Universidade Federal de Minas Gerais
Instituto de Ciéncias Exatas
Programa de Pos-Graduag¢ao em Quimica

Diego Magno Martins

UNVEILING THE ATPASE ACTIVITY OF ABELSON KINASE
AND ITS IMPLICATIONS FOR THE DEVELOPMENT AND
VALIDATION OF ASSAYS FOR ANTILEUKEMIC DRUG
SCREENING

Belo Horizonte
2025



UFMG/ICEx/DQ. 1.691
T. 766

Diego Magno Martins

UNVEILING THE ATPASE ACTIVITY OF ABELSON KINASE
AND ITS IMPLICATIONS FOR THE DEVELOPMENT AND
VALIDATION OF ASSAYS FOR ANTILEUKEMIC DRUG
SCREENING

Tese apresentada ao Departamento de Quimica do
Instituto de Ciéncias Exatas da Universidade
Federal de Minas Gerais, como requisito parcial
para a obtencao do grau de Doutor em Ciéncias -
Quimica.

Orientador: Prof. Dr. Adolfo Henrique de Moraes
Silva (DQ/ICEx/UFMG)

Coorientador: Prof. Dr. Tiago Anténio da Silva
Brandado (DQ/ICEx/UFMQG)

Belo Horizonte
2025



Ficha Catalografica

M37%u
2025

Martins, Diego Magno.

Unveiling the ATPase activity of Abelson kinase and its implications for the
development and validation of assays for antileukemic drug screening [manuscrito] =
Revelando a atividade ATPase da quinase de Abelson e suas implicagdes para o
desenvolvimento e validagdo de ensaios de triagem de farmacos antileucémicos / Diego
Magno Martins. 2025.

189 f. : il., grafs., tabs.

Orientador: Adolfo Henrique de Moraes Silva.
Coorientador: Tiago Antonio da Silva Brandao.

Tese (doutorado) — Universidade Federal de Minas Gerais — Departamento de
Quimica.

Bibliografia: f. 158-175.

Inclui apéndices e anexos.

1. Fisico-quimica — Teses. 2. Quimica organica — Teses. 3. Biofisica — Teses. 4.
Agentes antineoplasicos — Teses. 5. Leucemia — Teses. 6. Inibidores enzimaticos —
Teses. 7. Agentes ativos de superficies — Teses. 8. Analise colorimétrica — Teses. 1.
Silva, Adolfo Henrique de Moraes, Orientador. II. Branddo, Tiago Antdnio da Silva,
Coorientador. III. Titulo.

CDU 043

Elaborada por Marcia Cavalcanti Moreira — Bibliotecaria — CRB6/3847.




» ql
CUBR0 Yoo

UNIVERSIDADE FEDERAL DE MINAS GERAIS

quimica

""Revelando a Atividade Atpase da Quinase de Abelson e Suas Implicagcdes para o Desenvolvimento e Validacio de

Ensaios de Triagem de Farmacos Antileucémicos"

Diego Magno Martins

Tese aprovada pela banca examinadora constituida pelos Professores:

Prof. Adolfo Henrique de Moraes Silva - Orientador
UFMG

Prof. Tiago Antonio da Silva Brandao - Coorientador
UFMG

Prof. Hernan Francisco Terenzi
UFSC

Prof. Guilherme Augusto Piedade de Oliveira
UFRJ

Profa. Adriana Nori de Macedo
UFMG

Prof. Rubén Dario Sinisterra Millan
UFMG

Belo Horizonte, 25 de novembro de 2025.

f .I

seil o
assinatura

eletrénica

Documento assinado eletronicamente por Herman Francisco Terenzi, Usuario Externo, em 26/11/2025, as 09:06, conforme horario oficial de
Brasilia, com fundamento no art. 52 do Decreto n? 10.543, de 13 de novembro de 2020.




eletrénica

Documento assinado eletronicamente por Adolfo Henrique de Moraes Silva, Professor do Magistério Superior, em 26/11/2025, as 17:31,
conforme horario oficial de Brasilia, com fundamento no art. 52 do Decreto n? 10.543, de 13 de novembro de 2020.

il
sel’
assinatura
eletrénica

Documento assinado eletronicamente por Ruben Dario Sinisterra Millan, Professor do Magistério Superior, em 26/11/2025, as 18:54, conforme
horario oficial de Brasilia, com fundamento no art. 52 do Decreto n2 10.543, de 13 de novembro de 2020.

il
sel
assinatur;
eletrénica

Documento assinado eletronicamente por Adriana Nori de Macedo, Professora do Magistério Superior, em 27/11/2025, as 14:40, conforme
horario oficial de Brasilia, com fundamento no art. 52 do Decreto n2 10.543, de 13 de novembro de 2020.

eletrénica

Documento assinado eletronicamente por Guilherme Augusto Piedade de Oliveira, Usuario Externo, em 27/11/2025, as 19:59, conforme horario
oficial de Brasilia, com fundamento no art. 52 do Decreto n? 10.543, de 13 de novembro de 2020.

assinatura
eletrénica

| seil

Documento assinado eletronicamente por Tiago Antonio da Silva Brandao, Professor do Magistério Superior, em 28/11/2025, as 10:16,
conforme horario oficial de Brasilia, com fundamento no art. 52 do Decreto n2 10.543, de 13 de novembro de 2020.

I Aauten cidade deste documento pode ser conferida no site h _ps://sei.ufmg.br/sei/controlador_externo.php?

acao=documento_conferir&id orgao acesso_externo=0, informando o cédigo verificador 4756542 e o codigo CRC 13535343.

Referéncia: Processo n® 23072.271692/2025-97 SEI n2 4756542



A todos que contribuiram para a
execucdo deste trabalho



AGRADECIMENTOS

Agradecgo primeiramente a Deus por estar sempre ao meu lado e me dar forgas para
caminhar.

Eu gostaria de agradecer muito ao meu orientador, o Prof. Dr. Adolfo H. Moraes, por confiar

no meu trabalho, por ser gentil comigo e por ter feito os meus olhos voltarem a brilhar pela
ciéncia.

Agrade¢o ao meu coorientador, o Prof. Dr. Tiago A. Branddo, que me ensinou muito sobre o

fazer ciéncia.

Agradego muito ao meu colega de trabalho e amigo Philipe O. Fernandes, que me ajudou

durante todo esse trabalho, ndo so na parte cientifica, mas também nas conversas filosoficas
sobre a vida.

Agradego ao Lucas A. Vieira pelas discussoes empolgantes que levaram a alguns dos achados
mais interessantes que estdo descritos neste trabalho.

Agradeco as alunas de iniciagdo cientifica, Ana L. Azevedo e Ana C. Diniz, que eu coorientei

e que me auxiliaram muito neste trabalho.

Agradego aos meus amigos José Geraldo, Aline Bozzi e Lucas Raposo por terem cuidado de
mim durante um periodo de tempestade.

Agradego aos amigos e colegas do Laboratorio de Quimica de Macromoléculas (Macromol)
pelas conversas e auxilios. Para aléem dos ja citados, em especial ao Mozart Pereira, ao
Gustavo Colorado, a Ana Clara e ao Yan Ladeira.

Aos amigos de fora da UFMG, pelo apoio fornecido durante essa jornada. Em especial ao
Valdir Jr. e ao Orclévio A. Teixeira.

Agradego ao Laboratorio de Ressonancia Magnética de Alta Resolug¢do — LAREMAR
(UFMG), assim como ao Nucleo de Extensdo do Departamento de Quimica da UFMG, pela
infraestrutura para obten¢do dos dados de RMN presentes neste trabalho.

Agradeco aos colaboradores e seus respectivos grupos de pesquisa.: ao Prof. Dr. Rodrigo
Verly e a Dra. Carolina Ferreira do Laboratorio de Sintese e Estrutura de Biomoléculas
(LASEB)/UFVJM pelas analises de potencial zeta e DLS; a Prof.a Dra. Mariana Ramos
Almeida (Departamento de Quimica - UFMG) pelo auxilio com o processo de validacdo do
método analitico; ao Me. Rafael L. Almeida (Escola de Engenharia - UFMG) pelo
desenvolvimento do aplicativo para andlise das imagens, ao Prof. Dr. Stephan Grzesiek
(Biozentrum, University of Basel) por fornecer o plasmideo da Abl.

Agradeco ao Departamento de Quimica da UFMG, e a seu respectivo Programa de Pos-

graduacdo, e a propria UFMG, além dos orgaos de fomento: CNPq, FAPEMIG, CAPES e
FINEP por fornecerem toda a infraestrutura e o financiamento que possibilitaram a execugdo

do presente trabalho.

Terminar o doutorado é a conquista de toda uma trajetoria que ndo se iniciou ha quatro anos

atras. Por isso, eu quero deixar os meus agradecimentos aos professores que acreditaram no
meu potencial e a minha familia, principalmente aos meus pais e ao meu irmdo, por estarem

comigo nesta caminhada!



6«

O que fazer se esta presente conectada
com momento?

(Seu momento, aproveite)

O que fazer se perceber que ndo quer mais
ser perfeita?

Mas eu vou ficar bem

Abra o caminho que ela vem (uh)

Vou colorir em cada canto (vai colorir
cada canto)

Pra inovar (pra inovar), renovar
(transformar)

Ficou mais claro, pois vocé mostrou e eu
devo a vocé

Que mais vou fazer?

Vocé vai florescer

Que mais vou fazer?

No que nasceu pra ser

Que mais vou fazer?”

Que Mais Vou Fazer? Do filme Encanto,
composi¢ao original de Lin-Manuel
Miranda e interpretada por Larissa
Cardoso e Mari Evangelista



RESUMO
A relevancia das proteinas quinases como alvos terapéuticos ¢ amplamente reconhecida em
virtude de seu papel central na regulacao de processos celulares e na patogénese de diversas
doencas. Entre elas, a quinase de Abelson (Abl) ¢ um alvo amplamente estudado visto que sua
desregulagdo leva ao desenvolvimento da leucemia mieloide cronica (LMC). Apesar do sucesso
dos inibidores competitivos do ATP, a resisténcia a medicamentos e os efeitos colaterais exigem
a descoberta de novos inibidores. No entanto, a avaliacao da atividade da Abl ainda depende de
metodologias caras, complexas ou que geram residuos radioativos, destacando a necessidade
de métodos mais acessiveis e econdmicos. Diante deste cendrio, esta tese tem como objetivo
preencher essa lacuna através do desenvolvimento de ensaios colorimétricos para o
monitoramento da atividade catalitica da Abl. Durante a etapa inicial deste trabalho, fizemos
uma importante descoberta: a Abl exibe uma atividade ATPase intrinseca mesmo na auséncia
de um substrato peptidico, sendo esse trabalho o primeiro a relatar tal atividade. Confirmamos
esta atividade e sua origem enzimatica usando espectroscopia de Ressonancia Magnética
Nuclear de *'P (RMN 3'P), e demonstramos que esta atividade ATPase ¢ inibida por inibidores
classicos da quinase Abl, confirmando sua correlagdo direta com a atividade fosfotransferase
canonica. A partir dessa descoberta, desenvolvemos, otimizamos e validamos um ensaio
colorimétrico baseado no verde de malaquita para monitorar a formagao de fosfato. O método
foi validado quanto as figuras de mérito: linearidade, exatidao, precisao e limites de deteccao e
quantificagdo. Seu desempenho na determinagao dos parametros cinéticos apresentou excelente
concordancia com o método de referéncia de RMN 3*'P. Para o aprimoramento do método
colorimétrico proposto, investigamos o papel dos surfactantes na estabilizagdo do complexo
cromogénico formado pelo verde de malaquita e acido 12-molibdofosforico, utilizando as
técnicas Espalhamento Dindmico de Luz (EDL) e Potencial Zeta. Identificamos que a
estabilizagdo do complexo cromogénico pelos surfactantes ocorre via mecanismos estéricos
com o Kolliphor P 188 prevenindo a agregacao e precipitagdo das nanoparticulas. Ampliando
ainda mais os limites da acessibilidade, implementamos uma estratégia de colorimetria por
imagens digitais utilizando diferentes cameras e a aplicamos para monitorar a inibi¢do da Abl
como prova de conceito. Em conclusdo, este trabalho faz uma dupla contribuicdo: revela uma
nova atividade catalitica fundamental de uma quinase amplamente estudada e traduz essa
descoberta em um conjunto de tecnologias acessiveis. Os métodos colorimétricos e digitais
desenvolvidos oferecem alternativas de baixo custo para a triagem de inibidores, detendo
potencial significativo para democratizar a pesquisa e acelerar os esforcos de descoberta de

farmacos direcionados a Abl e potencialmente a outras quinases.



Palavras-chave: quinase de Abelson (Abl); atividade ATPase; ensaios colorimétricos; inibi¢ao

enzimatica; caracterizacao do papel de surfactantes.



ABSTRACT

The relevance of protein kinases as therapeutic targets is widely recognized, owing to their
central role in regulating cellular processes and in the pathogenesis of various diseases. Among
them, Abelson kinase (Abl) is a widely studied target since its dysregulation leads to the
development of chronic myeloid leukemia (CML). Despite the success of ATP-competitive
inhibitors, drug resistance and side effects necessitate the discovery of new inhibitors. However,
the assessment of Abl activity still relies on expensive, complex methodologies or those that
generate radioactive waste, highlighting the need for more accessible and economical methods.
In this context, this thesis aims to bridge this gap through the development of colorimetric
assays for monitoring the catalytic activity of Abl. During the initial stage of this work, we
made a significant discovery: Abl exhibits an intrinsic ATPase activity even in the absence of
a peptide substrate, with this work being the first to report such activity. We confirmed this
activity and its enzymatic origin using *'P Nuclear Magnetic Resonance spectroscopy (*'P
NMR) and demonstrated that this ATPase activity is inhibited by classical Abl kinase inhibitors,
confirming its direct correlation with the canonical phosphotransferase activity. Based on this
discovery, we developed, optimized, and validated a malachite green-based colorimetric assay
to monitor phosphate formation. The method was validated for its figures of merit: linearity,
accuracy, precision, and limits of detection and quantification. Its performance in determining
kinetic parameters showed excellent agreement with the reference *'P NMR method. To
improve the proposed colorimetric method, we investigated the role of surfactants in stabilizing
the chromogenic complex formed by malachite green and 12-molybdophosphoric acid, using
Dynamic Light Scattering (DLS) and Zeta Potential techniques. We identified that the
stabilization of the chromogenic complex by surfactants occurs via steric mechanisms, with
Kolliphor P 188 preventing nanoparticle aggregation and precipitation. Further expanding the
limits of accessibility, we implemented a digital image colorimetry strategy using different
cameras and applied it to monitor Abl inhibition as a proof of concept. In conclusion, this work
makes a dual contribution: it reveals a new fundamental catalytic activity of a widely studied
kinase and translates this discovery into a suite of accessible technologies. The developed
spectrophotometric and digital methods offer low-cost alternatives for inhibitor screening,
holding significant potential to democratize research and accelerate drug discovery efforts
targeting Abl and potentially other kinases.

Keywords: Abelson kinase (Abl); ATPase activity; colorimetric assays; enzyme inhibition;

surfactant role characterization.
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1 INTRODUCTION

1.1 Setting the Stage

Kinases are enzymes that catalyze the transfer of phosphoryl groups, typically from ATP,
to target substrates such as lipids, carbohydrates, and proteins. This modification can alter the
target's activity, interaction capacity, and subcellular localization.'” Among these, protein
kinases are particularly notable, as they are responsible for phosphorylating specific residues
on target proteins. These enzymes are classified based on the type of residue they modify:
serine/threonine kinases act on serine or threonine residues, tyrosine kinases catalyze the
phosphorylation of tyrosine residues, and dual-specificity kinases are capable of catalyzing the
phosphorylation of both serine/threonine and tyrosine residues.*>

The human genome encodes approximately 500 protein kinases, which corresponds to
roughly 1.7% of all human genes.>® These enzymes are fundamental regulators of essential
biological processes, including cell cycle progression, gene transcription, cytoskeletal
reorganization, cell migration, apoptosis, and cellular differentiation.” Studies indicate that up
to 90% of cellular proteins may be subject to phosphorylation, and more than two-thirds of the
approximately 21,000 encoded proteins have already been identified with this post-translational
modification.**

The addition of a phosphate group to a protein can significantly alter its behavior: it can
activate or inhibit the catalytic activity of enzymes, modify their stability and/or conformation,
or direct their intracellular relocation.’ In this context, protein kinases stand out for their crucial
role in cellular signaling. They participate in complex signal transduction cascades, usually
initiated by the activation of membrane receptors—such as those activated by hormones—and
transmitted through downstream effectors.'® Numerous comprehensive reviews have described
the multiple functions of these enzymes in signaling pathways, highlighting their versatility and
physiological importance.!!?!

Due to their central role in regulating multiple cellular processes, the dysregulation of
protein kinase activity is implicated in the development of various pathologies, including
autoimmune, cardiovascular, inflammatory, and neurodegenerative diseases, as well as a wide
range of neoplasms.’>?* Consequently, protein kinases have become one of the primary
therapeutic targets of the early 21 century.®* Currently, more than 70 FDA-approved drugs

target approximately 20 different kinases, reflecting the clinical importance of this enzyme

class.??
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Approved in 2001 for the treatment of chronic myeloid leukemia (CML), imatinib is
recognized as the first structure-based inhibitor to act selectively on a protein kinase—Abelson
kinase (Abl)—establishing a landmark in the development of targeted therapies.>** Since then,
substantial progress has been made in developing kinase inhibitors applicable to the treatment
of various diseases. For instance, inhibitors of the JAK family (such as tofacitinib and
baricitinib) have proven effective in treating inflammatory and autoimmune diseases, including
rheumatoid arthritis, ulcerative colitis, and atopic dermatitis.??> Similarly, IRAK4 inhibitors,
such as PF-06650833 and CA-4948, are being investigated for their ability to modulate the
immune response, demonstrating therapeutic potential in chronic inflammatory conditions,
including rheumatic and autoimmune diseases.>*2°

In neurodegenerative diseases, such as Alzheimer's disease, kinase inhibitors like
neflamapimod (a p38a MAPK inhibitor) and tideglusib (a GSK3 inhibitor) have demonstrated
efficacy in reversing synaptic dysfunction and reducing the pathological phosphorylation of tau
protein.?”?® Furthermore, kinases associated with the neuronal cytoskeleton, such as Fyn, have
also been targeted by compounds like saracatinib in clinical trials aimed at neuroprotection.’*

Even though substantial advances have been made since the approval of imatinib in
2001, the development of protein kinase inhibitors remains in its early stages. Studies suggest
that numerous understudied kinases play crucial roles in tumor pathogenesis and represent
promising therapeutic targets. Examples include CDKI12, MAP3K1, RPS6KCI, and
EEF2K.*>%

With 244 kinases mapped to disease-related loci or cancer amplicons,>** a significant
expansion is anticipated in: (i) the number of drugs targeting novel kinases, and (ii) the range
of treatable diseases.’® Achieving this will require elucidating signaling pathways beyond the
classical modules, as well as identifying upstream activation factors involved in the
pathogenesis of diseases that currently lack defined targets.?-!

Despite progress in kinase inhibitor therapy, drug resistance remains a major challenge.
Due to the intrinsic genetic alterations of neoplastic cells, resistance to kinase antagonists arises
almost universally. This has driven the development of second-, third-, and later-generation
inhibitors that target the same enzyme or associated pathways.?? An emblematic example is the
mutations in the gatekeeper residue, considered the most common kinase mutation associated
with therapeutic resistance.’? For example, EGFR gatekeeper mutation T790M accounts for
approximately 50% of acquired resistance cases to EGFR inhibitors.*

As the field of kinase inhibitors matures, the advent of molecules endowed with novel

pharmacophores and unprecedented structural frameworks is envisioned, capable of
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significantly expanding the available therapeutic repertoire. The literature points to increased
development of allosteric inhibitors targeting emerging enzymes and components of previously
unexplored kinase-mediated signal transduction modules.***> Concurrently, the introduction of
new irreversible inhibitors is expected; these act through covalent binding, primarily to a
cysteine residue adjacent to the ATP-binding site, conferring strategic potential for overcoming
classical resistance mechanisms and diversifying the contemporary pharmacological arsenal.>®

Therefore, expanding the repertoire of target kinases is essential not only to circumvent
acquired resistance mechanisms but also to enable more effective therapeutic interventions. The
examples above illustrate how kinases, beyond their central roles in regulating physiological
cellular processes, can be converted into strategic therapeutic targets across a vast spectrum of
human diseases. This versatility reinforces the central role of these enzymes as a continued
focus for the discovery and development of new drugs.

