer, Massachusetts, USA) using a sample
injection volume of 1 mL, helium as gas carrier at a
flow rate of 2 mL min? and pressure of 83 kPa,
injector and detector temperatures of 250 °C. The oven
temperature started at 50 °C for 1 min, increased up to
250 °C at a rate of 5 °C minl In a typical
measurement, solutions of 20 mg mL™ of the ethyl
myristate (C14:0) and ethyl nervonate (C24:1)
standards were prepared. Additionally, an ethylic
nonadecanoate standard solution was prepared in a
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concentration of 10 mg mL™. The range of peaks
integration were identified using the ethyl ester
standards C14:0, C24:1 and an ethylic ester (C19:0) as
the internal standard (IS). The FAEEs contents were
obtained by integrating the peak areas from C14:0 to
C24:1 and subtracting the nonadecanoate area,
according to Eq. 3:

A-A Cis—V
C = 2A-Ais x LSS o 100%
AIS m

®)

> A = sum of the areas of all peaks ranging from C14:0
and C24:0

AIS = C19:0 internal standard area

CIS = concentration (mg mL™) of the C19:0 solution
VIS = volume of the C19:0 solution added to sample

m = mass of the FAEEs sample (mg)

3. Results and Discussion

3.1 Physicochemical characterization of the
stannosilicates

The XRD patterns of the stannosilicates synthesized
according to sol-gel chemical compositions detailed in

Stannosilicate V

iq.unesp.br/ecletica

Tab. 1 are shown in Fig. la. The stannosilicate |
presented a XRD pattern characteristic of a crystalline
material and has structural similarity with the
stannosilicate AV-10°*. The stannosilicate AV-10 has
an orthorhombic unit cell (a = 7.945 A, b = 10.344 A
and c 11.625 A) and its gel composition
(8.5Na20:5.4Si0,:1.0Sn0,:115H,0) contained lowest
SiO2:Na,O ratio (= 0.6) in comparison with
stannosilicate | (= 4.0). X-ray diffraction patterns of
stannosilicate I (gel composition of
2Na,0:5n,0:4Si0,:80H,0) indicate the formation of a
new microporous material (XRD pattern not reported
previously), while the stannosilicate V  (gel
composition of 5Na,0:Sn20:10Si0,:80H:0) is similar
to phase L*. The effects of the sol-gel composition
were observed in the crystallization of these materials.
The experimental evidences indicated that SiO2:Na,O
ratio in the range of 5-10, as the ones used for the
syntheses of stannosilicates Il
(2Na20:Sn20:10Si0,:80H.0) and stannosilicates 1V
(1Na20:Sn20:10Si02:80H20), induce the formation of
tin oxide, clearly noticed in the XRD pattern of the
stannosilicate Il (Fig. 1a), as most of diffraction peaks
were assigned to the SnO, phase (JCPDS 41-1445).

Stannosilicate V-Ni*'

(b)

1 N | L 1 L 1

Stannosilicate IV

Stannosilicate 1V-Ni**

1 L | L 1 L 1

Stannosilicate 111

Intensity / a.u.

—— Stannosilicate IT1-Ni2*

L,

Intensity / a.u.

h
Stannosilicate 11

Stannosilicate I

U--ALJ\_».M_»M-_'\.

40 50 60 70 80
2theta /®

L,
10 20

30

Stannosilicate 11-Ni*

1 "
Stannosilicate [-Ni**

10 20 30 40

2theta /°

50 60

Figure 1. X-ray powder diffraction patterns of metallo-stannosilicates (a) before and (b) after the nickel ion-

exchange experiments (a.u. = arbitrary units).
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The 2°Si Single-Pulse MAS NMR results are shown
in Fig. 2. The result for stannosilicate | (spectrum not
shown) is similar to reported for stannosilicate AV-
10°*. The spectrum presents two resonances lines with
chemical shift positions at 8, = - 87.0 ppm and &, = -
88.7 ppm with relative intensities of 1:2 and are
associated with the Si(2Si, 2Sn) environment. This
similarity between both materials was proved recently
by our research group® in a solid-state NMR study,
where the stannosilicate | was used as a model
compound for developing a solid-state NMR strategy
to verify the connectivity of SiO4 and SnOs polyhedral,

Stannosilicate 11
Experimental
CPMAS spectrum

(a)