In the efforts to identify new kinase inhibitors, the employment of effective methods for
evaluating the kinetics of the enzymatic reaction in vitro becomes indispensable. These
advances depend primarily on the availability of sensitive, reproducible, and scalable
experimental methodologies. The constant evolution of in vitro assays is fundamental not only
for increasing the efficiency of compound screening but also for expanding the understanding
of kinase function in different pathophysiological contexts. Thus, investment in new
technological platforms and detection strategies is imperative to overcome current
pharmacological challenges and drive the discovery of more effective drugs.>”-*

Given this context, the necessity for novel, accessible, reproducible, and versatile
methodologies to assay kinase activity becomes unequivocally clear. In this pursuit, Abelson
kinase—one of the most extensively studied protein kinases—serves as a paradigmatic model
system. Its well-characterized role in chronic myeloid leukemia has made it a cornerstone for
decades of research, providing an invaluable framework for developing and refining targeted
strategies against protein kinases.*

In this thesis, the development of accessible methodologies for assaying Abl kinase is
pursued to overcome persistent experimental limitations in the field. By doing so, this research
aims to contribute to both the technological expansion of kinase assay strategies and to the
broader scientific endeavor of understanding and therapeutically targeting this pivotal enzyme

family.
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1.2 Abelson Kinase (Abl)

Of the 90 tyrosine kinases (TKs), 58 are receptor tyrosine kinases (RTKs) and 32 are
non-receptor tyrosine kinases! (NRTKSs), including Abelson kinase (c-4b[), an enzyme present
in many cellular compartments such as the endoplasmic reticulum, cytoplasm, nucleus, cell
cortex, and mitochondria.*>*! This enzyme modulates several biological processes, including

4243 chromatin structural alterations,* responses to DNA damage,*>*¢ and

actin polymerization,
others essential for cell proliferation, differentiation, migration, survival, and death.*’*®

The Abl gene was first identified in the Abelson murine leukemia virus. The product of
the virally transduced oncogene (v-4b/) exhibited tyrosine kinase activity. The human ortholog,
Abll, was later identified in 1985 as part of a genetic mutation that gives rise to the Ber-Abl
oncoprotein in patients with Chronic Myeloid Leukemia (CML). Abl2 (also known as Abl-
related gene or Arg) is a paralog of Abll discovered later through sequence comparison.*’

Abl is a multi-domain enzyme (Figure 1a). Beyond its catalytic kinase domain (KD), it
possesses domains (SH2 and SH3) responsible for regulating its activity through intramolecular
interactions. The SH3 domain, which is in the autoinhibited form of Abl, binds to the linker
connecting the SH2 and KD domains (Figure 1b), causing the linker to adopt a type II
polyproline helix conformation.’®? Deletions or mutations in the SH3 domain upregulate Abl

activity, highlighting the importance of this domain in maintaining a less active kinase state.>

'A non-receptor tyrosine kinase (NRTK) is a cytoplasmic enzyme that, unlike its receptor counterpart, lacks a
transmembrane domain.
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Figure 1: Abl structure and conformational changes: (a) crystal structure of the autoinhibited Abl kinase (PDB ID:
2F00). Different colors identify the Abl domains; (b) representation of the Abl’s activation process.

In the autoinhibited conformation (Figure 1b), the Abl SH2 domain packs against the C-
lobe of the kinase domain primarily through hydrogen bonding and Van der Waals
interactions.>* The activation process of the Abl kinase is characterized by conformational
rearrangements across all its structural domains (Figure 1b).>> This entails the displacement of
the myristoyl group from its binding pocket within the kinase domain (KD), the structural

3657 and the disruption of SH3 interactions with the linker region

relocation of the SH2 domain,
and the N-lobe. Subsequent opening of the Abl structure facilitates the phosphorylation of
Y2452 within the linker, a post-translational modification that sterically hinders the return to
the autoinhibited, closed conformation. Concurrently, the activation segment (A-loop)
undergoes a transition to an open state, thereby exposing the conserved Y412 residue for

phosphorylation, which stabilizes the active conformation.>®>

2Throughout this article, the numbering of residues within the catalytic and regulatory domains follows the Abl-
1b (a subtraction of 19 residues must be applied to convert the numbering of isoform 1b to 1a).
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A cleft between the N and C lobes serves as the binding site for ATP (Figure 2a), and a
series of structural elements anchors the ATP in the correct orientation within the active site to
enable catalysis (Figure 2b). The adenine ring of the nucleotide binds via hydrogen bonds with
the backbone amino acid residues of the region called hinge. A flexible loop in the N-lobe (P-
loop), which contains conserved glycine residues (**GGGQYG?"%) interacts with the a- and -

phosphate groups of ATP through ionic interactions.® 62
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Figure 2: Abl kinase domain organization: (a) Important regions of Abl kinase domain from a crystallographic
structure (PDB ID: 2FO0); (b) Schematic representation of ATP binding mode conserved among different protein
kinases; (c) schematic organization of the Abl kinase isoforms containing the kinase (KD), and the regulatory
domains (SH3) and (SH2), as well as the binding domains (BD) to DNA, G-actin (GA), F-actin (FA), and
microtubule (MT).

A conserved lysine (K290) in the 3 strand of the KD forms ionic interactions with the
a- and B-phosphates of ATP and with a glutamate residue in the aC-helix (E305) (Figure 2b).
Enzymatic activation is partly regulated by the orientation of the a-helix C, which adopts a
catalytically favorable conformation termed "aC-in" when the glutamate is directed inward
toward the active site, interacting with the lysine. This helix can rotate and translate relative to
the rest of the lobe, potentially leading to a conformation that prevents such interactions; this

inactive state is termed "aC-out".>%-%3
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The initial residues of the activation segment consist of a DFG motif (Asp-Phe-Gly),
with the aspartate residue being conserved in protein kinases. The DFG motif exists in two
distinct conformations: in the inactive state, the aspartate side chain faces away from the active
site — a conformation called "DFG-Asp out"; in the active state, the aspartate side chain faces
the ATP-binding pocket where it coordinates one of the Mg?* ions required for catalysis (Figure
2b) — this is called "DFG-Asp in".6+%

Phosphorylation of the tyrosine residue in the activation segment — Y412 in Abl —is one
of the regulatory mechanisms in protein kinases. Although they can adopt an extended state
favoring the DFG-in conformation even in the absence of this post-translational modification
(PTM), the presence of the phosphate group enables the formation of a network of interactions
that stabilizes the active kinase conformation.®¢%

The catalytic loop contains fundamental residues that help stabilize the cofactor and ATP
within the active site (Figure 2b). Furthermore, protein kinases possess a conserved aspartate,
known as the catalytic base, responsible for abstracting a proton from the peptide or protein
substrate, making it more nucleophilic to attack the phosphorus atom of the nucleotide.*”°

Multiple isoforms of Abll and Abl2 have been detected (Figure 2c¢). Only the 1b
isoforms of both contain an N-terminal glycine that is myristoylated, whereas the la variants
lack this modification.*’ This myristic acid-derived group is essential for maintaining the
enzyme's autoinhibited state, as it binds to a hydrophobic pocket in the C-terminal lobe of the
kinase domain (KD) (Figure 1b). This interaction induces a bend in the a-helix I, allowing the
SH2 domain to dock onto the kinase domain's C-lobe, aiding in maintaining the assembled
conformation.>®’!2 In the Ber-Abl oncoprotein, this regulatory mechanism is lost since the N-

terminal portion of Abl is fused to the Ber sequence, removing most of the N-cap region (Figure

20)'40,57

1.3 Chronic Myeloid Leukemia (CML)

In non-mutated cells, the genes encoding Abl and Bcer are located on different
chromosomes and produce distinct proteins. However, when a genetic translocation occurs
between chromosomes 9 and 22, the latter is altered, generating a chromosome known as the
Philadelphia chromosome (Ph). Present in over 95% of CML patients, this altered chromosome
produces the chimeric Bcer-Abl oncoprotein—a hybrid with dysregulated activity that is

fundamental to disease progression.”>””
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Neoplastic cells differ from non-neoplastic cells by their lack of response to regulatory
mechanisms controlling proliferation, apoptosis, and cellular senescence. When such malignant
transformations occur in hematopoietic stem cells (HSCs), they give rise to leukemia.”®

CML is a biphasic disease initiated by the expression of Ber-Abl in hematopoietic stem
cells (HSC). HSCs possess the capacity to differentiate into specialized cells of the blood tissue
and immune system (Figure 3). They give rise to common myeloid progenitors (CMPs), which
then differentiate into granulocyte/macrophage progenitors (GMPs; progenitors of granulocytes
(G) and macrophages (M)) and megakaryocyte/erythrocyte progenitors (MEPs; progenitors of
red blood cells (RBC) and megakaryocytes (MEGs)). HSCs can also give rise to common
lymphoid progenitors (CLPs), which are the progenitors of lymphocytes, such as T cells and B

cells.”’
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Figure 3: Cell division scheme showing the development of Chronic Myeloid Leukemia (CML). The figure shows
a simplified version of the cell differentiation process starting from hematopoietic stem cells (HSCs), which give
rise to blood cells. In the case of CML, during the chronic phase, there is an accumulation of granulocytes. The
blast crisis occurs at a more advanced stage of the disease, presenting as an accumulation of progenitor cells of
lymphoid or myeloid origin (Adapted from Ren et al., 20057%).

In the chronic phase, which lasts approximately 3 to 4 years, the disease is characterized
by the massive expansion of granulocytic lineage cells, such as neutrophils, myelocytes, and
metamyelocytes. In some patients, an increased platelet count is also observed. In a more

advanced stage of the disease, the acquisition of additional genetic mutations drives the
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progression of CML into the blast phase, characterized by the accumulation of myeloid blast
cells (in about two-thirds of patients) or lymphoid blast cells (in one-third of patients).””

The role of Bcr-Abl is central to the development of CML, as it stimulates cell
proliferation independently of external stimuli, such as growth factors. This enzyme activates a
cascade of reactions that promote cell differentiation, proliferation, and mobility, while also
preventing programmed cell death, thereby ensuring disease progression.®

Before the molecular mechanisms underlying CML were understood, treatments were
imprecise and aggressive: during the 19th century, remedies were composed of arsenic. The
first reliable and effective palliative treatment for CML was radiotherapy, which entered clinical
practice in the early 20™ century and remained the standard therapy for over 50 years.®!

In the 1960s, oral alkylating agents such as busulfan and hydroxyurea (also known as
hydroxycarbamide) (Figure 4) were introduced. However, it was only after understanding the
relationship between the Ph chromosome and CML that more efficient treatments became
available. In the 1980s, interferon-alpha (IFN-a) was adopted as a treatment to stimulate the
immune system to combat neoplastic cells. It proved helpful in managing the chronic phase,
particularly in patients ineligible for transplant. In rare cases, IFN-a treatment could even be

discontinued without subsequent relapse. In the 1990s, research suggested that patient survival

increased with the combination of IFN-a and cytarabine.®!
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Figure 4: Chemical structures of drugs used for CML treatment: a) non-Abl inhibitors; and b) Abl kinase
inhibitors.

Based on the understanding of Ber-Abl's role in CML development and the acquired
knowledge about kinases, imatinib was created and approved for use in 2001. It proved to be a
more efficient treatment compared to the combination of IFN-a and cytarabine.®! Imatinib
entered clinical trials only 5 years after its discovery, as its development was not initially
prioritized due to the low incidence of CML. However, it became one of the world's most
commercially successful drugs, with peak sales of $4.6 billion in 2012 before its patent expired
in 2015. One reason for this is that, although it does not cure CML, the drug makes it a

manageable disease, significantly increasing patient survival. Consequently, CML ceased to be
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a rapidly fatal disease and is therefore no longer considered rare, with over 100,000 patients
now requiring daily imatinib to ensure their survival.*

Although CML is accessible via liquid biopsy, which improves the speed and efficiency
of diagnosis and allows treatment to begin at an early stage, half of all patients are asymptomatic
during this phase and are only diagnosed through routine blood tests. The remaining patients
present with fever, fatigue, and weight loss resulting from anemia and splenomegaly. Disease
progression to the blast phase triggers other symptoms, including bone pain and hemorrhage.??

The fact that resistance to imatinib is most associated with point mutations in the kinase
domain of Ber-Abl underscores the importance of this enzyme's activity in CML pathogenesis.
However, the persistence of detectable Ber-Abl in cells from most patients on imatinib therapy
indicates that inhibition of kinase activity alone is not sufficient to eradicate leukemia cells. The
only treatment that cures the disease is stem cell transplantation. Nevertheless, most patients
are ineligible for this treatment due to various reasons, including age and the absence of a
compatible donor.?>7®

The introduction of imatinib, the first-class TKI, represented a pivotal advancement that
dramatically improved the clinical outlook for CML patients. However, despite its
revolutionary role, treatment with imatinib fails in nearly a third of cases, owing to various
factors, including the emergence of kinase domain mutations and reduced effectiveness in
advanced disease phases. To overcome these limitations, successive generations of TKIs were
developed (Figure 4), including second-generation agents (dasatinib, nilotinib, bosutinib) and
later third- and fourth-generation compounds (ponatinib and asciminib).**33% The
development of new therapeutic agents continues to be a vigorous and evolving field of
research, with goals centered on overcoming the drawbacks of existing TKIs, reducing adverse
effects, and improving patient quality of life.?*52

The development of Ber-Abl TKIs has fundamentally altered the natural history of
chronic myeloid leukemia (CML), transforming it from a fatal disease into a manageable
chronic condition and enabling the achievement of functional cure through Treatment-Free
Remission (TFR). TKIs induce deep molecular responses (DMRs), which, when sustained for
>2 years, allow for the safe discontinuation of therapy in a significant subset of patients.
Successful TFR, achieved in 40-60% of eligible patients, is defined as the maintenance of a
molecular response without relapse, effectively constituting a functional cure. The profound
efficacy of TKIs is evidenced by a decade-long overall survival rate of 83-90% and a CML-
specific mortality of only 0.5-1%, underscoring their critical role as the foundational therapy in

CML and one of the most successful examples of targeted cancer treatment to date.?
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However, the Philadelphia chromosome is not exclusive to CML and has been identified
in other malignancies. It is present, for example, in approximately 25% of adult patients with
acute lymphoblastic leukemia (ALL). Aberrant Abl kinase activity is also reported in several
solid tumors, including invasive breast carcinoma, uterine endometrioid carcinoma, ovarian
serous cystadenocarcinoma, and lung adenocarcinoma.’® Furthermore, dysregulated Abl
signaling has been associated with certain non-oncological conditions, such as immune-related
diseases and neurological disorders, including Parkinson’s disease.”® These broad pathological
implications continue to motivate the exploration and design of new inhibitors targeting this

enzyme.>

1.4 Assays for Evaluating Kinase Activity

In studies aimed at discovering new candidate inhibitors for Abl kinase, effective
methods for evaluating in vitro reaction kinetics are essential. Gao and colleagues recently
reviewed the principles, advantages, and limitations of the primary kinase assays.>” Given the
extensive number of methods available in the literature, and the existence of prior reviews on
this topic,®1"%* this section will not attempt a comprehensive coverage. Its aim is rather to
furnish a broad panorama, illustrating key examples of the major kinase assay modalities.

Radiometric assays are widely regarded as the “gold standard” for evaluating kinase
activity, as they directly measure the transfer of a radioactive phosphoryl group (**P or **P) from
ATP to a protein or peptide substrate.>”*® The biochemical principle relies on the kinase-
catalyzed transfer of the y-phosphoryl from radiolabeled ATP to specific tyrosine, serine, or
threonine residues within the substrate. Following the reaction, phosphorylated products are
separated from unincorporated ATP, typically using nitrocellulose or phosphocellulose
membranes, which selectively retain phosphorylated substrates. The incorporated radioactivity
is then quantified by scintillation counting, providing a direct and highly sensitive readout of
enzymatic activity.’®

The versatility of radiometric assays is notable, as they can be applied to virtually any
kinase class—including serine/threonine, tyrosine, histidine, and lipid kinases—without
requiring substrate modification or specific antibodies.*® This universal applicability has made
them a cornerstone in high-throughput screening (HTS) campaigns and inhibitor profiling,
exemplified by commercial platforms such as HotSpot™ and KinaseProfiler™. *%%2 Beyond
screening, radiometric assays are extensively used to elucidate the mechanisms of action of
drugs and validate lead compounds in drug discovery programs, underscoring their reliability

in detecting enzymatic activity.?’
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Among the advantages of radiometric assays are their high sensitivity, ability to measure
catalytic activity directly, and resistance to interference from fluorescent compounds or dyes, a
limitation commonly encountered in optical methods.’® However, the requirement for
radioactive isotopes imposes significant drawbacks, including the need for specialized
infrastructure for handling and disposal, as well as the generation of hazardous waste.’’

Additionally, traditional filtration-based formats involve labor-intensive washing steps,
limiting throughput.?” To address this issue, assay such as the scintillation proximity assay
(SPA) have been developed. In SPA, scintillant-coated microspheres capture the phosphorylated
substrate, enabling homogeneous “mix-and-measure” detection without washing steps.”?
Although more amenable to automation, SPA assays may suffer from elevated background
noise, which can compromise data quality.”*

Notable improvements to the traditional filtration-based approach have led to highly
optimized platforms such as the HotSpot™ assay. This method miniaturizes the reaction volume
and integrates automation to achieve high-throughput profiling of hundreds of kinases with
functional precision, while mitigating radioactive waste and operational inefficiencies.”

In summary, radiometric assays remain powerful and indispensable tools in kinase
research and drug discovery. Despite their logistical and safety challenges, they continue to
serve as a reference method due to their sensitivity, universality, and reliability.>”?

Fluorescence-based assays represent versatile and widely adopted techniques for
evaluating kinase activity and identifying inhibitors, increasingly replacing radioactive methods
in many applications. These assays utilize the optical properties of fluorescent molecules to
monitor substrate phosphorylation or ADP production, allowing for sensitive and real-time
analysis of enzymatic reactions.’”*® Depending on the experimental objective, several
approaches are employed, including fluorescence polarization (FP), Forster resonance energy
transfer (FRET), and time-resolved fluorescence (TRF).”?

The biochemical principles of fluorescence assays vary according to the method. In FP-
based assays, phosphorylation is detected by the binding of a phospho-specific antibody to a
fluorophore-labeled substrate, which alters molecular rotation and increases polarization
signals.’® In FRET assays, donor and acceptor fluorophores are coupled to a peptide substrate;
kinase-mediated phosphorylation allows subsequent protease cleavage, disrupting energy
transfer and shifting the emission ratio.>” TRF assays, on the other hand, employ fluorophores
with long fluorescence decay times. Lanthanide ions are commonly used in this technology due

to their longer emission lifetimes.**!
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The scope of fluorescence-based assays is broad, covering a wide range of kinases,
including both receptors (RTKs) and non-receptors tyrosine kinases (NRTKs). Commercially
available platforms such as Z'-LYTE® (FRET-based) (Figure 5a) and HTRF® (homogeneous
time-resolved fluorescence) are well established for high-throughput screening (HTS), enabling
the analysis of large compound libraries.>’ In addition, antibody-independent methods like
IMAP™ (Figure 5b), which employs trivalent metal ions to capture phosphorylated residues,

extend the versatility of fluorescence assays by eliminating the need for immunoreagents.>®
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Figure 5: Examples of fluorescence-based assays: (a) Schematic diagram of the Z’-LYTE™ assay. A site-specific
protease recognizes and cleaves non-phosphorylated FRET-peptides. Phosphorylation of FRET-peptides
suppresses cleavage. Cleavage disrupts FRET between the donor (i.e., coumarin) and acceptor (i.e., fluorescein)
fluorophores on the FRET-peptide, whereas uncleaved, phosphorylated FRET-peptides maintain FRET; (b) IMAP
Technology principle using FP readout: Binding Solution is added after the kinase reaction using a fluorescently
labeled peptide. The small phosphorylated fluorescent substrate binds to the large M(III)-based nanoparticles,
which reduces the rotational speed of the substrate and thus increases its polarization.



40

Key advantages of these approaches include homogeneous “mix-and-read” workflows,
compatibility with automation, and avoidance of radioactive isotopes, thereby lowering both
risk and waste management costs.>” Nevertheless, limitations remain, including susceptibility
to interference from fluorescent compounds or chromophores, the need for modified substrates
or antibodies, and the relatively high cost of reagents.*®? Moreover, techniques such as FRET
require careful optimization of fluorophore distance and pairing for efficient energy transfer.’’

Overall, fluorescence-based methods provide powerful tools for kinase research,
striking a balance between sensitivity and operational practicality. While challenges such as
optical interference persist, advances in long-wavelength fluorophores and antibody-
independent formats have significantly expanded their applicability. In many contexts,
radiometric assays remain essential for validation, but fluorescence assays are increasingly
favored in discovery settings due to their scalability, safety, and adaptability.’’