Experimental
Single-pulse spectrum

Chemical shift / ppm

(©)
Stannosilicate IV
Experimental and
deconvoluted spectra

(b)

. r T
w5 10

(d)

iq.unesp.br/ecletica

despite the very low natural abundances of 4.68% for
29Si and 8.59% for 2°Si and 1°Sn nuclei, respectively.
The #Si{**%Sn} and °Sn{?*Si} REDOR (rotational-
echo double-resonance) NMR, #Si{*°Sn} and
1195n{»Si} REPT-HMQC (recoupled polarization
transfer-heteronuclear multiple-quantum correlation)
NMR and 2D #Si INADEQUATE NMR experiments
using the crystallographic data of the sodium
stannosilicate  AV-10  (chemical =~ composition
Na,SnSiz0g:2H,0) proved that both stannosilicates
consist of the same materials.

Stannosilicate [11
Experimental and
deconvoluted spectra

T T T T
-100 -110 -120 -130 -140

Chemical shift / ppm

-B0 -90

Stannosilicate V
Experimental Single-Pulse spectrum

Deconvoluted spectrum

r T T T T 1

T
-110

1 T
-140 -B0

T T T T T T T 1 LI

T T 1
90 -85 -100 -105 -110 -115 -120

-T0 -B0 -90 -100 =120 -130 65 70 -75 B0 -85
Chemical shift / ppm Chemical shift / ppm
Figure 2. 2°Si single-pulse MAS NMR spectra of stannosilicates II, 11, IV and V.

The #Si single-pulse MAS NMR spectra for the
stannosilicates Il, 111, IV and V can be analyzed based
in the seminal researches for °Si solid-state MAS
NMR of aluminosilicates structures®®>’. Deconvolution
of the spectrum for the stannosilicate 1l have resulted
in seven resonance lines with the following chemical
shifts values: &1 = - 76.7 ppm, &2 = - 79.1 ppm, &3 = -
80.4 ppm, 84 = - 81.5 ppm, 65 = - 83.7 ppm, 96 = - 84.8
ppm and &; = - 85.8 ppm. The #Si single-pulse MAS
NMR spectrum for the stannosilicate 111 showed two
resonances lines with chemical shifts at 6; = - 102.2
ppm and &, = - 111.4 ppm, which are associated to the
Si(3Si, 1Sn) and Si(4Si) environments, respectively.
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The stannosilicate 1V showed a spectrum with two
resonance lines at 6; = - 101.9 ppm and 6, = - 111.4
ppm positions. The 2°Si single-pulse MAS NMR
spectrum for the stannosilicate VV shows six resonance
lines with the following chemical shift values: 6; = -
76.4 ppm, &, = - 78.7 ppm, 63 = - 81.0 ppm, 64 = - 85.0
ppm, s = - 99.4 ppm and & = - 111.6 ppm. The results
in the chemical shift range from 6 = - 97.1 ppmto 6 = -
111.6 ppm are associated to the Si(3Si, 1Sn) and
Si(4Si) environments.

The °Sn single-pulse MAS NMR spectra are
shown in Fig. 3. The stannosilicate Il presents a
chemical shift at the position of 8 = - 604 ppm,
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therefore confirming the formation of a pure SnO.
phase’. The stannosilicates IV presented weak °Sn
MAS NMR signals (spectra not shown). The °Sn
single-pulse MAS NMR spectra of the stannosilicates

(©)

Stannosilicate 1
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I, Il and V have shown chemical shifts in the range
from & = - 660 ppm to & = - 720 ppm, which are
assigned to the tin species in the Sn*" oxidation
state®®°,

*

Stannosilicate 111

BEO 590 .'.ul;.c. -?Il ] 720
Chemical shift / ppm

1 r
730450

Stannosilicate 11
&

(d)

-5&]0 -5:50 -600 -6;50 -T:}CI =750
Chemical shift / ppm

Stannosilicate V

r T T T T T T T T T T T T T T T T 1 r T T T T T T T T
580 600 -620 -640 650 B8O -TOO 720 740 .70 -TEO -B00-600 620 640 660 88O -700 720

Chemical shift / ppm

740 760 780 -800
Chemical shift / ppm

Figure 3. °Sn single-pulse MAS NMR spectra of stannosilicates I, I1, 11l and V (*spinning sidebands, MAS

frequency of 12.5 kHz).

Surface area results obtained by BET-N; isotherms
are shown in Tab. 1. The materials have low surface
areas and maximum values were observed for the
stannosilicates 111 and 1V (86.95-and 50.45 m? g7,
respectively), which are similar to the values reported
in the literature for the SnO; nanoparticles synthesized
by different methods®®®. The morphology of the
stannosilicates is shown in Figs. 4 and 5. The

HV ‘\,.;L spot| WD | - -2 um - « o L
0 kV | & ) nm [

4.

Figure
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Scanning electron microscope-images of stannosilicates (a) I, (b) Il and (c) V.

crystalline stannosilicate | (Fig. 4a) consist of
micrometric plates with dimensions of 2 x 1 x 0.2 um.
The stannosilicates 1l and V (Fig. 4b and A4c,
respectively) are built up by micrometric plates, while
an aggregate of spherical particles with particles size
smaller than 100 nm were observed for stannosilicates
Il and IV (Fig. 5a and 5b, respectively).
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Figure 5. Scanning electron microscope images of stannosilicates (a) 11l and (b) IV.

3.2 Enzymes immobilization and enzymatic
activity of the stannosilicate-enzymes complexes

Prior to the enzyme immobilization, the
stannosilicates were submitted to nickel ion-exchange
reactions. The important role played by nickel in
enzymes immobilization and enzymatic activity has
been reported previously*** and was also observed
here for the stannosilicates supports nickel-exchanged.
The amount of Ni?* incorporated on the stannosilicates
were determined by EDS analyses and the results are
shown in Tab. 2. The nickel ion-exchange reactions
have not caused significative changes in the

iq.unesp.br/ecletica

[ —0 N1

stannosilicates structures (Fig. 1b). The zeta potential
measurements of the as-made stannosilicates and the
nickel-stannosilicates are also presented in Tab. 2 and
the results showed an increase in the surface charge
after the nickel-exchange reactions (except for the
stannosilicate 111, which presented the lowest amount
of nickel), as well as the percentual of immobilized
enzymes (Tab. 3). The enzymatic activity of
stannosilicates-enzymes complexes is also presented in
Tab. 3: the as-made stannosilicate 111 enzymes and
stannosilicate  1V-Ni?*-enzymes  presented  the
highest enzymatic activities of 52.3 + 3.8 and 58.0 +
3.2 U mg, respectively.

Table 2. Zeta potential (before and after nickel ion-exchange experiments) for the metallo-stannosilicates
synthesized and nickel composition determined by energy dispersive X-ray spectroscop

Stannosilicate  Zetapotencial /mV |  Stannosilicate Zeta potencial / mV Nickel / %
| -34+5 I-Ni? -12+4 05+£0.1
1 -44 £ 6 11-Ni?* -7x2 45+£0.1
11 7+4 11-Ni? -18+4 <0.2
\Y -40+£6 IV-Ni?* -19+3 0.4+0.1
vV -58+6 V-Ni# -17+3 6.3+0.1

Table 3. Percentage of Thermomyces lanuginosus lipase immobilized on the as-made stannosilicates and
stannosilicates-nickel materials. In the table also are presented the enzymatic activity results for the as-made

Stannosilicate

Enzymes

stannosilicates-enzymes and stannosilicates-Ni2*-enzymes complexes.
Enzymatic activity

Stannosilicate

Enzymes

Enzymatic

immobilized / % /U mg* immobilized / % activity /U mg
| 28 + 10 24+0.6 I-Ni2* 29+9 32+9
1l 7.1+09 1.0+0.4 I1-Ni2* 33+4 21+3
1] 63 +10 52+4 I1-Ni?* 82+6 42 +3
v 39+ 16 43 +8 IV-Ni?* 36+2 58 +3
\% 5+2 1.6+0.1 V-Ni? 42 +7 28+3
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3.3 Fatty acid ethyl esters production by
transesterification of refined palm oil (Elaeis
guineensis) using stannosilicates and
stannosilicates-enzymes complexes as
heterogeneous catalysts