Enzyme-linked immunosorbent assay (ELISA) constitutes another widely used strategy
for studying kinase activity, relying on the antibody-based detection of phosphorylated
substrates (Figure 6).

Chemical
reactions
B . PO, B PO, *
| SA } l SA )
\ELISA DELFIA/
kinase

ATP + Substrate —p@—Product + ATP

Figure 6: ELISA-based assays. ELISA Format: The biotinylated reaction product is immobilized on a streptavidin-
coated plate. A primary antibody specific to the phosphorylated substrate is then introduced and allowed to bind.
Subsequently, a secondary antibody conjugated to an enzyme (e.g., alkaline phosphatase) binds to the primary
antibody. Enzyme activity is measured by adding a detection reagent that produces a fluorescent or colorimetric
signal upon conversion, enabling product quantification. DELFIA Format: Similarly, the biotinylated product is
captured on a streptavidin-coated plate. Detection is achieved using a europium (Eu)-labeled antibody specific to
the phosphorylation site. An enhancement solution is then added to dissociate the Eu ions into a solution where
they form highly fluorescent chelates, allowing for sensitive quantification of the signal.

ELISA-based assays commonly employ a streptavidin (SA)-coated microplate to
immobilize biotinylated peptide substrates (Figure 6). The kinase reaction is typically

performed in solution phase within a standard microtiter plate. Subsequently, the reaction
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mixture is transferred to the SA-coated plate for capture and detection. Alternatively, a direct-
coating approach can be utilized, wherein the substrate is immobilized directly onto the plate
surface. This method constitutes a semi-solution phase reaction system. Following the
incubation period, the microplate undergoes serial washing steps to remove unbound reactants.
The detection cascade is initiated by the addition of a primary antibody specific to the
phosphorylated epitope (phospho-specific antibody). After incubation and a subsequent wash
cycle to eliminate excess, unbound primary antibody, a secondary antibody conjugated to a
reporter enzyme (e.g., alkaline phosphatase, AP) is introduced. Following another wash step to
ensure removal of unbound conjugate, a fluorogenic or chromogenic substrate solution is
added.’”!

The main advantage of ELISA-based assays is their ability to detect phosphorylation on
substrates without the need for radioactive or fluorescent modifications, offering a safer and
straightforward alternative to fluorescence and radiometric assays.?” Their plate-based format,
typically in 96- or 384-well configurations, enables parallel analysis of multiple samples and is
therefore helpful for inhibitor screening in drug discovery.’® However, ELISA assays involve
multiple washing and incubation steps, limiting their throughput compared to homogeneous
assay formats. Furthermore, their dependence on high-quality antibodies introduces potential
issues of cost and batch-to-batch variability.?”?

Despite these challenges, ELISA remains a valuable method, particularly for comparing
results obtained with radiometric or fluorescence-based assays.’’ Innovations such as
DELFIA® (Dissociation-Enhanced Lanthanide Fluorescence Immunoassay) (Figure 5), which
employs lanthanide-labeled antibodies, enhance sensitivity and reduce background
interference.”! As a result, ELISA continues to serve as a robust and reliable option for kinase
studies, particularly when integrated with complementary assay platforms.

From the literature review, it was observed that one of the most employed assays in
studies involving Abl kinase is a luminescence-based method—the ADP-Glo™ Kinase Assay,
commercialized by Promega (Figure 7). In this technique, the ADP formed by the kinase
reaction is converted back into ATP, which is subsequently utilized to generate light in a
luciferase-catalyzed reaction. The resulting luminescence is then correlated with kinase

activity.”
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Kinase reaction:

o

| Substrate | | Product |
kinase -
+ — + ATP (Remaining)
ATP ADP

ADP-Glo™ Assay:
Step 1 — ATP depletion

Add ADP-Glo™ reagent
ATP > %

Step 2 — ADP detection

Kinase detection reagente
« Stop ATP depletion L ucife
+ Convert ADP to ATP rarase

ADP P ATP ————

Figure 7: Principle of the ADP-Glo™ Kinase Assay. This protocol consists of two sequential steps. First, the ADP-
Glo™ reagent is introduced to stop the kinase reaction and consume any residual ATP. Second, the kinase detection
reagent is added to catalyze the conversion of ADP back into ATP. This newly generated ATP is then quantified
through a luciferase/luciferin reaction, producing a luminescent signal. The intensity of this signal is directly
proportional to the ADP concentration, thereby serving as a measure of kinase activity.

One method for evaluating a kinase reaction using spectrophotometry involves coupling
the reaction with that of other enzymes to generate a colored product. In the classic assay
described by Wittenberg and Kornberg®’, the ADP produced by the kinase is reconverted to ATP
by pyruvate kinase, simultaneously generating pyruvate from phosphoenolpyruvate.
Subsequently, lactate dehydrogenase converts pyruvate to lactate, coupled with the oxidation
of NADH to NAD". Activity is then assessed by measuring the change in absorbance at 340
nm, resulting from NADH oxidation (Figure 8).
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Figure 8: Kinase assay coupled to the pyruvate kinase and lactate dehydrogenase reaction.

Numerous alternative approaches exist beyond those previously mentioned. The
researcher's choice of assay must consider several factors, including the availability of
laboratory infrastructure, financial resources, and the specific advantages and disadvantages of
each methodology. A comprehensive understanding of the system under study is crucial for
determining the suitability of a given approach. In this context, no single universal method
exists, and new techniques continually emerge, enabling a growing diversity of strategies for

investigating kinase-catalyzed reactions.?”-3%2

1.5 Purpose and Importance of this Work

Despite the remarkable advances achieved with tyrosine kinase inhibitors (TKIs) in the
treatment of CML, ongoing efforts are still required to improve patient quality of life and to
pursue strategies capable of achieving complete disease eradication.?* Currently available drugs
are associated with adverse effects that often lead a fraction of patients to discontinue therapy.”®
For instance, imatinib—a first-generation TKI—can cause rash, nausea, myelosuppression,
fluid retention, and muscle cramps.’® Moreover, the emergence of drug resistance further
underscores the need for novel therapeutic strategies.

In response to these challenges, considerable attention has been devoted to the discovery
of new kinase inhibitors. Initially, drug development efforts were predominantly directed
toward competitive inhibitors targeting the ATP-binding site. More recently, however, allosteric

sites have also been explored, expanding the range of pharmacological interventions.>**
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Nevertheless, as highlighted by Attwood and colleagues,? a challenge in kinase drug discovery
lies in the limitations of current experimental methodologies for compound screening and
profiling. These authors emphasize the pressing demand for new assay technologies that allow
more accurate, sensitive, and comprehensive assessments of kinase activity. In this context, the
refinement of in vitro assays emerges as a crucial strategy, with the potential to accelerate the
identification and optimization of therapeutic candidates and to broaden the spectrum of
pharmacological approaches in multiple disease contexts.

In Brazil, however, the implementation of conventional kinase activity assays, such as
radiometric methods based on 3?P or 3*P, faces significant barriers. These include the short half-
life of the isotopes, the dependence on imported reagents, the requirement for specialized
infrastructure for radioactive handling, and the demanding protocols for waste disposal. Modern
fluorescence-based methods, including fluorescence polarization (FP) and time-resolved
fluorescence (TRF), are likewise unfeasible in many Brazilian research centers, mainly due to
the absence of adequate instrumentation. Even at the Department of Chemistry of the Federal
University of Minas Gerais (UFMG), one of the country's leading universities, most
fluorescence-based kinase assays remain inaccessible due to a lack of the necessary equipment.

Commercial kits represent an additional challenge. For example, the ADP-
phosphatase—based kit, described by Wu and commercialized by R&D Systems, was quoted at
over R$5,500.00 for reagents sufficient for only two 96-well plates, with an estimated delivery
time of six months. Similarly, luminescence-based assays, such as Kinase-Glo® (Promega),
demand substantial financial investment, since specific kits containing the kinase of interest
must be purchased separately. Costs associated with the enzyme and its substrates typically
exceed R$7,000.00 (budget estimate, 2023), which restricts their use to laboratories with robust
and predictable funding streams.

Against this backdrop, the development of national, accessible, reproducible, and
versatile methodologies for kinase activity assays becomes imperative. This thesis is therefore
dedicated to the development of colorimetric methods for the enzymatic activity assays of Abl.
The literature offers only a scarce number of colorimetric assays applicable to kinases, despite
the substantial advantages of such approaches. Colorimetric assays are generally less dependent
on specialized infrastructure and require more affordable equipment compared to conventional
methods. Furthermore, they overcome some of the classical limitations of kinase assays: unlike
radiometric assays, they do not generate radioactive waste, and unlike fluorescence-based

approaches, they do not rely on costly modified substrates or antibodies.
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In this sense, the present work reports the development of a simple colorimetric assay
suitable for the screening of compounds targeting Abl kinase, using both UV-Vis spectroscopy
and digital image analysis. By establishing such methods, this research aims not only to provide
cost-effective and accessible tools for kinase studies in Brazil but also to contribute broadly to
the methodological arsenal available for kinase drug discovery worldwide.

In addition to its technological contributions, this thesis reports the discovery of an
intrinsic ATPase activity of Abl kinase, a secondary reaction that, to the best of our knowledge,
has not been previously described in the literature. This activity was characterized using nuclear
magnetic resonance (NMR) spectroscopy, providing robust experimental evidence that Abl can
hydrolyze ATP independently of its canonical kinase activity in vitro. Such discovery is not
merely of ancillary interest; it raises fundamental questions regarding the regulatory and
catalytic mechanisms of kinases and may inspire new research directions in the field. Although
the present work does not pursue these mechanistic studies, the identification and
characterization of this novel enzymatic activity expands our understanding of Abl and
highlights the possibility that other kinases may harbor similar behavior. By leveraging this
secondary activity in the development of the assays reported herein, this thesis thus bridges
methodological innovation with conceptual advances in kinase biology.

The significance of this contribution extends well beyond the immediate technological
advances. By revealing and exploiting an unrecognized enzymatic reaction, this work provides
the scientific community with new perspectives on kinase regulation and catalysis. Such
insights can stimulate mechanistic investigations at the interface of structural biology,
enzymology, and pharmacology. Therefore, the value of this research lies not only in the
development of accessible colorimetric assays for inhibitor screening but also in advancing
fundamental biochemical knowledge.

Furthermore, the present thesis contributes to the physical-chemical understanding of
the colorimetric system employed. In the malachite green assay, the stabilization of
phosphomolybdate nanoparticles in solution is known to require the presence of surfactants, yet
the physicochemical basis of this phenomenon has remained underexplored. By employing
dynamic light scattering and zeta potential measurements, this study demonstrated the critical
role of surfactants in preventing particle aggregation. It elucidated the mechanism by which
they stabilize the colloidal system. This characterization not only enhances understanding of
the robustness of the assay, but also contributes to a broader scientific knowledge of colloidal

stabilization mechanisms, an area of relevance that transcends kinase assays themselves.
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2 OBJECTIVES

2.1 General Objective

This thesis aims to investigate the intrinsic ATPase activity of the Abl kinase and explore

its potential for inhibitor screening. The primary scientific goals are to describe the discovery

of this secondary catalytic function, characterize the ATP hydrolysis reaction, and elucidate the

physicochemical role of the surfactant in the Malachite Green assay method used to study Abl

background reaction. In addition to their scientific contribution, the overarching technological

objective of this work is to develop and validate novel methodologies for assaying Abelson

kinase (Abl) activity, with a focus on creating accessible experimental platforms that can be

employed in inhibitor screening.

2.2 Specific Objectives

To characterize Abl’s intrinsic ATPase activity and demonstrate the applicability of this
background reaction as a proxy for enzymatic inhibition studies, establishing its
correlation with canonical kinase inhibition.

To develop, optimize, and validate a malachite green—based colorimetric assay for
monitoring Abl kinase activity, ensuring analytical reliability through evaluation of
linearity, accuracy, reproducibility, detection limits, and matrix effects. And apply the
validated colorimetric method to enzymatic and inhibition studies, comparing its
performance with NMR spectroscopy to assess its suitability for inhibitor screening.
To investigate the physicochemical role of surfactants in the malachite green assay,
employing light scattering and zeta potential measurements to elucidate the mechanisms
underlying nanoparticle stabilization at the mesoscopic level.

To explore the use of digital image acquisition, professional cameras and smartphones,
as an alternative detection strategy, constructing calibration curves and applying the
method to enzymatic inhibition assay, with comparative evaluation against established

methods.
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3 UNVEILING ABL KINASE'S INTRINSIC ATPASE ACTIVITY:
A NOVEL READOUT FOR INHIBITOR SCREENING

3.1 Introduction

Under physiological conditions, enzymes catalyze specific chemical reactions
associated with their biological functions. However, it has become clear that some enzymes can
exhibit secondary activities as moonlighting proteins, or by catalyzing non-canonical or
uncoupled reactions, that are or are not directly coupled to their catalytic function.”~!°2 These
alternative processes can occur in parallel with the main reaction or in its complete absence,
challenging the classical notion of strict enzyme specificity. In many cases, these parallel
activities remain latent or are overlooked in conventional functional studies, but they can play
regulatory, adaptive, or even pathological roles, depending on the situation. !%3-1%

In the context of kinases, an intrinsic ATPase activity was identified in 1961 by Trayer
and Colowick!® for yeast hexokinase—a carbohydrate kinase—who demonstrated that the
enzyme exhibits a weak but distinct ability to hydrolyze ATP in the absence of glucose.
Notably, the ratio between the ATPase and hexokinase activities remained constant across six
recrystallization steps, suggesting that both reactions are inherent to the same protein species.

Subsequently, Kaji and Colowick!?” systematically explored this secondary ATPase
activity as a tool to probe the catalytic mechanism of yeast hexokinase, by evaluating both
ATPase and phosphoryl transfer reactions under varying conditions. The researchers concluded
that both activities originate from a single active site and are modulated by similar structural
determinants. Moreover, the lack of a detectable phosphoenzyme intermediate during ATP
hydrolysis, as demonstrated through spectrophotometric assays and isotopic labeling, ruled out
a ping-pong mechanism and supported a direct phosphate transfer to either glucose or water.

Following a similar strategy to that of earlier work, De la Fuente and co-workers'®
explored the NTPase background reaction as a tool to investigate the catalytic mechanism and
binding dynamics of hexokinase with its substrates. They observed that the addition of non-
phosphorylatable sugar lyxose significantly modified the kinetic parameters of ATPase activity,
promoting an increase in vmax and a reduction in the K, value for nucleotide hydrolysis,
suggesting that the binding of lyxose to the enzyme induces conformational changes that
directly affect the affinity and lability of the ATP phosphoryl bond. These changes were

109-111 ;

interpreted as evidence of an induced fit mechanism in which sugar binding triggers a

structural reorganization of the enzyme, making it more catalytically competent.'?® Thus, the
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ATP hydrolysis reaction, despite being a secondary pathway, was creatively used as a
functional probe to reveal fundamental aspects of catalysis and molecular recognition in
hexokinase.

In contrast to carbohydrate kinases, which primarily participate in metabolic pathways,
protein kinases play central roles in signal transduction by transferring the phosphoryl group
from ATP or related nucleotides to specific residues on target proteins, resulting in the
formation of phosphoproteins (Figure 9a).>’® Within the broader context of kinase function,
intrinsic ATPase activity—defined as the hydrolysis of ATP in the absence of a canonical
protein substrate (Figure 9b)—emerged as an object of investigation in the 1970s. During this
period, such secondary activity began to be exploited as a strategic proxy for probing the
catalytic mechanisms and substrate interactions characteristic of this enzyme family. This
approach provided early insights into the conformational dynamics and active site architecture

that underlie kinase-mediated phosphotransfer.

ATP ADP

b)
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Figure 9: Canonical and intrinsic ATPase activities of protein kinases: (a) Classical kinase-catalyzed reaction:
transfer of the y-phosphoryl group from ATP to a hydroxyl-containing residue (Ser, Thr, or Tyr) on a protein
substrate, resulting in the formation of a phosphoprotein and ADP; (b) Intrinsic, uncoupled ATP hydrolysis: in the
absence of a protein substrate, some kinases catalyze ATP hydrolysis as a secondary activity, generating ADP and
inorganic phosphate (Pi) without phosphoryl transfer to a protein acceptor.

An early indication of intrinsic ATPase activity associated with the catalytic subunit of
cAMP-dependent protein kinase (PKA) was reported by Sugden and colleagues in 1976.!1? In
a “Note Added in Proof” appended during the revision of their manuscript, the authors disclosed

a post hoc observation suggesting that the catalytic subunit of bovine liver PKA may exhibit



49

intrinsic ATPase activity. This hypothesis emerged unexpectedly following their primary
experiments, when they noted that partial hydrolysis of ATP to ADP may have occurred during
circular dichroism assays, potentially influencing the interpretation of the spectroscopic data.

Thereafter, in 1979, Armstrong and co-workers!!'® provided conclusive evidence that the
catalytic subunit of bovine heart cAMP-dependent protein kinase (PKA) possesses an intrinsic
ATPase activity. This activity was stimulated 10- to 20-fold in the presence of cAMP, following
the same activation mechanism as the kinase function. The authors conducted a detailed
characterization of the ATPase, reporting a turnover of approximately 0.7 min™, a K, for
MgATP of 5 umol-L!, and a competitive inhibition by MgADP with a K; of 5 umol-L™".

A key finding was the similarity in metal ion effects (Mg > Mn?* > Ca?") observed for
both ATPase and kinase activities, suggesting a central role for the metal ion in the cleavage of
the ATP phosphoanhydride bond. The correspondence between the thermodynamic
dissociation constants of metal-nucleotide complexes and the observed kinetic parameters
further supported the notion that ATPase activity is an intrinsic property of the catalytic
subunit.!® These findings laid the groundwork for using the ATPase reaction as a valuable
mechanistic probe for studying the catalytic activity of kinases.

In the study conducted by Yoon and Cook in 1987'“, the authors employed pH profiles
to compare the kinase and ATPase activities of PKA, uncovering fundamental aspects of its
catalytic mechanism. For the kinase activity, the catalytic efficiency for the peptide substrate
displayed a bell-shaped profile with apparent pK. values of 6.2 and 8.5. These values suggested
the involvement of a deprotonated catalytic group (pKa 6.2, likely a general base) and a
protonated group (pKa 8.5, possibly implicated in substrate binding).

The ATPase activity, which does not require the peptide substrate, exhibited decreased
activity under acidic conditions (pKa ~6.0), supporting the notion that the same catalytic base
(pKa 6.2 in the kinase reaction) is essential for both reactions. However, unlike the kinase-
catalyzed reaction, the ATPase activity did not decrease at higher pH values within the range
studied. This divergence in pH profiles revealed that the protonation state of another residue
influences PKA's kinase activity, possibly by contributing to the stabilization of the enzyme—
protein substrate complex.!''*

Furthermore, the authors used comparative inhibitor profiling (e.g., with MgAMP-PCP
and Ala-peptide) to confirm that ATP binding is less sensitive to protonation than peptide
binding. These results supported a mechanism in which PKA operates through a general base
(pKa ~6) that participates in both peptide phosphorylation and ATP hydrolysis, but whose

catalytic efficiency is significantly enhanced by the presence of the peptide substrate, which



50

promotes optimal alignment of the nucleophilic hydroxyl group. Thus, the pH-dependent
studies enabled a clear distinction between the roles of substrate binding and chemical catalysis,
underscoring the critical influence of the protonic environment within the active site.''*

Another protein kinase that was investigated in a subsequent study was phosphorylase
kinase, a multi-subunit serine/threonine kinase that regulates glycogen breakdown by
phosphorylating glycogen phosphorylase b. It comprises four subunits (a, B, v, and d), with the
v subunit containing the catalytic site. In contrast, the a and B subunits are regulatory, and o
corresponds to calmodulin, conferring calcium sensitivity.'!>!'® The study conducted by Paudel
and Carlson in 19917 demonstrated that phosphorylase kinase exhibits an intrinsic ATPase
activity, capable of hydrolyzing ATP independently of its protein substrates. Notably, this
activity shares key regulatory features with the canonical kinase function, including Mg>*
dependence, stimulation by Ca?* (tenfold increase at 20 umol-L! free Ca*"), and a clear
preference for ATP over GTP. Modulatory conditions that enhance the kinase activity, such as
phosphorylation by PKA or via autophosphorylation, also increased ATPase activity.
Conversely, B-glycerophosphate inhibited both functions. And the authors confirmed that the
ATPase was not attributable to contaminating phosphatases, by its lack of activity on p-
nitrophenyl phosphate.