Fatty acid ethyl esters yields obtained in the
heterogeneous transesterification of refined palm oil
(Elaeis guineensis) are shown in the Tab. 4. The as-
made stannosilicates I, Il and IV have shown no
catalytic activity (FAEEs yields below 5%), while the
catalytic conversion of triacylglycerides using the
stannosilicates Il (Na:Sn = 2.0 £ 0.2) and V (Na:Sn =
4.1 + 0.7) have yielded 28.3 + 0.2% and 60.8 + 0.5%,
respectively. The FAEEs vyields using the
stannosilicates-Ni*-enzymes complexes as enzymatic
catalysts are also presented in Tab. 4. The
triacylglycerides conversion into FAEEs using the
stannosilicates-Ni%*-enzymes complexes I, 11l and IV
have yielded the following amounts of FAEEs:
stannosilicate | Ni?* enzyme 63.3 * 0.7%,
stannosilicate 11l Ni** enzyme 399 + 0.3 % and
stannosilicate IV-Ni?*-enzyme 385 = 0.7 %. An
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example of gas chromatogram (GC-FID) for the
highest FAEEs conversion (stannosilicate 1 Ni?*
enzyme as biocatalyst) is illustrated in the
supplementary material. It should be noticed that these
metallo-stannosilicates in their as-made forms have
shown no catalytic activity, nevertheless these positive
catalytic results indicate their possible application as
solid matrixes for enzymes immobilization.

The results indicated that the highest vyield of
FAEEs was obtained for the stannosilicate | Ni?*
enzyme complex, which has 29 + 9% of enzymes
immobilized. In order to verify the possible occurrence
of a synergistic effect as reported by other authors®**,
the equivalent amount of enzyme immobilized on this
catalyst was used in its free form in the
transesterification of refined palm oil
(Elaeis guineensis) under the same experimental
condition. The FAEEs yield of 6.3 + 0.3% obtained in
this reaction is a clear evidence of a synergistic effect
among the nickel-stannosilicates used as inorganic
supports and the Thermomyces lanuginosus lipase
applied in transesterification reactions for biodiesel
production.

Table 4. Results for the FAEEs yields by the transesterification of refined palm oil (Elaeis guineensis) using the as-
made stannosilicates and stannosilicate-Ni?*-enzymes complexes as heterogeneous catalysts.

As-made stannosilicates™ FAEEs yield / % Stannosilicate-enzymes complexes** FAEEs yield / %

[ <5.0 I-Ni%*-enzymes 63.3 £ 0.7*%**
1 28.3+£0.2 11-Ni?*-enzymes 446+ 0.5
Il <5.0 111-Ni**-enzymes 39.9+0.3
v <5.0 IV-Ni?*-enzymes 38.5+0.7
V 60.8 £ 0.5 V-Ni?*-enzymes 425+0.6

*Experimental conditions: reactions were made in an open glass reactor (reflux condenser), temperature = 100 °C, oil:alcohol
molar ratio = 1:30, time of reaction = 12 h and amount of catalyst = 3% of catalyst referred to oil mass;

**Experimental conditions: reactions were made in 10 mL flasks, temperature = 40 + 2 °C, time of reaction = 48 h, oil:alcohol
molar ratio = 1:4 and amount of catalyst = 5% referred to oil mass;

***EAEESs yield for the amount of free enzyme immobilized on this support (29 + 9%) applied in catalytic reaction = 6.3 +

0.3%.
4. Conclusions

Several metallo-stannosilicates were synthesized
and characterized by XRD, SEM, BET-N; surface area
and solid-state MAS NMR (*°Si and Sn nuclei)
techniques. These materials were studied as potential
inorganic solid matrixes for immobilization of
Thermomyces lanuginosus lipase and also as
heterogeneous catalysts in the transesterification of
refined palm oil (Elaeis guineensis) by ethanolysis
reactions. The results were promising, since that as-
made and nickel-exchanged stannosilicates were able
to immobilize from 5 + 2% to 82 +* 6% of
enzymes and presented enzymatic activity varying
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from 1.0 £ 0.4 U mg™ to 58 + 3 U mg. Some of these
as-made materials, when applied as heterogeneous
catalysts, presented no catalytic activity. However,
when applied as biocatalysts in enzymatic
transesterification ~ reactions,  stannosilicate-Ni*?-
enzymes produced FAEEs yields varying from 38.5
0.7% to 63.3 £ 0.7%. These results are an evidence of a
synergistic effect among the stannosilicates and
enzymes, contributing to the advancement of research
in the field of biodiesel production since these results
were not reported previously for this class of mixed
framework oxides.
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