In a study from 1992, Ward and O'Brien''® demonstrated that the inhibitor H7, a
compound known to act as a competitive ATP antagonist in protein kinase C (PKC)
phosphorylation reactions, also inhibited the enzyme’s intrinsic ATPase activity via a
predominantly competitive mechanism. This finding provided evidence that both the protein
phosphorylation and ATP hydrolysis reactions occur at the same catalytic site. They proposed
that competitive kinetics strongly support the notion that ATP hydrolysis is not only a secondary
event, but a fundamental step in the PKC -catalytic cycle, involving cleavage of the
phosphoanhydride bond prior to phosphate transfer.

In subsequent investigations led by Prowse and Lew'!”, the authors investigated how
dual phosphorylation at Thr183 and Tyr185 activates the MAP kinase ERK2, a central player
in cellular signaling pathways governing proliferation and differentiation. They systematically
compared the non-phosphorylated (non-pERK?2) and fully activated (ppERK?2) forms. The dual
phosphorylation resulted in dramatic enhancements in both kinase and intrinsic ATPase
activities, with ppERK2 exhibiting a 600,000-fold increase in catalytic efficiency (kca/Km) for
protein substrates and a 2,000-fold increase in ATP hydrolysis rate.

The increase in phosphate transfer rate observed in the kinase reaction (vs. ATPase

activity) indicates that dual phosphorylation of ERK2 preferentially stabilizes the transition
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state for protein substrate phosphorylation, rather than merely optimizing ATP positioning. This
distinction arises because, in the ATPase reaction, only the ATP molecule is aligned within the
active site. In contrast, during kinase catalysis, the simultaneous interaction with the protein
substrate via the P+ pocket creates a favorable electrostatic environment that lowers the
activation energy required for phosphate transfer.'!

On the other hand, in the case of CDK2 (Cyclin-Dependent Kinase 2), a key regulator
of the cell cycle that requires association with cyclin A for activation, a distinct activation
mechanism is observed. Phosphorylation at Thr160 leads to a substantial increase in kinase
activity—approximately a 100,000-fold gain in catalytic efficiency—while not effecting the
enzyme’s intrinsic ATPase activity. This is because cyclin A binding alone aligns the catalytic
residues Lys33 and Glu51, thereby stabilizing ATP within the active site. Phosphorylation at
Thr160, in contrast, remodels the activation segment to enhance recognition and positioning of
the protein substrate, resulting in a ~3,000-fold increase in phosphate transfer rate. The lack of
effect on ATPase activity indicates that Thr160 phosphorylation specifically stabilizes the
protein phosphoacceptor rather than ATP, highlighting a two-step activation mechanism: cyclin
binding optimizes ATP alignment, whereas phosphorylation fine-tunes substrate
engagement. '’

In a study conducted by Kim and co-workers, in 2019'%!, the authors applied a substrate-
mediated selection strategy to identify novel phospho-acceptor compounds for the tyrosine
kinase c-Src from a DNA-encoded chemical library. This approach aimed to enrich molecules
capable of acting as substrates or substrate-competitive inhibitors by exploiting enzymatic
turnover as a selection criterion. Among the identified hits, the compound SrcDEL10 exhibited
significant activity in the ADP-Glo assay, which quantifies ADP production as a proxy for
kinase activity. Initially, this result was interpreted as evidence of efficient phosphotransfer to
the compound.

However, further investigations revealed a pronounced mismatch between the extent of
ADP formation and the actual level of phosphorylation. LC-MS analysis demonstrated that only
a minimal fraction of SrcDEL10 underwent phosphorylation, even under saturating enzyme
conditions. To clarify this discrepancy, the authors employed an NADH-coupled enzymatic
assay, which confirmed the generation of ADP in substantial molar excess relative to the
amount of substrate present—strongly indicating that ATP hydrolysis, rather than
phosphotransfer, was the primary reaction. These findings led to the conclusion that StcDEL10
induces an intrinsic ATPase activity in c-Src, wherein ATP is hydrolyzed in the absence of

productive phosphoryl transfer.'?!



52

A similar mechanism was described for the bacterial aminoglycoside-3'-
phosphotransferase-Ilia (APH(3')-1lia), an enzyme implicated in antibiotic resistance. In this
case, the intrinsic ATPase activity of APH(3")-Ilia was found to be significantly enhanced in
the presence of non-substrate aminoglycosides (nsAmgs), such as tobramycin and
gentamicin C. Although the enzyme does not phosphorylate these compounds, their binding to
the active site triggered conformational changes that markedly accelerated ATP hydrolysis.
Steady-state and single-turnover kinetic experiments revealed a 10- to 20-fold increase in the
chemical step of y-phosphate cleavage upon nsAmg binding. Structural analysis further
indicated that this acceleration was mediated by an induced-fit mechanism: ligand binding
repositioned the nucleotide positioning loop (NPL), allowing residues like Met26 and Ser27 to
interact more effectively with the ATP molecule.'*

These findings reinforce the notion that ATP hydrolysis in some phosphotransferases
may require a substrate-like molecule to elicit a productive conformation. Just as SrcDEL10
was shown to induce ATP turnover by acting as a pseudosubstrate for c-Src, the nsAmgs act as
conformational triggers for APH(3')-Ilia, stimulating its ATPase activity despite the absence of
phosphoryl transfer.!2:122 In both systems, the data suggest that productive hydrolysis depends
not merely on ATP binding, but on allosteric communication between distinct ligand-binding
sites that orchestrate active-site rearrangements. This highlights a broader principle in enzyme
catalysis: the tight regulation of ATP consumption through structural coupling between ligand
recognition and catalytic activation.

Still in relation to the study conducted by Kim and co-workers,'?!

it is important to
highlight a key methodological consideration regarding the assessment of kinase activity.
Assays that rely solely on monitoring ATP consumption or ADP formation—without parallel
confirmation of substrate phosphorylation—may lead to misinterpretation of kinetic data. Such
approaches can erroneously suggest that phosphotransfer has occurred, when, in fact, the
observed signal may stem entirely or in part from ATP hydrolysis uncoupled from substrate
modification. The detection of a discrepancy between nucleotide consumption and the extent
of substrate phosphorylation was crucial for the authors to identify this alternative enzymatic
activity. These findings underscore the importance of caution in the design and interpretation
of enzymatic assays, considering the potential for uncoupled reactions that may compromise
the accuracy of results in kinase studies.

As discussed above, intrinsic ATPase activity has been investigated in some

phosphotransfer enzymes as a tool to probe their catalytic mechanisms. In these studies, ATP

hydrolysis—uncoupled from phosphoryl transfer—has provided valuable insights into
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mechanistic aspects such as the existence of functional communication between the nucleotide-
binding site and the phospho-acceptor substrate site, supporting an induced-fit model.
Additionally, this uncoupled reaction has been employed to explore factors such as
phosphorylation status and pH-dependent conformational states, which can influence
nucleotide or substrate affinity and, consequently, modulate catalytic efficiency. Despite these
illustrative examples, reports in the literature that examine ATPase activity in this context
remain scarce. Few studies have explicitly addressed the mechanistic implications of this
uncoupled reaction or leveraged it to gain insight into protein dynamics or regulatory features.
This underscores a significant gap in the field, suggesting that although such activity may hold
critical clues to kinase regulation, it remains an underexplored aspect of enzymology.

An even less explored avenue is the use of intrinsic ATPase activity as an alternative
strategy for screening kinase inhibitors. Although ATP hydrolysis occurs at a slower rate
compared to conventional kinase activity, this approach offers a key advantage: it does not
require peptide or protein substrates. While higher enzyme concentrations may be necessary to
detect ATPase activity within a practical timeframe, the elimination of substrate requirements
can reduce assay complexity and cost. Moreover, since ATPase and kinase activities are often
tightly correlated, monitoring nucleotide hydrolysis may still serve as a reliable proxy for
assessing kinase inhibition. Despite the limited number of studies addressing this approach, we
identified two reports that applied ATPase-based assays for this purpose. These will be
discussed in the following paragraphs.

One study that exemplifies this approach was conducted to evaluate three distinct
biochemical assays for identifying inhibitors targeting interleukin-2-inducible T cell kinase
(ITK).'® Among the tested methods, an ATPase-based luminescent assay (ATPase-LUM) was
developed to monitor the intrinsic hydrolysis of ATP by ITK in the absence of peptide
substrates. In this setup, ATP consumption was indirectly quantified via a luciferase-coupled
system, where reduced luminescence signaled enzymatic activity. Notably, this assay
outperformed the others—DELFIA (substrate phosphorylation) and competitive binding
fluorescence polarization (CB-FP)—by detecting the highest number of unique inhibitors and
exhibiting the lowest false-negative rate. Despite the relatively slow rate of ATP hydrolysis, the
assay demonstrated strong robustness and sensitivity, and its results showed high concordance
with those obtained from traditional phosphorylation-based methods. The study highlighted
several advantages of the ATPase-based approach, including reduced assay development time,
lower susceptibility to substrate-specific constraints, and suitability for high-throughput

screening. These findings support the feasibility and utility of intrinsic ATPase activity as a
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practical readout for kinase inhibitor discovery, particularly when substrate availability is a
limiting factor.

Another study explored the intrinsic ATPase activity of phosphorylated MEK1 (P-
MEK) as a tool to develop a sensitive assay for measuring the activity of its upstream activator,
Rafkinase (Figure 10).!2% In this system, the ATPase activity of P-MEK—robust in the absence
of its natural substrate ERK—was leveraged as a downstream readout for Raf-mediated
phosphorylation. The assay employed a coupled enzymatic system, in which ADP produced
from ATP hydrolysis by P-MEK was converted to NAD* via pyruvate kinase and lactate
dehydrogenase, allowing continuous spectrophotometric monitoring of NADH consumption.
Since unphosphorylated MEK is ATPase-inactive, the production of ADP was directly

dependent on Raf activity, making this an effective and sensitive approach for quantifying Raf
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Figure 10: Schematic representation of the coupled assay used to monitor Raf activity via the intrinsic ATPase
activity of phosphorylated MEK (P-MEK). Raf catalyzes the phosphorylation of MEK, generating P-MEK and
ADP. The ADP produced by intrinsic ATPase of P-MEK is then recycled to ATP by pyruvate kinase (PK), which
simultaneously converts phosphoenolpyruvate (PEP) into pyruvate. In turn, lactate dehydrogenase (LDH) reduces
pyruvate to lactate using NADH as a cofactor, producing NAD". The decrease in NADH absorbance (monitored
at 340 nm) serves as an indirect readout of Raf activity.

Importantly, this assay was successfully applied for inhibitor screening against Raf, with
validation using known inhibitors such as GW429374. However, the authors emphasized a
critical caveat: because the readout relies on MEK’s ATPase activity, any compound that
directly inhibits MEK—rather than Raf—could also suppress the signal, leading to potential
misinterpretation of the inhibitory mechanism. Interestingly, the addition of ERK, MEK’s
natural substrate, inhibited P-MEK’s ATPase activity, suggesting that substrate binding
promotes the formation of a catalytically competent ternary complex that suppresses uncoupled

ATP hydrolysis. This observation points to an additional layer of regulatory control, in which
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substrate engagement not only channels enzymatic activity toward productive phosphotransfer
but also mitigates non-productive ATP consumption. '

As in the study by Kim and co-workers,'?! we unexpectedly discovered ATPase activity
associated with Abl kinase, which prompted a deeper investigation into this reaction and
ultimately led to the development of this thesis. As outlined in the objectives, this work aimed
to characterize the intrinsic ATPase activity of Abl kinase and to explore its potential for
inhibitor screening. In this chapter, I will present the experiments that led to the discovery of
this unexpected enzymatic background reaction, along with the control assays that were
performed to rule out the involvement of contaminating phosphatases. I will also describe the
pilot studies conducted to test the feasibility of using this activity as a readout in inhibitor

screening assays.

3.2 Materials and Methods

3.2.1 Reagents

All reagents used for buffer and substrate preparation were of analytical grade and
purchased from the following suppliers: Sigma-Aldrich (ATP > 95%; Trimethyl phosphate >
99%; Imatinib mesylate > 98% (HPLC); Dasatinib > 98% (HPLC); 3-(Trimethylsilyl)-1-
propanesulfonic acid sodium salt 97%; Ditiotreitol 97%; Streptomycin; Ampicillin; isopropyl-
B-D-thiogalactoside 99%; para-Nitrophenylphosphate > 99%; Bis-tris propane > 99%;
Poly(Glu, Tyr) sodium salt), CRQ Quimica (Tris(hydroxymethyl)aminomethane; Sodium
chloride; Glycerol; Glacial acetic acid), Kasvi (Yeast extract, Agar), Acumidia (Tryptone),
Ex6do (Anhydrous magnesium chloride), Inlab (imidazole) Vetec (Ethylenediaminetetraacetic
acid), Quimica Moderna (Sodium hydroxide) and Synth (hydrochloric acid; dibasic potassium

phosphate). All solutions were prepared using deionized water with a resistivity greater than

18.2 MQ-cm at 25 °C.

3.2.2 Plasmid DNA Propagation

The plasmid used in this study encodes the human Abelson kinase (Abl) construct
(molecular weight: 53,554.64 g/mol), comprising SH2, SH3, and the kinase domain
(SH3SH2KD wt; residues 83—534, Abllb numbering), with an N-terminal His¢-tag and a
PreScission protease cleavage site (GE Healthcare). It also contains the gene for protein tyrosine
phosphatase 1B (PTP1B, residues 1-283), under the control of a T7 promoter. This plasmid
was generously provided by Prof. Stephan Grzesiek (Biozentrum, University of Basel,

Switzerland).
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Transformation was performed by heat shock: 50 uL of E. coli DH5a competent cells
were incubated with 2 pL plasmid solution (~50 ng) at 42 °C for 40 s, then chilled on ice for 10
min. Subsequently, 500 puL of Luria-Bertani (LB) broth (10 g/L tryptone, 5 g/L yeast extract,
10 g/L NaCl) was added, and cells were incubated at 37 °C with shaking (300 rpm) for 1 h.
Cells were then centrifuged at 3000 rpm for 3 min at 25 °C, the supernatant discarded, and the
pellet resuspended in 100 pL of LB. The entire volume was plated onto LB agar (10 g/L
tryptone, 5 g/L yeast extract, 10 g/L NaCl, and 15 g/L agar) supplemented with streptomycin
(50 ng/mL), to which the Abl vector confers resistance. Plates were incubated at 37 °C for 16
h.

A single colony was inoculated into 20 mL LB broth with streptomycin (50 ug/mL) and
incubated at 37 °C, 300 rpm, for 16 h. Plasmid DNA was extracted using the PureYield™
Plasmid Miniprep System (Promega) following the manufacturer's protocol. The purified DNA
was stored at —20 °C for later use in the transformation of E. coli BL21(DE3) competent cells,

using the same protocol as described for DH5a.

3.2.3 Heterologous Expression of Abl and YopH

For Abl expression, 200 puL of the overnight culture of E. coli BL21(DE3) carrying the
plasmid was inoculated into 20 mL LB broth supplemented with 50 pg/mL streptomycin and
incubated at 37 °C, 300 rpm for 16 h. This pre-inoculum was then transferred to 1 L of LB broth
with streptomycin (50 pg'-mL") and grown at 37 °C with agitation until ODeoo reached 0.7 (~8
h). Expression was induced by adding isopropyl -D-1-thiogalactopyranoside (IPTG) to a final
concentration of 200 umol-L!, and cultures were incubated at 18 °C, 300 rpm for 16 h. Cells
were harvested by centrifugation (4000 rpm, 45 min, 4 °C), and the pellet was stored at —20 °C.

YopHS51*A162 (33,512.76 g/mol) was expressed similarly, except ampicillin (100
pg/mL) replaced streptomycin due to the resistance gene present in the vector. IPTG was added

at a final concentration of 400 pmol-L™!, as described by Brandio and co-workers.'?

3.2.4 YopH Purification

The bacterial pellet was resuspended in YopH/A buffer (100 mmol-L! acetic acid, pH
5.7, 100 mmol-L™! NaCl, 1 mmol-L"! EDTA) at a ratio of 0.25-0.35 g cells/mL buffer. Cell lysis
was performed by high-intensity ultrasonication (750 W) at 35% amplitude. The procedure
consisted of two cycles, each separated by a 3-minute interval. Each cycle comprised four
pulses of 20 seconds "on" followed by 59 seconds "off." Throughout the procedure, the sample

was maintained on ice. After lysis, the mixture was centrifuged at 12,000 rpm for 40 minutes
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at 4°C. The resulting supernatant was then filtered and immediately used for subsequent
purification steps.

Protein purification was carried out using an AKTA™ Start FPLC system equipped with
a UV detector set to 280 nm. The HiTrap™ SP HP (5 mL) and HiTrap™ Q HP (5 mL) columns
were initially equilibrated with YopH/A buffer. The clarified lysate was loaded onto the HiTrap
SP HP column at a flow rate of 1.5 mL/min. The column was washed with YopH/A buffer until
the absorbance at 280 nm returned to baseline (~8 column volumes).

Following this step, the HiTrap Q HP column was connected in series to the SP column
outlet, and the chromatographic run proceeded by applying a linear salt gradient using buffer
YopH/B (100 mmol-L! acetic acid, pH 5.7, 500 mmol-L! NaCl, and 1 mmol-L' EDTA),
increasing from 0% to 100%. During this step, the flow rate was maintained at 2 mL/min. To
prevent precipitation, buffer exchange to YopH/C (20 mmol-L™! Bis-Tris pH 6.5, 100 mmol-L-
' NaCl) was performed using a Vivaspin™ 20 concentrator, repeating the dilution/concentration
step 3 times. The final sample was supplemented with glycerol to a final concentration of 20%

(v/v) and stored at —20 °C.

3.2.5 YopH Activity Assay

In the following experiments, YopH was incubated with Abl during its purification to
ensure complete Abl dephosphorylation, promoting a more stable Abl form. To confirm the
activity and suitability of the purified YopH for this purpose, a phosphatase activity assay was
performed.

YopH enzymatic activity was determined by UV -Vis spectroscopy using a Varian Cary
50 spectrophotometer coupled to a CaryWinUV system and a Polyscience model 9106
thermostatic bath (£ 0.1 °C). The reaction monitored p-nitrophenyl phosphate hydrolysis to p-
nitrophenol (¢ = 18,000 M-cm™ at 405 nm).'?® Reactions were carried out at 30 + 0.1 °C in 1.4
mL quartz cuvettes (reaction with final volume of ImL) using 100 mmol-L"! acetate buffer (pH
5.5) with 1 mmol-L"! EDTA. Reactions were initiated by enzyme addition using an add-mixer.

The enzyme concentration was 4.49 nmol-L™!, and substrate concentrations were kept
below the K,, value (K,,= 1,8 mmol-L"). The ionic strength of the reaction medium was
adjusted to 0.15 mol-L! using a NaCl solution to allow comparison with the study by Zhang

and co-workers.!?® Data were plotted and analyzed using OriginPro 2018 software.

3.2.6 Abl Purification and Characterization

Five grams of thawed cell pellets were resuspended in 35 mL buffer (50 mmol-L™! Tris-

HCI pH 8.0, 500 mmol-L™! NaCl, 10 mmol-L"! imidazole, 5% glycerol, 3 mmol-L"! DTT—
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added fresh). Cell lysis was carried out using a high-intensity ultrasonic processor (750 W) at
35% amplitude. The sonication protocol consisted of three cycles, each comprising four pulses
of 20 seconds on and 59 seconds off, with a 3-minute interval between cycles. Throughout the
entire lysis process, the sample was kept immersed in an ice bath to prevent overheating. Abl
purification followed a three-step chromatographic procedure adapted from Sonti and co-
workers.'?’

For affinity chromatography, the His-tagged Abl was loaded onto a Ni**-affinity
HisTrap™ HP column (5 mL) pre-equilibrated with buffer AbINi/A (50 mmol-L! Tris-HC1 pH
8.0, 200 mmol-L™! NaCl, 10 mmol-L" imidazole, 5% v/v glycerol, and 3 mmol-L"! DTT). After
washing (10 CV), protein elution was performed using a linear imidazole gradient by controlled
addition of AbINi/B buffer (50 mmol-L™! Tris-HCI pH 8.0, 200 mmol-L! NaCl, 200 mmol-L!
imidazole, 5% v/v glycerol, and 3 mmol-L"! DTT). Flow rate: 2.0 mL-min"'.

Fractions containing Abl were concentrated (~2 mL), then incubated overnight at 4 °C
with 500 uL YopH (150 umol-L!) to dephosphorylate tyrosine residues.’>!?813 Then, a second
Ni**-affinity purification was performed to remove YopH, eluting Abl with 100% AbINi/B
buffer. The sample was further purified by size exclusion chromatography using a HilLoad
16/60 Superdex 75 prep grade (GE Healthcare) column equilibrated in Abl/C buffer (50
mmol-L! Tris-HCI, pH 8.0, 200 mmol-L! NaCl, 3 mmol-L"! DTT, 5% glycerol), with a flow
rate of 1 mL-min’'. The final protein was concentrated, supplemented with 20% glycerol,
aliquoted, and stored at —20 °C.

Protein purity and monomeric mass were assessed by SDS-PAGE (6% stacking, 15%
resolving gel) using a Loccus LCV-10x10 system. Electrophoresis was carried out at 110 V
(stacking) and 150 V (resolving). Gels were stained with a dye solution containing 0.5% (w/v)
Coomassie Brilliant Blue R-250, 10% (v/v) acetic acid, and 50% (v/v) ethanol and destained
by heating in deionized water.

Protein concentrations were determined by UV-Vis spectroscopy at 280 nm, using
extinction coefficients of 95,230 M'-cm™! for Abl and 15,930 M!-cm™! for YopH. These values
were calculated based on the primary amino acid sequences of the respective proteins using the

ProtParam tool (https://web.expasy.org/protparam/).

The folding state of the protein was assessed by one-dimensional 'H NMR spectroscopy
using a Bruker Avance Neo 600 MHz spectrometer equipped with a 5 mm TXI SmartProbe
(‘H/B3C/*N, Z-gradient). 'H gradient-based sequence with 1D excitation sculpting and W5
pulse train was used in the zggpw5 pulse sequence to acquire the spectra. This sequence

incorporates a module for efficient suppression of water signals. The sample was prepared with


https://web.expasy.org/protparam/
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150 umol-L™" Abl kinase in 20 mmol-L™! phosphate buffer at pH 8.0, containing 200 mmol-L™!
NaCl and 10% v/v D20O. Sodium 2,2-dimethyl-2-silapentane-5-sulfonate (DSS) was added at a

concentration of 50 pmol-L™! as an internal chemical shift reference.

3.2.7 Phosphate Quantification via 3'P NMR

To determine phosphate concentration in solution, a calibration curve was established
using seven solutions of dibasic potassium phosphate (K2HPO.) ranging from 0 to 2 mmol-L".
The KoHPOs4 stock solution, referred to as the “phosphate solution,” was prepared according to
the procedure described by Morita and Assumpgdo,'! which involved drying the salt at 110 °C
for over one hour prior to dissolution. All calibration samples were prepared in a reaction matrix
composed of 40 mmol-L! Tris-HCI buffer (pH 7.5), 2.5 mmol-L! MgCl, 2% (v/v) dimethyl
sulfoxide (DMSO), and 11.7% (v/v) D20, mimicking the composition of the enzymatic assay
medium. To simulate the quenching step employed in the enzymatic assays with Abl, an EDTA
solution (300 mmol-L™!, pH 13) was added to a final concentration of 30 mmol-L™!. Trimethyl
phosphate (TMP) was included as an internal standard (fixed at 3 ppm) at a final concentration
of 2.14 mmol-L!.

NMR experiments were conducted at 25 °C using a Bruker Avance III Nanobay 400
MHz spectrometer equipped with a 5 mm PABBO-H-D/Z-gradient probe. Spectra were
acquired using a standard pulse sequence from the instrument library (zgpg30), with a spectral
width of 99 ppm. The number of scans was 900 and acquisition parameters included a relaxation
delay (D1) of 7 seconds and a 60° pulse angle, as described by Lajoie and co-workers.'??

Spectral processing and analysis were performed using Topspin 4.1.4 software (Bruker
Corporation, USA), following the quantification was done as described by Brinkmann and co-
workers:!** Quantification was based on the normalized signal area, defined as the ratio of the
3P NMR signal integral of K:HPOs to that of TMP (Api/ATwmp), which was plotted against

phosphate concentration to generate the standard curve.

3.2.8 Abl Kinase Enzymatic Assays

Enzymatic assays with Abl kinase were carried out at 20 °C in a reaction buffer
containing 40 mmol-L™! Tris-HCI (pH 7.5), 2.5 mmol-L"! magnesium chloride, 2% DMSO, and
11.7% D:0. After dilution, the final D:O concentration was adjusted to 10% to enable
frequency lock during *'P NMR experiments. Reactions were initiated by the addition of ATP
to a final concentration of 1.6 mmol-L!. The concentration of Abl kinase ranged from 0 to
1.53 umol-L™!, depending on the experimental design. The total reaction volume was 605 pL.

Reactions were quenched by the addition of EDTA solution (300 mmol-L™!, pH 13) to a final
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concentration of 30 mmol-L™!. Trimethyl phosphate (TMP) was added as an internal standard at
a final concentration of 2.14 mmol-L™! prior to the acquisition of spectra by 'P NMR.

To verify that the enzyme retained kinase activity and to ensure the quality of the protein
preparation, peptide phosphorylation assays were performed. Two different peptides were
tested: Poly (Glu4-Tyr) peptide and KKDAEYAAP. In both cases, peptide concentration in the
reaction mixture was 200 umol-L™'. After confirming kinase activity, additional assays were
carried out to evaluate the sensitivity of Abl ATPase activity to known kinase inhibitors.
Imatinib was tested at concentrations ranging from 0 to 20 pmol-L"!, while dasatinib was used
at a fixed concentration of 3 pmol-L™!. The enzyme was pre-incubated with the inhibitors for
10 minutes before ATP addition, and reactions were stopped after 120 minutes.

Time-course data were used to calculate the rate of phosphate production, which reflects

ATP hydrolysis by Abl kinase. The enzymatic activity was expressed as Kops, in min™!

, according
to the following equation:

k 1N Aproduct /Brime (Umol - L min_l)
ops (MiN"") = [E](umol - L 1)

(Equation 1)

Where:

Aproduct is the change in phosphate concentration (in pmol-L™!),

Atime 18 the time interval (in minutes),

[E] is the enzyme concentration in the reaction, expressed in pmol-L™.

The percentage of inhibition (I%) caused by a given concentration of inhibitor was
calculated using the following equation:

[% =

Cproduct (without inhibitor) —Cproquct (with inhibtor)

% .
Cproduct (without inhibitor) 100 (Equation 2)

Where:
Crroduct (Without inhibitor) is the phosphate concentration in the reaction without inhibitor,
Cproduct (With inhibitor) is the phosphate concentration in the presence of an inhibitor.

The dissociation constant (K,) for imatinib was determined by fitting the inhibition data
to the Cheng-Prusoff-like equation'*:

ATP K"
chlwp = K, (1 + u> o Ky = S S— (Equation 3)
Kom | 4 ATP]
Km

Where:
K;%PP is the apparent dissociation constant,

[ATP] is adenosine triphosphate concentration used in the assay,
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K is the the Michaelis constant for ATP binding to Abl. In this study, an ATP K, value of 43.6

1,** was used to convert K;7? to the intrinsic K.

pumol-L™!, previously reported for Ab
The K;*PP is obtained by the following equation:

Fraciu,([I17)

By + T+ KE = (] + 71y + K§P)2 = 4{E] 1]y

= Equation 4
20ET, (Eq )

Where:
[E]r and [I]r are total enzyme and inhibitor concentration, respectively. And the theoretical
fraction of inhibited enzyme predicted by the model (between 0 and 1) (Frac;,,([I]r)) can be
defined as:
%Inh([Il7) = Inin + (hnax = Imin) X Fracpn([117)
%Inh([I17) — Lnim

(Imax - Imin)

& Fracig,([Il7) = (Equation 5)

Where:
%]Inh([I]T) is percentage of inhibition (1%) calculated by equation 2.
Imax 18 the maximum inhibition that the system can reach (= 100%);
Imin 18 the minimum inhibition (= 0%).

So, if all the enzyme were inhibited (Fraci:» = 1), we have %Inh = L. If none were
inhibited (Fracin = 0), we have %Inh = Ly

Since ATPase activity is a secondary reaction, a high enzyme concentration was
employed to ensure a detectable signal within a feasible experimental timeframe. This
requirement, however, has a direct implication on the accurate determination of the inhibition
constant (Kg), as it precludes the use of the classical Hill equation approach. Therefore, we
utilized the Morrison approximation (equation 4), which is more suitable for systems where the
enzyme concentration is significant and not negligible compared to the inhibitor
concentration.!3¢137 This method is specifically recommended when the [E]/[I]: ratio is
substantial, meaning the enzyme is present at concentrations high enough to influence the
binding equilibrium.'3%1%

Data processing, kinetic data fitting and regression analysis were performed using
custom scripts in Python 3 scripts with SciPy 1.10.1 and NumPy 1.26 libraries, Microsoft Excel
Office 2019 and OriginPro 2018.
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3.3 Results and Discussions

3.3.1 YopH Purification and Characterization

Yersinia outer phosphatase (YopH) is a highly active protein tyrosine phosphatase
produced by pathogenic Yersinia species, such as Yersinia pestis, Y. enterocolitica, and Y.
pseudotuberculosis. This enzyme is a key virulence factor translocated into host cells that
dephosphorylates focal adhesion and adaptor proteins, such as FAK, p130Cas, and paxillin,
disrupting actin cytoskeleton dynamics and impairing phagocytosis. '**!* This action leads to
suppression of the host’s innate immune response, allowing bacterial survival and proliferation.
YopH is one of the most efficient phosphatases known, exhibiting catalytic rate constants
exceeding 1000 s for optimal substrates and catalytic efficiencies on the order of 107 M's~!,140
Additionally, it displays broad substrate promiscuity, efficiently hydrolyzing a wide range of
phosphorylated targets.'*!

In this study, YopH was used to ensure complete dephosphorylation of the Abl kinase.
Abl undergoes autophosphorylation, but its phosphorylated form is less stable and unsuitable
for long-term storage. To obtain a stable, fully dephosphorylated form of the enzyme, YopH
was applied based on literature reports demonstrating its efficiency in complete Abl
dephosphorylation,>%128:129

In this study, we employed the Yop51*162 variant of the Yersinia outer phosphatase
from Yersinia enterocolitica (sequence in Annex Al). This construct was optimized by
substituting the cysteine residue at position 235 with arginine (C235R), significantly increasing
the enzyme’s solubility and yield without affecting its structure or catalytic activity.'?®
Additionally, the first 162 residues of the N-terminal region—non-essential for catalysis—were
removed, contributing to enhanced protein stability. The Yop51*162 variant retains kinetic and
structural properties virtually identical to those of the full-length enzyme. In the following
discussions in this work, the term “YopH” refers specifically to this optimized mutant variant.

YopH was purified in a single chromatographic step using ion exchange

chromatography and the purity of the enzyme was qualitatively assessed using gel

electrophoresis (SDS-PAGE) (Figure 11).



63

(a) (c)

48.9 kDa

0 10 20 30 40 5 6 70 80 33.5 kDa
Volume (mL)

G

300

Buffer B (%)

-

£=3

L=
r

Absorbance (mA.U)

2]
<
"

: T v v v T y — 0
20 40 60 80 100 120 140 160
Volume (mL)

Figure 11: Chromatographic and electrophoretic profiles of Yop51A162.*: (a) Chromatogram of the sample using
a HiTrap™ SP HP (5 mL) column with YopH/A buffer (100 mM acetic acid/acetate, pH 5.7, 100 mM NaCl, and 1
mM EDTA) at a flow rate of 1.5 mL/min; (b) Chromatogram of the sample using connected HiTrap™ SP HP (5
mL) and HiTrap™ Q HP (5 mL) columns, with a linear gradient up to 100% of YopH/B buffer (500 mM acetic
acid/acetate, pH 5.7, 100 mM NaCl, and 1 mM EDTA). For the chromatographic profiles, absorbance at 280 nm
in mA.U. was plotted as a function of elution volume in mL; (¢) 15% SDS-PAGE after Coomassie Blue staining.
Lanes: 1 — marker containing 6xHis-NahG protein with known molecular weight (48.9 kDa); 2 — lysate pellet; 3 —
lysate supernatant; 4 — flow-through from the sample loading step; 5 — purified protein (molecular weight of 33.5
kDa).

In Figure 11a, the chromatogram corresponds to the first purification step, in which the
lysate was loaded onto a cation exchange column. The flow-through from this step did not
contain the YopH enzyme, as shown in lane 4 of the SDS-PAGE gel (Figure 11c¢), in contrast
to lane 3, which corresponds to the lysate prior to column loading and clearly shows the
presence of the enzyme. This indicates that YopH binds to the column (estimated pl of 8,76),
demonstrating affinity for the cation exchanger in this buffer. In the subsequent step, following
the wash of the SP column, the Q column was connected in-line, and protein elution was carried
out by increasing the concentration of sodium chloride in the buffer. The enzyme eluted after
60 mL (Figure 11b), corresponding to approximately 30% of buffer B, as represented by the
first peak in the chromatogram shown in Figure 1b. The purified enzyme — visible in lane 5 of
the SDS-PAGE gel — was then concentrated, supplemented with glycerol to a final
concentration of 20%, and stored at -20 °C for later use.

YopH is a phosphatase capable of hydrolyzing p-nitrophenylphosphate (pNPP). The
speed of this reaction can be used as a quality control parameter for the purified enzyme. The
enzyme activity was obtained by monitoring the variation in absorbance at a wavelength of 405
nm due to the formation of the product p-nitrophenol (pNP), using a molar absorptivity

coefficient of 18,000 Mlcm™ in a reaction medium with pH 5.5 (Figure 12).
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Figure 12: Kinetic profile of YopH-catalyzed pNPP hydrolysis at pH 5.5, ionic strength 0.15 mol-L"!, and 30.0 =
0.1 °C, with an enzyme concentration of 4.49 nmol-L"'. Plot of the ratio between the initial reaction rate and
enzyme concentration as a function of substrate concentration.

The catalytic efficiency (kca/Km) was calculated as 158.6 s'-mM™" (1.6 x 10° s™'-M™),
in comparison with the literature value of 400 s'-mM™" (4.0 x 10° s'-M™).!2¢ Despite being
lower, the experimentally determined value remains within the same order of magnitude,
indicating that the recombinant enzyme preserves its catalytic competence and is suitable for

subsequent experimental applications.

3.3.2 Abl Purification and Characterization

Abl was expressed in E. coli BL21 (DE3). As a protein kinase, its co-expression with a
phosphatase is necessary when expressed in bacterial systems to improve solubility and overall
yield.!?” In this study, co-expression with PTP1B was employed to mitigate the cytotoxic effects
associated with kinase activity and to facilitate the recovery of soluble, enzymatically active
protein. After expression, the protein was purified, and the chromatographic profiles

corresponding to the three purification steps are shown in Figure 13.
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Figure 13: Chromatographic and electrophoretic profiles of Abl kinase; (a) Chromatogram from nickel-affinity
purification using a HisTrap™ HP 5 mL column, eluted at 2.0 mL/min with buffer AbINi/A (50 mM Tris-HCI,
pH 8.0, 500 mM NacCl, 5% v/v glycerol, and 3 mM dithiothreitol), employing a linear imidazole gradient from 10
to 200 mM. The red line indicates the percentage of buffer B; (b) Chromatogram from a HisTrap™ HP 5 mL
column following equilibration with 15 column volumes of buffer AbINi/A. Abl was eluted under isocratic
conditions using buffer containing 200 mM imidazole; (c) Chromatogram from size-exclusion chromatography
using a HiLoad 16/60 Superdex 75 prep grade column (GE Healthcare), equilibrated with 50 mM Tris-HCI, pH
8.0, 200 mM NaCl, 3 mM dithiothreitol (DTT), and 5% v/v glycerol, at a flow rate of 0.8 mL/min; (d) SDS-PAGE
(15%) analysis. Lane 1: total lysate; Lane 2: lysate pellet; Lane 3: flow-through first affinity; Lane 4: Abl after the
first affinity chromatography step; Lane 5: Abl incubated with YopH. Lane 6: Abl after the second affinity
chromatography step; Lane 7: Abl after size-exclusion chromatography; Lane 8: molecular weight marker (with
corresponding masses indicated).
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In the first purification step, Abl was eluted from the nickel-affinity column at
approximately 40% of buffer B, indicating partial retention and successful capture under low
imidazole conditions (Figure 13a). Following dephosphorylation with YopH, the mixture was
subjected to a second nickel-affinity chromatography step (Figure 13b). This strategy was
selected in place of ion-exchange chromatography, to prevent potential interference from
residual phosphatase in subsequent tests. After column loading, 15 column volumes of buffer
ADbINi/A were applied to remove unbound YopH completely. Abl was then eluted under
isocratic conditions with 100% buffer AbINi/B. The elution profile revealed that the protein
began to elute after 10 mL. Following concentration, the sample was loaded onto a size-
exclusion chromatography column and eluted with approximately 70 mL of buffer, as
illustrated in Figure 13c.

Throughout the purification process, samples were collected for SDS-PAGE analysis to
monitor the efficiency of each step. As shown in Figure 13d, a considerable portion of the
protein remained in the insoluble cell pellet. Nevertheless, approximately 6 mg of Abl was
successfully obtained per liter of bacterial culture. Although this yield is below the desired level
(> 30 mg/L), it is still encouraging given the well-documented challenges associated with
producing soluble protein kinases in E. coli.'?>!** These results highlight the feasibility of
obtaining active kinase in sufficient amounts for downstream applications, despite intrinsic
solubility limitations.

To evaluate the protein folding of Abl, we acquired the 1D "H NMR experiment (Figure
14).
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Figure 14: 1D 'H NMR spectrum of Abl kinase: the sample was prepared by solubilizing 150 pmol-L-'Abl in 20
mmol-L"! phosphate buffer (pH 8.0) containing 200 mmol-L! NaCl. Sodium 2,2-dimethyl-2-silapentane-5-
sulfonate (DSS, 50 umol-L!) was added as an internal chemical shift reference.

The NMR spectrum (Figure 14) displays characteristic signals indicative of a folded
protein. The dispersion of amide proton resonances between 6 and 10 ppm suggests the
presence of a well-defined tertiary structure, as it reflects a variety of distinct chemical
environments typical of a folded state. Additionally, signals observed below 0 ppm further
support proper folding. These upfield-shifted resonances arise from methyl protons located in
highly apolar, electron-dense regions within the hydrophobic core of the folded protein, where
the shielding effect causes significant chemical shift perturbations.!'*> These features provide

evidence that the purified protein is suitable for the kinetic tests that will be carried out.

3.3.3 Demonstrating the Abl Intrinsic ATPase Activity

As previously discussed, ATPase activity in protein kinases is observed as a secondary
reaction. This activity reflects the enzyme’s ability to hydrolyze ATP into ADP and P1i, even in
the absence of peptide substrates, typically occurring at rates two to three orders of magnitude
lower than phosphotransfer. To evaluate whether Abl kinase exhibits intrinsic ATPase activity,
we monitored changes in the NMR signals of ATP, ADP, and phosphate employing one-

dimensional *'P nuclear magnetic resonance (NMR) spectroscopy (Figure 15).
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Figure 15: Monitoring Abl ATP hydrolysis by 3'P NMR: (a) Schematic representation of ATP hydrolysis; (b) 3'P
NMR spectra. The reaction medium consisted of 40 mmol-L! Tris-HCI buffer (pH 7.5), 2.5 mmol-L"' magnesium
chloride, and 2% v/v DMSO. The yellow spectrum corresponds to the reaction medium containing 1.27 pmol-L™!
Abl enzyme, while the dark red spectrum represents the control medium without enzyme, showing no reaction.
Reactions were initiated by adding ATP to a final concentration of 1.6 mmol-L"!, incubated for 2 hours, and then
quenched with EDTA solution. (The spectra were calibrated with the TMP standard at 3 ppm).

The addition of 1.27 umol-L' Abl kinase to a system containing 1.6 mmol-L"" ATP
promoted ATP hydrolysis, as indicated by a decrease in the B-ATP signal (—21.6 ppm), an
increase in the inorganic phosphate (Pi) signal (2.5 ppm), and an enhancement in the intensity
of the a- and B-phosphate resonances of ADP, as observed in the spectra (Figure 15b, yellow
spectrum). This conversion becomes more evident when compared to the control spectrum
(Figure 15b, dark red spectrum), in which the ADP and Pi signals are attributed to residual
contamination from the starting material, but in the absence of Abl kinase, ATP hydrolysis was
not detected.

To evaluate ATP stability under the reaction conditions and ensure that ATP hydrolysis

comes from the Abl enzyme and not from some component of the buffer, three control
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experiments were performed and analyzed by *'P NMR (Figure 16a). In the first control, ATP
was mixed with the quenching solution at the initial time point to generate a reference spectrum
corresponding to time zero (Figure 16b). In the second control, ATP was incubated in reaction
buffer at 25 °C for 17 hours before quenching, allowing assessment of its stability over the
experimental timeframe (Figure 16c). In the third control, ATP was incubated for 17 hours in
the presence of the quenching solution to evaluate any potential degradation in this condition

(Figure 164d).

(a)
Stop Solution Oh
on NMR
"B.‘Tp = " 17h Stop Solution .
Reaction medium Analy‘SIS
Oh Stop Solution 17h
(b)
j 0.1497
N
305 3.00 285 255 250 245
‘ 1L il l
(c)
I 0.1409
305 abo 285" 255 250 245
(d)

IG,‘IBGE

p
305 300 295 255 250 245

o 5 40 45 20

31p chemical shift (ppm)

Figure 16: ATP Stability Assay: (a) Schematic representation of the three control experiments assessing ATP
stability; (b) >'P NMR spectrum of Experiment 1 (dark red), in which the stop solution, an EDTA solution (30 m
mol-L-!, pH 13), was added to simulate the quenching of the reaction in the presence of Abl; (c) *'P NMR spectrum
of Experiment 2 (yellow), where ATP remained in the reaction buffer for 17 hours before adding the stop solution;
(d) *'P NMR spectrum of Experiment 3 (salmon), in which ATP and the stop solution were added simultaneously,
and the spectrum was recorded after 17 hours.
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Analysis of the *'P NMR spectra (Figure 16) confirmed that ATP remained stable
throughout the incubation period, with no detectable degradation. The phosphate signal
integrals were consistent with those of the reference spectrum, indicating the preservation of
ATP integrity under the experimental conditions.

If the purified Abl sample were contaminated with the phosphatase PTP1B — which is
co-expressed during protein production — or with YopH, which is added during one of the
purification steps, these phosphatases could dephosphorylate Abl following its
autophosphorylation (Figure 17a), thereby releasing the inorganic phosphate detected in the
experiments shown in Figure 15. To rule out the possibility of phosphatase contamination, a
control assay was performed using p-nitrophenyl phosphate (pNPP), a known phosphatase

substrate, 43144

as shown in Figure 17.

The assay was performed under the same conditions in which the reactions were
analyzed by NMR with Tris-HCI buffer (40 mmol-L"!, pH 7.5) containing 2.5 mmol-L™!
magnesium chloride, 2 % v/v DMSO, and pNPP substrate was added to a final concentration
of 2.1 mmol-L!. Three conditions were tested: (1) buffer only, (2) buffer with 1.27 pmol-L™!
Abl kinase, and (3) buffer with 37.7 nmol-L"! YopH phosphatase. The reactions were monitored
for two hours via UV-vis spectroscopy. Since p-nitrophenol, the hydrolysis product of pNPP,

exhibits a yellow color, whereas pNPP itself is colorless, an assessment of the samples was

performed to detect phosphatase activity.
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Figure 17: Scheme showing the reaction that could occur if the sample were contaminated with phosphatase in
(a), and assay to evaluate the contamination of spurious phosphatase in the purified Abl sample: all three
microtubes contained 40 mmol-L-! Tris-HCI buffer (pH 7.5), 2% v/v DMSO, 2.5 mmol-L-! MgClz, and 2.1 mmol-L-
! pNPP. (b) control of positive reaction, with YopH phosphatase at 37.7 nM. no addition of the Abl purified
solution, (c) Abl was added to a final concentration of 1.27 pmol-L"!, while in (d) corresponds to buffer only, with
no addition of the Abl purified solution.

No color change was observed in the tubes containing only buffer or Abl kinase (Figure

17c and 17d), indicating that the Abl purified samples did not catalyze pNPP hydrolysis. In



71

contrast, a yellow coloration developed in tube 1, which contained the phosphatase YopH, along
with a characteristic absorbance increase at 420 nm (Figure 17b), confirming its expected
phosphatase activity. These results demonstrate that the purified Abl kinase sample was free
from contamination with phosphatases such as PTP1B or YopH, supporting that the phosphate

observed in the previous reactions comes from the ATPase activity of Abl.

3.3.4 Assessment of the Kinase Activity of Purified Abl Using 3'P NMR

Another essential control experiment was carried out to confirm the catalytic activity of
the purified Abl kinase, specifically its ability to phosphorylate peptide substrates under the
same experimental conditions described above. Reactions were performed in 40 mmol-L™! Tris-
HCI buffer (pH 7.5) containing 2.5 mmol-L™! MgCl., and 2% DMSO. Samples were incubated
for 2 hours at 25 °C and quenched by the addition of an EDTA-based stop solution to chelate
divalent cations and halt enzymatic activity, and monitored by one-dimensional *'P NMR
spectroscopy (Figure 18).
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Figure 18: 3'P NMR spectra of peptide phosphorylation assays using the enzyme Abl kinase: (a) Negative control
containing only ATP in 40 mmol-L"! Tris-HCl buffer (pH 7.5), 2.5 mmol-L! MgClz, 2% DMSO, 200 pmol-L! of
Poly (Glu4-Tyr) in the absence of Abl kinase; (b) Reaction containing the Poly (Glu4-Tyr) peptide 200 pmol-L™!
and Abl kinase 1.27 pmol-L!, showing no detectable phosphorylation; (c) Control reaction with peptide
KKDAEYAAP 200 umol-L! in the absence of Abl kinase; (d) Reaction with peptide KKDAEYAAP 200 pmol-L-
! and Abl kinase 1.27 pumol-L!, showing the appearance of a new 3'P signal consistent with tyrosine
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phosphorylation. All reactions were incubated for 2 hours at 25 °C and quenched with an EDTA -containing stop
solution prior to NMR acquisition.

The first assay tested a synthetic peptide containing a sequence composed of four
glutamate residues followed by a single tyrosine (Poly (Glu4-Tyr)). This peptide, although
structurally simple, lacks key features associated with efficient recognition and phosphorylation
by Abl kinase. The analysis of the NMR spectra did not reveal new signals containing
phosphorus in relation to the spectrum in the presence of the enzyme (Figure 18b) when
compared to the blank (Figure 18a), indicating that this substrate was not phosphorylated under
the tested conditions. However, the spectra revealed a decrease in the intensity of the ATP
signals and a concomitant increase in the ADP and inorganic phosphate signals. These changes
are attributed to the intrinsic ATPase activity of Abl kinase, which is capable of hydrolyzing
ATP in the absence of a suitable peptide substrate.

To further evaluate substrate specificity, a second peptide with the sequence
KKDAEYAAP was tested. This sequence contains favorable features known to enhance Abl
recognition, such as a hydrophobic residue at —2 positions relative to the tyrosine, and a proline
at the +3 position, which is commonly found in canonical substrates of Abl kinase.!*>:146 Upon
incubation with the enzyme, a new signal emerged in the *'P NMR spectrum at a chemical shift
of -0.15 ppm, consistent with the formation of a phosphotyrosine residue (Figure 18d). This
result demonstrates that the purified Abl kinase was catalytically active and capable of
transferring a phosphate group from ATP to a tyrosine residue within a suitable peptide. In
addition to the new phosphopeptide signal, a marked increase in the intensity of the inorganic
phosphate signal was observed. This likely reflects continued ATP hydrolysis after the
phosphorylation event, driven by the intrinsic ATPase activity of the enzyme.

Taken together, these control experiments confirm that the purified Abl kinase was
functionally competent and selectively phosphorylated a peptide containing the appropriate
sequence motifs. The lack of activity toward the poly-Glu-Tyr peptide further supports the
specificity of Abl for its substrates. These findings validate the enzymatic integrity of the
protein preparation and ensure the reliability of subsequent kinase activity assays described in

this study.

3.3.5 Phosphate Quantification via Quantitative 3'P NMR

To quantify the concentration of inorganic phosphate in reactions catalyzed by Abl
kinase, it was first necessary to verify the linearity of the response curve under the conditions
described in Section 3.2.7 of Materials and Methods. For this purpose, 1D *'P NMR spectra

were acquired for samples containing known concentrations of phosphate. The standard curve
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was determined by measuring the 3'P NMR signal integral ratio (Api/Atvpr) of K:HPO4 to TMP,
here called Normalized Signal Area, and plotting it against the K-HPOa concentration (Figure
19).

1.2

0.8 4

0.6 -

0.4

Normalized signal area

0.2 4

0

0 025 05 075 1 125 15 175 2

Phosphates (mmol-L-")

Figure 19: Calibration curve of the phosphate concentration via *'P NMR. All concentrations were obtained from
independent triplicate experiments. Different concentrations of phosphate ion in Tris-HCI buffer 40 mmol-L-!, pH
7.5 containing 2.5 mmol-L™! of MgCl,, 2% v/v of DMSO, and 2.14 mmol-L"! of TMP. Data obtained from
independent triplicates of experiments were used to construct the calibration curve.

Least-squares fitting of the data yielded a coefficient of determination (R? = 0.9977),
with the resulting linear equation described by y = 0.5727x + 0.0227. The limit of detection
(LOD) and limit of quantification (LOQ) were determined based on calibration curves. Noise
integration in the NMR spectra was performed over a 0.4 ppm range, matching the width used
to integrate the phosphate signal in the calibration curve samples. The LOD and LOQ were then
estimated using 20 noise regions in the NMR spectra. The LOD was calculated as 40.3 umol-L-
!, while the LOQ was 122 umol-L!'. These values were obtained following standard
methodology, where LOD is defined as 3.3 times the standard deviation of the noise (o) divided
by the slope (S) of the calibration curve (LOD = 3.36/S). LOQ is defined as ten times the
standard deviation of the noise divided by the slope (LOQ = 105/S).!47-148

3.3.6 Abl Intrinsic ATPase Activity Assays

The primary objective of this study was the development of an enzymatic assay for the
screening of Abl kinase inhibitors. To evaluate the feasibility of using ATPase activity as a
biochemical readout, the apparent turnover number (kcq;) for ATP hydrolysis was determined

(Figure 20).
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Figure 20: Kinetic characterization of Abl ATPase activity by 'D *'P NMR. Reactions were carried out in a 40
mmol-L! Tris-HCI buffer (pH 7.5), containing 2.5 mmol-L"! MgCl, and 2% v/v DMSO, initiated by the addition
of ATP (final concentration: 2.58 mmol-L™"). Abl was added to the reaction medium, which was incubated at 20 °C
for 2 h and then quenched with EDTA. Reaction progress was monitored by 'D 3'P NMR, using TMP (final
concentration: 2.14 mmol-L') as an internal standard.

The observed linear correlation between the initial velocity of phosphate formation and
the Abl concentration (Figure 20) is itself diagnostic of saturating substrate conditions. This
interpretation is supported by the fact that the ATP concentration used (1.6 mmol-L!) was
approximately 30-fold higher than its K, value of 43.6 umol-L™1.13 As per the Michaelis-
Menten equation, vo = keat[ E]«([S]/(Knt+[S])), when [S] > Ky, the term [S]/(K,+[S]) approaches
unity (1), simplifying the relationship to vo = kca[E]i. Under these conditions, the velocity
depends linearly on the enzyme concentration, and the slope of this relationship yields the k.
Our data demonstrate this linear dependence, showing that we are measuring the maximal
catalytic rate (vmax) for each enzyme concentration. Consequently, the ATPase activity of Abl
can be reliably monitored under these saturating conditions, establishing it as a valid system to
test inhibitor screening.

From these data, a turnover number of 5.3 + 0.2 min™' (8.8 x 1072 s™') was obtained.
Although this value is significantly lower than the rate observed for optimized substrates such

%5__the reaction was

as Abltide—a synthetic peptide designed explicitly for Abl kinase activity
still suitable for monitoring ATP consumption. Compared to the kinase domain’s catalytic rate
with abltide, the ATP hydrolysis rate was approximately 80-fold lower.!?® This reduced rate
was anticipated, as ATP hydrolysis in this context is considered a background activity, rather
than the primary phosphotransferase function. This finding is consistent with reports on the
ATPase activity of other protein kinases, which similarly exhibit much slower rates of ATP

hydrolysis compared to substrate phosphorylation. !!8:11%122
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When contextualized with data from other kinases, the observed ATPase activity is in
line with expectations. For example, rabbit skeletal muscle phosphorylase kinase hydrolyzes
ATP at roughly 0.2% of its phosphoryl transfer rate and three times slower than its
autophosphorylation activity.!!” Likewise, ATPase activity of rat brain Protein Kinase C (PKC)
isoforms has been reported at 4.7% for PKC-a and 2.6% for PKC-y relative to their kinase
activities.!'® Under comparable assay conditions, PKC-a hydrolyzed ATP at 0.085 pmol/min,
while its kinase activity reached 1.80 pmol/min; similarly, PKC-y showed ATPase rates of
0.061 pmol/min compared to 2.34 pmol/min for kinase activity. These parallels reinforce the
interpretation that Abl's ATPase activity represents a basal, non-phosphotransfer process.
Importantly, such modest hydrolytic activity minimizes nonspecific ATP consumption, thus
preserving cellular resources while maintaining the kinase's primary physiological role.

To evaluate whether the ATPase-based methodology could be applied in biochemical
assays for inhibitor screening, pilot experiments were carried out using the small-molecule
drugs imatinib and dasatinib (Figure 21). These inhibitors were selected due to their clinical
relevance and extensive characterization as ATP-competitive ligands that target the Abl kinase
domain with high specificity and potency.'*’ Their well-established pharmacological profiles

make them ideal reference compounds for validating the assay's ability to detect enzymatic

inhibition.
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Figure 21: Development of an Abl assay based on ATPase activity: (a) Effect of imatinib concentration on Abl
activity, assessed by 1D 3'P NMR; (b) Comparison of imatinib and dasatinib (3 pmol-L"! each) on Abl activity.
Reactions were performed as described above, with TMP (2.14 mmol-L") as internal standard. Reactions were
carried out in a 40 mmol-L™! Tris-HCI buffer (pH 7.5), containing 2.5 mmol-L! MgCl. and 2% v/v DMSO, initiated
by the addition of ATP (final concentration: 2.61 mmol-L"). Abl (1.27 umol-L") was incubated with ATP (1.61
mmol-L") at 20 °C for 2 h before quenching with EDTA and NMR analysis.

The enzyme inhibition data for imatinib against Abl kinase were analyzed using the
Morrison tight-binding equation. This approach was necessitated by the experimental
conditions, where the total enzyme concentration ([E]t) was not negligible compared to the

inhibitor concentration ([I]t), thereby invalidating the assumptions underlying classical
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Michaelis-Menten or Hill approximations. The Morrison formalism accounts for the significant
depletion of the free inhibitor by the enzyme, providing a more accurate determination of the
dissociation constant under these conditions. From this analysis, a K value of 67 + 38 nmol-L°
! was determined. This result is near to reported values in the literature 8 nmol-L™!, 1°° and 26
nmol-L!. 15!

This experimentally derived Kq of 67 = 38 nmol-L™! occupies an intermediate position
within the range of values reported in the literature, which spans from 3.8 nmol-L! to 140
nmol-L!. A plausible explanation for this intermediate value lies in the phosphorylation status
of Abl kinase during the assay.®® The present study measured ATPase activity under kinetic
conditions in the presence of ATP. Consequently, the enzyme, initially in a dephosphorylated
state, may be progressively phosphorylated throughout the reaction course. Given that Manley
et al. (2011)'* demonstrated a influence of phosphorylation status on imatinib affinity—
reporting a Ky of 3.8 nmol-L"! for the non-phosphorylated form and 141 nmol-L™! for the
phosphorylated form—the observed value of 67 + 38 nmol-L™! likely represents a population-
weighted average. It reflects the dynamic equilibrium between the high-affinity
(dephosphorylated) and low-affinity (phosphorylated) states of Abl kinase present in the
reaction mixture, thereby reconciling our result with the existing literature.

The observed Ks value may also be influenced by the application of the K, reported for
the kinase activity in the Cheng-Prusoftf-like equation (Equation 3). It is plausible that the K,

value for ATP in its ATPase activity differs a bit from that of its kinase activity!'!’

, potentially
introducing an effect not accounted.

Comparative assays performed at an equimolar concentration of 3 umol-L! revealed
distinct inhibitory profiles: imatinib reduced the enzymatic activity by approximately 50%,
whereas dasatinib led to complete inhibition under the same conditions (Figure 21b). This
marked difference is consistent with the higher binding affinity of dasatinib and reflects its
superior potency as an inhibitor of Abl kinase.!*!>? These findings support the feasibility of
using ATPase activity as a readout for monitoring Abl inhibition and suggest that the assay is
sensitive enough to discriminate between inhibitors with different affinities.

It is important to consider the specific limitations of the ATPase-based assay employed
in this study. This method detects inhibition by measuring the decrease in the intrinsic ATP
hydrolysis rate of Abl. Consequently, its applicability is inherently linked to the mechanism of
action of the inhibitor. The assay is expected to be effective for compounds that directly
compete with ATP binding (Type I and II inhibitors) or allosteric inhibitors that stabilize an

inactive conformation, thereby impairing the catalytic apparatus necessary for phosphate
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transfer. However, this approach may fail to identify certain classes of inhibitors. For instance,
compounds that bind exclusively to the substrate peptide-binding site without impeding ATP
binding or the nucleophilic attack by water would likely not inhibit the observed ATPase
activity. Similarly, allosteric inhibitors that do not lock the enzyme in a specific conformation
or otherwise affect the catalytic steps of ATP binding and hydrolysis may also remain
undetected. Therefore, while this ATPase assay provides a valuable and direct functional
readout for a specific subset of kinase inhibitors, it is not a universal screening method, and its
results should be interpreted within this mechanistic context.

Despite the modest kinetic profile of Abl’s intrinsic ATPase activity, the results
presented here demonstrate that an ATPase-based method constitutes a reliable platform for
monitoring Abl kinase activity. Among the various techniques available for quantifying P1i, *'P
nuclear magnetic resonance (*!P NMR) stands out as a robust and widely validated
approach.!3%13315% [tg high specificity eliminates signal interference from other phosphorus-
containing species, allowing for precise and unambiguous quantification of phosphate. 3'P
NMR has been extensively used in studies of phosphate metabolism,!'>>!%% ATP-driven
enzymatic reactions,'>’ and phosphate transport mechanisms.'>%!> Despite its clear analytical
advantages, the high cost and limited accessibility of NMR instrumentation may restrict its use
in routine biochemical screening.

The discovery of intrinsic ATPase activity in Abl opens opportunities to combine this
finding with more accessible methods for Pi quantification, thereby streamlining assay
development. Among these alternatives, methods based on the molybdenum blue reaction are
particularly promising. This colorimetric strategy, which involves the formation of a
phosphomolybdenum blue complex, 1is highly sensitive, compatible with visible
spectrophotometry, and operationally simple, making it attractive for routine applications.!®
Electroanalytical approaches also hold potential for coupling with ATPase assays. Phosphate
sensors based on metal complexes, modified electrodes, and supramolecular architectures offer
advantages such as selectivity, reduced optical interference, and potential for miniaturization
and real-time detection.'! Strategies employing hard metal cations (e.g., europium or terbium)
to promote selective phosphate binding have been explored for the development of rapid and
reliable sensors.'®? In addition, ion chromatography remains a highly sensitive alternative for
phosphate analysis, with well-established protocols for diverse sample types. 3164

Although ATP hydrolysis by Abl occurs at a rate significantly lower than its canonical
phosphotransferase activity, this observation reveals a noncanonical enzymatic reaction.

Reports of basal ATPase activity in other kinases—such as SRC,'?! PKC,!'® ERK2,!'" and p38-
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R MAP kinase!®—suggest that this behavior may be a conserved but underappreciated feature
of the kinase superfamily. It is plausible that such residual ATP hydrolysis reflects
conformational fluctuations within the active site, potentially associated with catalytic resetting
or autoinhibitory transitions.

From an application standpoint, we show that this activity is selectively and robustly
inhibited by ATP-competitive drugs, supporting its utility as a proxy for monitoring kinase
inhibition. This discovery enables the design of substrate-free assays that eliminate the need for
synthetic peptides or radiolabeled substrates, thereby simplifying workflows and enhancing
scalability. In this context, the characterization of Abl’s intrinsic ATPase activity not only
expands our biochemical understanding of this therapeutically relevant kinase but also

establishes a foundation for novel assay formats with practical translational value.
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4 DEVELOPMENT AND VALIDATION OF A MALACHITE
GREEN COLORIMETRIC METHOD FOR MONITORING ABL
KINASE ACTIVITY

4.1 Introduction

Kinase-catalyzed reactions result in the transfer of a phosphoryl group from ATP to a
substrate, producing ADP and a phosphorylated substrate.>!%® Both the substrates and the
products formed are, in most cases, colorless and lack spectral properties visible to the naked
eye. Therefore, direct detection of kinase activity by colorimetric methods is not feasible
without employing indirect strategies to generate a quantifiable spectrophotometric response.
These strategies involve the conversion of Pi, ADP or phosphorylated product into chromogenic
products, allowing quantification by visible-light spectrophotometry.

Although established methods exist for monitoring kinase activity, such as fluorescent
and radioactive assays, colorimetric approaches offer specific advantages that justify their use
in certain contexts. Fluorescent methods, for example, provide high sensitivity and real -time
measurement capabilities but require specialized equipment and may suffer from interference
due to autofluorescence.’” Radioactive assays, on the other hand, achieve very high sensitivity
and excellent specificity but demand special licensing, infrastructure for safe handling, and
stringent waste management.38

In comparison, colorimetric methods offer several advantages that make them
particularly suitable for high-throughput screening (HTS) applications. Their simplicity and
ease of signal acquisition enable faster analyses compared to chromatographic techniques,
thereby reducing the overall assay time and operational complexity.!'¢” A key benefit is their
ability to allow direct observation of reaction progress, even by the naked eye, providing a rapid
qualitative indication of activity.!®® In many cases, these assays require only basic laboratory
instrumentation, such as a simple spectrophotometer, or can be performed through visual
inspection alone, eliminating the need for sophisticated analytical equipment. '6517!

Another notable advantage is the straightforwardness of their protocols, which typically
involve few procedural steps and do not demand labor-intensive extraction or elaborate sample
preparation.!’%!"! Colorimetric assays can be easily miniaturized for use in microplate (96- or
384-well), enabling the simultaneous screening of hundreds to thousands of compounds and

accelerating the identification of promising inhibitors.!”%!”2 Moreover, the use of inexpensive
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and widely available reagents, combined with their inherently low operational costs, facilitates
large-scale applications and supports deployment in resource-limited settings.'%%!7!

In the context of protein kinases, there are not many colorimetric assays available.
Reported examples include assays for specific enzymes such as T4 polynucleotide kinase
(PNK)!">!7* and adenosine kinase,!”® involving experimental strategies that cannot be applied
directly to other enzymes. One general strategy for kinase assays is based on conformational
changes in conjugated polymers induced by substrate phosphorylation. Liu and co-workers!”
developed a method for detecting protein kinase A (PKA) activity using the cationic
polythiophene derivative PMNT, where electrostatic interaction with ATP induces a random-
coil conformation (pink). Phosphorylation converts ATP to ADP, decreasing PMNT—-ATP
interaction and triggering a planar conformation with a yellow color change.

Another explored class of colorimetric assays involves the aggregation or surface
modification of noble metal nanoparticles, such as gold (AuNPs) or silver nanoparticles
(AgNPs), in response to peptide phosphorylation. In these systems, changes in peptide charge
or conformation alter nanoparticle dispersion, resulting in a visible color shift detectable by eye
or UV—Vis spectrophotometry.!”7 18!

An illustrative example of the nanoparticle-based approach is the non-crosslinking
AuNP aggregation assay described by Oishi and co-workers.!” The method employs
unmodified citrate-coated AuNPs with negatively charged surfaces and synthetic cationic
peptide substrates (Figure 22).
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Figure 22: Concept of the colorimetric kinase activity assay based on citrate-adsorbed gold nanoparticle
aggregation.
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In the absence of phosphorylation, the positively charged peptides adsorb onto the
AuNP surface through electrostatic attraction and multivalent contacts. This adsorption
neutralizes the negative surface charge of the nanoparticles, reducing electrostatic repulsion and
inducing aggregation, producing a visible color change from red to blue (Figure 22). Upon
phosphorylation, the introduction of a negatively charged phosphate group decreases the
peptide’s net positive charge and weakens its affinity for the AuNP surface. As a result, the
nanoparticles remain dispersed, and the solution retains its red color.!”

Another colorimetric method, described by Wu,'®? presents a universal kinase assay
strategy based on the detection of Pi generated from adenosine diphosphate (ADP), a product
of ATP-dependent phosphorylation reactions. In this approach, the ADP produced by the kinase
reaction is selectively hydrolyzed by the nucleotidase CD39L2 into adenosine monophosphate
(AMP) and Pi, which is then quantified using malachite green reagents under acidic conditions

(Figure 23).
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Figure 23: Kinase assay using ADP phosphatase and quantification of Pi released by the malachite green method
(Adapted from Wu!#?),

This colorimetric readout enables quantification of kinase activity while avoiding the
complexity of radiolabeling or antibody-based detection. The assay is broadly applicable to any
kinase that utilizes ATP as a substrate, making it versatile for kinetic studies and inhibitor
screening. The conceptual simplicity and adaptability of Wu’s method'®* directly inspired the
present study, in which we also employed malachite green chemistry to measure the phosphate

released during a kinase-catalyzed reaction.



82

Kinase and ATPase reactions typically proceed with adenosine triphosphate (ATP) and
a peptide as substrates, both of which are colorless, generating adenosine diphosphate (ADP)
and inorganic phosphate, or a phosphorylated product, which are likewise colorless.
Consequently, the direct spectrophotometric detection of these reactions is not feasible without
additional chemical transformations. The development of a colorimetric assay therefore
requires the design of a strategy capable of converting at least one of these species into a

chromophore or a chromogenic complex detectable in the visible range.

4.1.1 But How Can we Impart Color to Inorganic Phosphate?

As discussed in the results and discussion section of the previous chapter, different
approaches have been employed for phosphate quantification, many of them offering more
accessible and operational alternatives than nuclear magnetic resonance (NMR). Among these
strategies are chromatographic methods, electroanalytical techniques, the use of fluorescent
probes, and, in particular, colorimetric assays.'®? This section will emphasize the latter, whose
relevance stems not only from their experimental simplicity but also from the advantages
already discussed, such as feasibility in routine analyses. Thus, the main colorimetric methods
described in the literature for phosphate quantification will be presented, establishing the
reasons why the malachite green-based assay was selected in this work to monitor the activity
of Abl kinase, whose intrinsic ATPase function is manifested by the hydrolysis of ATP and
subsequent release of inorganic phosphate into the reaction medium.

Colorimetric strategies have been developed for the detection and quantification of
phosphates, ranging from specific molecular interactions to nanoparticle aggregation processes
for applications in different contexts.'®>!¥* Among them, one example is the use of sensors
based on 1,3,5-trinitro-2,4-dimethylbenzene, whose detection principle relies on charge-
transfer (CT) interactions between the strongly electron-deficient aromatic compound and
phosphate species, which act as electron donors. Formation of the phosphate—sensor complex
induces spectral shifts in absorption, resulting in a visible color change. This system enables
detection at millimolar concentrations in simple matrices such as urine. '*’

More recently, Lin and co-workers'®® reported the development of a versatile
colorimetric sensor based on polydopamine nanoparticles (PDA NPs) functionalized with
biothiols such as N-acetyl-L-cysteine (NAC), whose functional groups (—OH, —-NHz, -COOH,
and —SH) enable interaction with metal ions (Fe**, Ag*, and Hg?"). These metal ions act as
modulators of the redox reaction between 3,3',5,5'-tetramethylbenzidine (TMB) and hydrogen
peroxide, producing the oxidized blue form (oxTMB). Upon the addition of phosphates (ATP,
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ADP, or HPO+*"), competition for metal ion binding displaces the ions from the PDA NP
surface, exposing the —SH and —OH groups. These groups subsequently reduce oxTMB back
to its colorless form, TMB, leading to a decrease in absorbance at 650 nm. The magnitude of
this decrease depends on the coordination affinity of each phosphate species, enabling the
generation of distinctive response patterns for different phosphates.

The chemical versatility of TMB oxidation has also been harnessed by Song and co-
workers'®” to quantify phosphatase activity through a Ce(IV)-mediated colorimetric assay
(Figure 24). In this method, tetravalent cerium ions (Ce*") function as a homogeneous oxidase
mimic, catalyzing the oxidation of the chromogenic substrate 3,3',5,5'-tetramethylbenzidine
(TMB) in the presence of dissolved oxygen (O2) to yield the blue oxidized product (TMBox).
The underlying redox process operates through a Ce*/Ce*" catalytic cycle: Ce** reduces O2 to
superoxide radicals (O2"), which in turn oxidize TMB.

PO4

[ Product | + ATP

o/

Ce+4 > Ce3(PO4)4

Figure 24: Schematic representation of the colorimetric alkaline phosphatase (ALP) activity assay based on the
oxidase-like activity of Ce(IV) ions that can be quenched by phosphate.'®’

In the presence of inorganic phosphate (PO+*"), Ce(IV) is selectively precipitated as
cerium phosphate (Ce3(POs)4), effectively halting the oxidation reaction and leading to a
measurable decrease in absorbance at 652 nm. This inhibitory effect is highly selective toward
PO+*", as other common anions such as ClI- and SO+* do not form stable precipitates with
Ce(IV) under the assay conditions. The combination of catalytic efficiency, operation at
physiologically relevant pH, and selectivity for phosphate over structurally unrelated anions

underscores the potential of this Ce(IV)/TMB system for sensitive and specific monitoring of

phosphatase activity.'®’
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In a related approach, Wang and co-workers!®® developed a sensitive colorimetric assay
for phosphate (PO+*") detection in water based on copper metal-organic frameworks (Cu-
MOFs). Three Cu-MOF variants were synthesized using different organic linkers—2-
aminoterephthalic acid, nitroterephthalic acid, and trimesic acid—with the trimesic acid-based
Cu-MOF (Cu-MOF(3)). These MOFs displayed intrinsic peroxidase-like activity, catalyzing
the oxidation of 3,3",5,5'-tetramethylbenzidine (TMB) by hydrogen peroxide under neutral pH
(7.0) to produce the blue oxidized product (TMBox), with an absorbance maximum at 652 nm.

Upon addition of PO+*~, the catalytic reaction was strongly inhibited due to phosphate
coordination to the Cu®" active sites within the MOF lattice. This coordination disrupted the
MOF’s structural integrity, resulting in a collapse of the nanostructure and diminished catalytic
activity. Mechanistic investigations revealed that the formation of Cu—PO+*~ complexes blocked
the generation of hydroxyl radicals (*OH), the key reactive species responsible for TMB
oxidation.'®®

Despite the innovative methods described above, the molybdenum blue method stands
as the most traditional approach for the colorimetric quantification of phosphate.!81%0 Its
principle is based on the formation of a Keggin-type heteropolyanion (H3:PO4(M0Os):12) in a
strongly acidic medium (pH < 1.0), from the reaction between phosphate and molybdate
(MoO+*), yielding an initial colorless phosphomolybdic complex. Upon reduction—usually
with ascorbic acid—this complex produces an intense blue product containing Mo(V) and
Mo(VI).'1%%1! The color intensity, quantified by UV—Vis spectrophotometry in the 700-900 nm
range, is directly proportional to the total phosphate concentration.

Molybdenum blue methods employing organic reducing agents, such as ascorbic acid,
or hydrazine, typically require heating to drive the reaction, owing to the relatively low reducing
power reactivity in acidic media, or to the complex multistep processes involved in the redox

transformation.'® This limitation can be overcome either by combining reducing agents'*? o

r
by employing strong inorganic reductants—such as antimony(IIl) compounds—which enable
a rapid color change from transparent to intense blue even at ambient temperature, thereby
simplifying experimental procedures.!®*1%4

Colorimetric methods based on the molybdenum blue reaction typically exhibit
detection limits in the microgram range of phosphate per sample. "2 In contrast, the malachite

195-197 making it more suitable for

green method can reach sensitivities in the nanogram range,
detecting the minute amounts of phosphate released in enzymatic assays. In addition, our
research group already had prior experience with the malachite green assay, which further

supported its selection for the present work.
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Dye adsorption methods for phosphate quantification—of which the malachite green
method is a representative example— rely on the ability of certain organic dyes to bind to the
heteropolyacid complex formed upon reaction of phosphate with molybdate in acidic medium.
In these assays, the initial step is identical to that of the molybdenum blue method: phosphate
reacts with molybdate to form 12-molybdophosphoric acid (H3PMo012040). Once formed, this
heteropolyacid interacts with dyes from the triphenylmethane family, such as methylene blue,
methyl violet, fuchsine red, and safranin, which adsorb onto its surface. This adsorption
produces a marked color change in the solution, allowing phosphate concentration to be
determined by UV—Vis spectrophotometry.!”* 2% Among these dyes, malachite green is the
most widely used, as it produces a complex with superior molar absorptivity, thereby enhancing
the method’s sensitivity.?"!

In summary, this section has outlined the main colorimetric strategies employed in
phosphate quantification methods, culminating in the malachite green assay. Due to its
operational simplicity, ease of implementation, and widespread application in the study of
enzymatic reactions, such as those catalyzed by phosphatases and ATPases.??> 2! We selected
the malachite green method as the basis for this work. Our goal was to optimize and validate a
malachite green protocol for measuring the intrinsic ATPase activity of Abl kinase, thereby

establishing a novel framework for assessing this enzyme’s activity.

4.2 Materials and Methods

4.2.1 Reagents and Standards

In the preparation of the buffer solutions and substrates, commercially acquired reagents
from the following companies were used: Sigma-Aldrich (Tween 20 for molecular biology,
viscous liquid), Exodo Cientifica (ammonium molybdate tetrahydrate, analytical grade), Neon
(malachite green, analytical grade), Vetec (Triton X-100). The suppliers of other reagents used
are described in the previous chapter. All solutions were prepared using deionized water with a

resistivity greater than 18.2 MQ.cm at 25 °C.

4.2.2 Pilot Studies for Establishing Malachite Green Assay Conditions for Phosphate
Quantification

Two methodologies previously described in the literature were evaluated for the
quantification of inorganic phosphate. The first, developed by Harder and co-workers,'>
involves the preparation of a malachite green reagent by mixing one volume of a 4.2% (w/v)

ammonium molybdate solution in 4 mol-L"! HCI with three volumes of a 0.045% (W/v)
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malachite green aqueous solution. The mixture was prepared slowly to prevent the formation
of insoluble aggregates and maintained under continuous stirring for 30 minutes. The resulting
pale-yellow solution was filtered through a 0.22 um pore-size Millipore membrane and stored
at 25 °C. Immediately prior to use, Tween 20 was added to a final concentration of 0.01% (v/v).
To minimize volume changes, Tween 20 was introduced from a concentrated stock solution
(11% v/v). For the development of the chromogenic response, two volumes of the reagent were
added to one volume of the sample to be analyzed. For example, in a total reaction volume of
750 uL, 250 uL of the sample was mixed with 500 uLL of the malachite green reagent. The
samples were then incubated for 15 min at room temperature before measurement of absorbance
at 620 nm.

The second evaluated protocol was described by Baykov and co-workers.?!! In this
methodology, 60 mL of sulfuric acid (density = 1.84 g/mL) was slowly added to 300 mL of
deionized water. After cooling the solution to 25 °C, 0.44 g of malachite green was dissolved
under stirring. Before use, 2.5 mL of 7.5% ammonium molybdate solution was added to 10 mL
of the dye solution, followed by 0.2 mL of Tween 20 (11% v/v). The final reagent was mixed
with the sample at a 1:4 (v/v) ratio. The mixture was incubated at room temperature for at least
10 minutes, and absorbance was measured at 620 nm. The final concentrations of the reagents

in the assay mixtures for both methods are summarized in Table 1.

Table 1 - Final concentration of each component in the malachite green assay after mixing with the sample (from
calibration curves or enzymatic reactions).

Method
Component
Harder Baykov
H2SO4 - 0.49 mol-L"!
HCI 0.67 mol-L! -

Ammonium molybdate 0.7% (m/v) 0.29% (m/v)
Malachite green 0.0225% (m/v) 0.0192% (m/v)
Tween 20 0.0066% (v/v) 0.0346% (v/v)

Calibration curves were constructed using known concentrations of K;HPO4 for both
methods. For the Baykov method, the effect of varying the concentration of Tween 20, in the
reagent solution (0.173%, 0.346%, and 0.693% v/v) on the linearity and sensitivity of the assay
was evaluated. The impact of replacing sulfuric acid with hydrochloric acid was also

investigated. Finally, the possibility of substitution of Tween 20 with Triton X-100 was tested.
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4.2.3 Method Validation

Analytical method validation is a systematic evaluation of parameters that ensure the
reliability, reproducibility, and suitability of a method for its intended purpose. This process is
essential for guaranteeing the quality of analytical data, particularly in contexts such as drug
development, where robust methods are critical. To validate the colorimetric malachite green
assay for application in enzymatic reactions, experiments were conducted in accordance with
the criteria established by the Brazilian Health Regulatory Agency (ANVISA) through RDC
N° 166/2017, as well as the international guidelines outlined in ICH Q2(R1). Although these
regulations do not specify fixed numerical thresholds for some parameters—such as precision
and accuracy—complementary recommendations were adopted based on best practice manuals
for enzymatic assays used in drug screening, which typically suggest coefficients of variation
(CV) below 5% as indicative of acceptable analytical performance.

Linearity was evaluated by constructing a calibration curve using final phosphate
concentrations of 0.000, 118.7, 237.4, 356.1, 474.8, 593.5, 712.2, and 831.0 ug-L™!. Initially, a
stock solution of potassium phosphate was prepared by drying the salt in an oven, as described
in the previous chapter and following the procedure proposed by Morita and Asumpgio.!3!
From this stock solution, an intermediate solution with a concentration of 11.87 mg-L™! was
prepared. Different volumes of this intermediate solution, along with appropriate volumes of
deionized water, were pipetted into plastic microcentrifuge tubes (Eppendorf-type) such that
the final volume of each sample was 800 pL. To each sample, 200 pL of malachite green
reagent—prepared as described by Baykov,?!! but with the substitution of the surfactant Tween
20 by Triton X-100—was added. The tubes were then sealed, the contents homogenized, and
incubated at room temperature for 50 minutes before measuring the absorbance at 620 nm,
which was used as the analytical response for the calibration curve.

The linearity of the method was assessed by calculating the coefficient of determination
(R?) and performing an analysis of variance (ANOVA) to evaluate the statistical significance
of the linear regression. Additionally, the residuals of the model were visually inspected to
assess homoscedasticity, which was further verified using Cochran’s test.>!? These statistical
analyses were conducted at a 5% significance level.

Precision was evaluated through repeatability (intra-day precision) and intermediate
precision (inter-day precision), the latter performed by a different analyst on a different day
using the same equipment. Repeatability was assessed at three concentration levels of
phosphate — low (118.7 pg-L!"), medium (474.8 ng-L™!), and high (831.0 pg-L™") — with six

replicates per level (n = 18). Intermediate precision was evaluated by repeating the same
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experimental procedure on a different day and by a second analyst, using the same phosphate
concentrations applied in the repeatability assessment.

Intermediate precision was evaluated using the F test to compare variances between
days, and both repeatability and intermediate precision were assessed using the HorRat
approach,?'*2!4 which compares the experimentally observed relative standard deviation (RSD)
to the theoretical RSD predicted by the Horwitz equation. The Horwitz equation estimates the

acceptable RSD for a given analyte concentration based on its mass fraction and is defined as:
RSDiorwitz (%) = 20705X1000(@)  (Equation 6)

where C is the analyte concentration expressed as a mass fraction (e.g., 1 ppm =1 x 10°°).
The HorRat value is then calculated as:

RSD
HorRat = ——2bserved (Equation 7)
RSDHorwitz

The accuracy of the analytical method was evaluated by means of analyte recovery

experiments.?!® Recovery was calculated using the following equation:
C
Recovery (%) = (C—") x 100 (Equation 8)
t

where C, is the concentration of phosphate in the sample, and C; is the theoretical
concentration calculated based on the amount of phosphate initially added. Recovery assays
were performed by spiking known quantities of phosphate into blank matrices and subsequently
measuring the recovered concentration after sample processing. Values close to 100% indicate
that the method is accurate and capable of quantifying the analyte without significant loss or
interference.

The limits of detection (LOD) and quantification (LOQ) for phosphate were estimated
using calibration curve parameters. In this context, both LOD and LOQ were calculated based
on the standard deviation of blank measurements and the slope of the analytical curve,
following the formulas: LOD = 3.3 X (o/S) and LOQ = 10 x (o/S), where, ¢ noted as Standard
deviation of multiple blank (zero-analyte) readings (n = 10), and S taken as the mean slope of
the calibration curve.!4”-14

To assess potential matrix effects on the performance of the malachite green
colorimetric assay, calibration curves were constructed in matrix (5 umol-L! enzyme, 2.5
mmol-L! magnesium chloride, and 40 mmol-L"! Tris buffer at pH 7.5), 100-fold diluted matrix
and compared to the standard curve prepared in deionized water. Initially, all phosphate
standards used for method development were prepared and diluted in deionized water and then

mixed with the malachite green reagent.
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However, considering the intended application of the method for the analysis of
enzymatic reactions, additional experiments were conducted using a defined reaction matrix,
composed of the following components: 5 pmol-L! enzyme, 2.5 mmol-L"! magnesium chloride,
and 40 mmol-L™! Tris buffer at pH 7.5. Two experimental approaches were used to evaluate
matrix effects.

In the first approach, calibration curves were constructed directly in the undiluted
reaction matrix, with the malachite green reagent added directly to each sample without prior
dilution. In the second approach, the reaction matrix was diluted 100-fold in deionized water.
Calibration curves were constructed using phosphate standards prepared in this diluted matrix
and subsequently mixed with the dye.

To assess whether the matrix interfered with the analytical response, the calibration
curves generated under each condition were compared to the standard curve prepared in
deionized water. Statistical evaluation of potential matrix effects was performed using the F-
test and Student’s t-test, to compare variances and slopes of the calibration curves, respectively.
These tests were applied to determine whether significant differences existed between the

curves generated in the presence and absence of the reaction matrix.

4.2.4 Enzymatic Reaction Setup and Analysis
An overview of the reaction setup and analytical workflow is shown in Figure 25, which
illustrates the sequence of reagent additions, incubation steps, and phosphate quantification

procedure used throughout the experiments.

Add:
DMSO Add:
Tris-HCI pH 7,5 buffer Add: Inhibtor Add:
MgCl, Abl enzyme Homogenize ATP
Water Homogenize Wait 10 minutes Homogenize
Wait for the

reaction to occur

Dilute the reaction:
100x or 200x
in water

Measure the (— — —
absorbance in the Add:
visible range at 620 nm Wait 50 minutes iy
Malachite Green

solution

Figure 25: Schematic representation of the experimental workflow for reaction setup and phosphate
quantification.
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Enzymatic reactions were performed in 1.5 mL microcentrifuge tubes. The reaction
mixture contained 40 mM Tris-HCI buffer, pH 7.5 (from a 1 M stock solution), 2.5 mM MgCl.
(from a 0.2 M stock solution), and 2% (v/v) DMSO and ultrapure water was used to complete
the final volume. The reaction was set up by sequential addition of the components as follows:
first, the buffer, MgCl., DMSO and water were added. Next, the enzyme Abl kinase was added
at concentrations ranging from 0.3 to 4 pmol-L"!, depending on the experimental goal. The
mixture was gently homogenized. Control experiments were performed by monitoring the non-
enzymatic reaction mixture over the same time course as the enzymatic reactions.

In experiments evaluating inhibition, the desired concentration of inhibitor (either
imatinib or dasatinib; 0—100 pmol-L! final concentration) was added to the reaction. The
mixture was homogenized again and incubated at 20 °C for 10 minutes to allow for enzyme-
inhibitor interaction.

The reaction was started by adding ATP at final concentrations ranging from 1 to 4 mM,
prepared from 50-100 mM stock solutions. All components were added so that the final
reaction volume totaled 600 puL. In control reactions without inhibitors, the inhibitor addition
and incubation step were omitted, and the reaction was initiated directly by ATP addition. The
reaction mixture was then homogenized and incubated at 20 °C for the desired duration,
typically for at least 1 hour.

At defined time points, aliquots of the reaction were collected and diluted 100- or 200-
fold in ultrapure water, depending on the expected phosphate concentration. The dilution factor
was adjusted to ensure that the inorganic phosphate concentration remained within the linear
range of the detection method. Each diluted sample had a final volume of 800 pL.

Subsequently, 200 uL of malachite green reagent was added to each aliquot, maintaining
a 4:1 ratio of sample to reagent. The malachite green reagent was prepared according to the
method of Baykov et al. (1998), with the modification of replacing Tween 20 with Triton X-
100 as the surfactant, in accordance with the previously validated protocol. After addition of
the reagent, samples were incubated at room temperature for 50 minutes to allow full
colorimetric response. Absorbance was then measured at 620 nm using spectrophotometer Cary
50 of Varian, interfaced with the CarywinUV program.

A calibration curve was prepared on the same day of each experiment. The same batch
of malachite green reagent used to stop the enzymatic reactions was also employed to generate
the calibration curve, ensuring consistency between standards and samples. The reactions were
effectively halted upon addition of the malachite green reagent due to the presence of sulfuric

acid, which reached a final concentration of 0.49 mol-L™".
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The phosphate concentration in each reaction was calculated based on the concentration
measured in the diluted aliquots, considering the dilution factor applied to bring the signal into
the linear range of the assay. Data treatment and analysis were performed as described in 4b/

kinase enzymatic assays (chapter 3 section 3.2.8).

4.3 Results and Discussions

4.3.1 Assay Development: Pilot Studies Using the Malachite Green Method

As an initial attempt to quantify inorganic phosphate using the malachite green assay,
the protocol described by Harder and co-workers!®> was evaluated. This methodology was
selected as a starting point for testing the assay's applicability under the conditions of the present
study. The relationship between absorbance and phosphate concentration, as obtained under

these conditions, is shown in Figure 26a.
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Figure 26: Calibration curve for quantification of phosphate ion in solution using the Harder method: (a) Curve
obtained from absorbances measured at 620 nm 20 minutes after mixing the reagent with the sample; (b) calibration
curve presented in the original article.

A narrow linear range with a molar absorptivity coefficient of 77,900 M'-cm™ was
observed in the calibration curve obtained using the method described by Harder and co-
workers.!”> However, this linear response only began at phosphate concentrations above
2.5 umol-L! (Figure 26a). Below this threshold, a second segment with markedly lower slope
was detected, indicating reduced sensitivity in the lower concentration range. These findings
contrast with the original data reported by Harder and co-workers, in which linearity was
observed from 0 umol-L! with a molar absorptivity of 45,000 M'-cm™ (Figure 26b).

To overcome this limitation and achieve reliable quantification across a broader
concentration range, an alternative methodology developed by Baykov and co-workers®!'! was

evaluated. In addition to the standard protocol, modifications were tested, including the
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substitution of HoSO4 with HCI and variation of Tween 20 concentration in the dye solution
(Figure 27).
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Figure 27: Calibration curves for phosphate ion quantification using the Baykov method: (a) Absorbance as a
function of phosphate ion concentration using either sulfuric or hydrochloric acid, both at a final concentration of
0.49 M in the assay. Each point was measured in triplicate; (b) Absorbance versus phosphate ion concentration
curves was used to monitor the effect of varying Tween 20 concentrations on the measured absorbance.
Absorbance readings were taken at 620 nm, 20 minutes after mixing the reagent with the sample.

The Baykov method employs sulfuric acid in its reagent preparation, resulting in a dye
solution that contains sulfate ions. Although the presence of sulfate leads to a slight increase in
the blank absorbance (Figure 27a)—as expected based on previous reports'*’—the substitution
of sulfuric acid with hydrochloric acid had a considerable impact on assay performance (Figure
27a). A higher standard deviation was observed for measurements using hydrochloric acid,
along with lower absorbance values at higher phosphate concentrations. These findings suggest
reduced sensitivity and decreased linearity when hydrochloric acid is used. The profile of the
calibration curve still exhibits distinct slope segments, indicating that this change in reagent
preparation did not resolve the lack of linearity at low phosphate concentrations.

When comparing the final concentrations of assay components between the Baykov and
Harder methods (Table 1, Section 4.2.2, Materials and Methods), the only component present
at a higher concentration in the Baykov method is the surfactant Tween 20, which is
approximately five times more concentrated than in the Harder protocol. This increased
surfactant concentration broadened the interference range, as the more responsive linear region
began only at phosphate concentrations near 10 umol-L™!. These findings suggest that the
surfactant is responsible for the interference that obscures the response of the chromogenic
complex at low phosphate concentrations.

To investigate whether the interference would actually be caused by the surfactant
Tween 20, we carried out the experiment by increasing its concentration in the sample. In
experiments assessing different Tween 20 concentrations, it became evident that increasing the

amount of surfactant not only reduced the molar absorptivity of the phosphate—malachite green
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complex but also expanded the interference zone caused by impurities in the surfactant (Figure
27b). These results confirm that a component present in Tween 20 would be interfering with
the assay, preventing the linear response from starting at ~ 0 pmol-L™' phosphate.

A similar phenomenon was reported by Carter and co-workers,”!> who evaluated
phosphate calibration curves using the malachite green assay under different conditions. In their
study, absorbance responses were measured in aqueous solution without the addition of any
stabilizing agent, as well as in the presence of polyvinyl alcohol (PVA) obtained from two
different commercial sources. Although PV A is a polymer commonly employed to stabilize the
malachite green—phosphate—molybdate complex. Interestingly, when PVA from one supplier
was used, the calibration curve displayed a linear response starting from ~ 0 pmol-L’!
phosphate. However, PVA from the second source resulted in a non-linear response at low
concentrations, closely resembling the interference observed in the present work. The authors
attributed this discrepancy to possible residual contaminants arising from the synthesis of the
polymer. These findings reinforce the hypothesis that minor impurities or batch-to-batch
variations in commercial additives, whether polymers or surfactants, may affect the sensitivity
and linearity of colorimetric phosphate malachite green assays.

Although the original protocols described by Baykov and Harder employ Tween 20 in
the preparation of the malachite green reagent, other surfactants have also been reported in the
literature for use in this type of assay. Among the alternatives described are Sterox,'*° polyvinyl
alcohol (PVA),2%° Ultrawet 60L,'"7 which have been explored in different contexts to stabilize
the complex. To address the interference attributed to Tween 20 in the present study, an
alternative approach was employed in which the surfactant was replaced with Triton X-100, a
nonionic surfactant as Tween 20, also reported in the literature for use in malachite green-based
assays.”!%2!7 Using the same reagent preparation described by Baykov and co-workers,?!! but
substituting Tween 20 with Triton X-100, it was possible to obtain a linear regression that

enabled phosphate quantification (Figure 28).
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Figure 28: Calibration curves for phosphate quantification using the malachite green assay with Tween 20 replaced
by Triton X-100, following the protocol proposed by Baykov: (a) Calibration curve obtained under standard
conditions, with absorbance measured at 620 nm after 40 minutes of incubation; all measurements were performed
in triplicate; (b) Additional calibration curve obtained under the same conditions, but without replicates,
highlighting the loss of linearity at higher phosphate concentrations.

Linearity starting from 0 pmol-L! phosphate was observed (Figure 28a), with a molar
absorptivity coefficient of 64,870 M !-cm™ at 620 nm, suggesting that changing the surfactant
solved the linearity problem. The calibration curve also shows that the standard deviation
increases at higher phosphate concentrations. This effect is likely due to the formation of
suspended particulate matter at elevated phosphate levels, even in the presence of the surfactant.
Such particulates may result from complex precipitation and/or light scattering effects (Tyndall
effect), both of which can interfere with absorbance measurements.?°>?!!' A noticeable loss of
linearity was observed at concentrations above 10 pmol-L™! (Figure 28b).

In the original study by Baykov and co-workers,?!! it was reported that absorbance
measurements could be reliably taken as early as 10 minutes after mixing the malachite green
reagent with the phosphate-containing sample. However, given the replacement of Tween 20
with Triton X-100 in the present study, the stability of the chromogenic complex needed to be
reassessed. To this end, the absorbance of the reagent—phosphate mixture was monitored over

time to evaluate the kinetics of color stabilization at 25 = 0.1 °C (Figure 29).
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Figure 29: Stability of the malachite green—12-MPA complex absorbance monitored by UV-Vis spectroscopy at
620 nm: (a) Absorbance over time following the addition of the dye reagent to the blank (deionized water); (b)
Time-dependent development and stability of the complex after mixing the dye with the sample, resulting in a
final phosphate concentration of 10 umol-L™.

The substitution of the surfactant significantly affected the time required for the
development of a stable aborbance at 620 nm. While the blank (deionized water) exhibited non-
significant variation in absorbance after 10 minutes (Figure 29a), the sample containing 10
umol-L! phosphate required approximately 50 minutes for full color stabilization (Figure 29b).
Furthermore, after 150 minutes, visual signs of precipitation — a moss-green solid — were
commonly observed, indicating the onset of instability. Therefore, the optimal time window for
absorbance measurements under these conditions was determined to be between 50- and 150-

minutes following reagent addition.

4.3.2 Malachite Green Method Solutions Stability

In accordance with the original protocol by Harder and co-workers,!”> the malachite
green reagent must be prepared in advance and requires filtration prior to use, as it tends to
develop moss-green precipitates after a few weeks of storage. This additional step makes the
method more laborious to use in routine assays. In contrast, no such precipitation was observed
in the solutions prepared following the methodology of Baykov and co-workers,?!! and did not
require filtration before use. Moreover, the dye solution prepared according to Baykov's
approach is more practical for same-day analyses, as it can be freshly prepared without the need
for filtration steps. For these reasons, modifications to the surfactant component were not
explored in the Harder method. Instead, the Baykov’s protocol—specifically the variant in
which Tween 20 was replaced with Triton X-100—was selected as the standard methodology
for subsequent assays.

The malachite green reagent used in the colorimetric quantification of inorganic
phosphate was freshly prepared on the day of each experiment, as described in the Materials

and Methods section, by mixing three stock solutions: a 11% (w/v) Triton X-100 surfactant
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solution, a 7.5% (w/v) ammonium molybdate solution, and a malachite green dye solution. The
latter was prepared by dissolving 0.440 g of malachite green oxalate in a mixture of 60 mL of
sulfuric acid and 300 mL of deionized water, yielding a final concentration of 1.22 g-L!.
Regarding the stability of these individual stock solutions, no visual alterations were
observed in the Triton X-100 solution, even after prolonged storage. In contrast, the ammonium
molybdate solution exhibited variable stability: in some instances, a white precipitate was
observed within one week when stored at room temperature, while in other cases the solution
remained stable for over a month without signs of precipitation. A more systematic evaluation
was conducted to assess the stability of the malachite green dye solution. Two identical dye
solutions were stored under distinct conditions—one at room temperature and the other at

4 °C—and their performance was periodically assessed over the course of one year (Figure 30).
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Figure 30: Long-term stability of the malachite green dye solution stored at room temperature and at 4 °C. The
molar absorptivity coefficient for phosphate was determined from triplicate calibration curves constructed at
different time points over the course of one year.

Stability was assessed by periodically constructing independent calibration curves for
phosphate quantification using the malachite green reagent. At each point, three separate
calibration curves were prepared under identical conditions, and the molar absorptivity
coefficient (€), defined as the slope of each curve, was determined. The average molar
absorptivity obtained from the triplicate set was then used as a representative value for that time
point. By plotting the average ¢ values as a function of storage time, it was possible to monitor
the performance of the dye solution throughout the evaluation period (Figure 30).

As shown in Figure 30, the molar absorptivity remained essentially constant over time,
with only minor fluctuations that did not compromise the analytical performance of the reagent.
These results indicate that the acidic malachite green dye solution is chemically stable for at
211

least one year under both storage conditions, in accordance with the original article,

eliminating the need for frequent preparation. However, special attention must be paid to the



97

ammonium molybdate stock solution, which should be visually inspected prior to use to ensure

the absence of precipitate and guarantee its suitability for reagent formulation.

4.3.3 Assessment of Figures of Merit in the Validation of a Malachite Green-based
Colorimetric Assay

Linearity

To evaluate the analytical performance of the spectrophotometric method for phosphate
quantification, calibration curves were constructed using standard solutions. The relationship
between absorbance and phosphate concentration was investigated through linear regression
analysis, providing key insights into the linearity and sensitivity of the method. The results are

summarized in Figure 31.
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Figure 31: Calibration curve for phosphate quantification using the malachite green method, in which Triton X-
100 was used in place of Tween 20, following the approach proposed by Baykov: (a) UV-Vis absorption spectra
for varying phosphate concentrations; and (b) calibration curve constructed from absorbance values measured at
620 nm, 50 minutes after mixing the reagent with the sample. All measurements were performed in triplicate.

The corresponding absorption spectra for a representative calibration curve are shown
in Figure 31a. Linear regression analyses were performed by plotting absorbance as a function
of phosphate concentration (Figure 31b). Satisfactory linearity was observed for the
spectrophotometric method within the range of 0 ugL™! to 831.0 ug-L™!. Least-squares fitting of
the data yielded an excellent coefficient of determination (R* = 0.9986), with the resulting linear
equation described by y = 0.0621x + 0.0162.

The standardized residuals Jackknife test was employed to assess the presence of
influential observations that could compromise the quality of the linear regression model.?'® All
experimental points yielded standardized residuals within the acceptable range for a 95%
confidence level, indicating the absence of statistically significant outliers. Additionally, the
leverage (h) and partial correlation (r) values did not suggest any undue influence of individual

observations on the estimated regression parameters. These findings support the consistency of
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the model with experimental data and suggest that the regression is not disproportionately
affected by localized variability.

To evaluate the homoscedasticity of the data—that is, the constancy of the variance
across the tested concentration range—the Cochran test was applied.?!? The calculated Cochran
value (C calc. = 0.4468) was lower than the critical value at the 95% confidence level (C tab. =
0.5157), confirming that the variances among the replicates are statistically homogeneous. This
result reinforces the validity of the linear regression model for quantitative analysis, as it
confirms that the constant variance assumption is met.2!%2%

The residual plot further corroborates these findings. The residuals are symmetrically
distributed around zero, without exhibiting any discernible trend or pattern, which indicates the
absence of systematic deviations in the regression fit (Figure 32). Moreover, no increase or
decrease in residual dispersion is observed along the concentration axis, which is consistent
with the diagnosis of homoscedasticity. Taken together, these results demonstrate the statistical
adequacy of the fitted model for the analytical range evaluated, providing a reliable linear
relationship between phosphate concentration and spectrophotometric response.
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Figure 32: Residual plot corresponding to the linear regression model for phosphate concentration.

The demonstration of method linearity requires, among other criteria, statistical
evidence that the analytical response varies as a function of the analyte concentration. In this
context, analysis of variance (ANOVA) plays a central role in evaluating the adequacy of the
linear regression model. By decomposing the total variability of the system into components
attributable to the regression and the residual error, ANOVA allows one to assess whether the
model explains a significant portion of the variation in the observed data. In particular, it tests
whether the slope of the calibration curve is significantly different from zero, indicating that
changes in the response are not due to random fluctuations but are systematically associated

with changes in concentration.
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In the context of the ordinary least squares method (OLS), employed in this study,
ANOVA decomposes the total variability of the system into components attributable to
regression and residuals. This allows for the formal testing of the null hypothesis (Ho: slope
equals zero) against the alternative hypothesis (Hi: slope differs from zero). The statistical
significance of the regression is thus a fundamental condition for confirming linearity, as it
demonstrates that the variations in the response variable (y) are effectively driven by variations
in the concentration (x).

In the present work, the F-test for the regression revealed a highly significant model (F
= 15469, p < 0.001), surpassing the critical F-value (F(1.22) = 4.30) at a 5% significance level.
These results indicate that the analytical response is linearly related to the analyte concentration,
thereby validating the use of a linear model within the tested range. Notably, the calibration
curve included the blank point (P0), and its inclusion did not compromise the regression,
allowing its retention to simplify the procedure.

Furthermore, the lack-of-fit test yielded an F-value of 2.0, which is below the critical
threshold (Fs.16) = 2.74), and a non-significant p-value of 0.193. These findings suggest that
there is no statistically significant deviation from linearity, reinforcing the suitability of the
linear model. Therefore, the calibration curve, including the zero concentration point, meets the
assumptions of linearity and may be reliably employed for quantitative analyses without the

need for model adjustment or exclusion of the blank.

Precision

The precision of the method under repeatability conditions was assessed by analyzing
six replicate measurements at three concentration levels: low (118.7 pg-L™!), intermediate
(474.8 pg-L"), and high (831.0 pg-L™). For all levels tested, the coefficient of variation (CV%)
remained well below the maximum acceptable threshold defined by the Horwitz equation. At
the lowest concentration level, the CV was 2.86%, while the predicted CV by the Horwitz
model was 22.05%, resulting in a HorRat value of 0.13. Similarly, for the intermediate and high
levels, CV values were 1.54% and 1.20%, with corresponding HorRat values of 0.09 and 0.07,
respectively. All HorRat values were significantly lower than the acceptance criterion of < 2.0,
indicating excellent repeatability across the tested range.??!

These results demonstrate that the method provides highly consistent responses under
identical experimental conditions, regardless of the concentration level. The low standard
deviations and narrow dispersion among replicate results confirm that the analytical protocol is
stable and capable of generating reproducible measurements, thus fulfilling one of the essential

requirements for quantitative analytical methods.
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The intermediate precision of the method was evaluated by performing a second series
of experiments on a different day and by a different analyst. The results obtained for the three
concentration levels—118.7 pg-L!, 474.8 pg-L!, and 831.0 ug-L'—were compared to those
from the first day of analysis. For all levels, the coefficients of variation (CV%) obtained on
the second day were low (2.15%, 3.19%, and 3.38%, respectively), and the corresponding
HorRat values (0.10, 0.18, and 0.21) were all well below the acceptance criterion of 2.0. These
findings confirm that the method maintains consistent precision under varying experimental
conditions, including those involving different analysts and days of analysis.??!

To further support the robustness of the method regarding intermediate precision, F-
tests were conducted to compare the variances obtained on each day. For all concentration
levels, the calculated F values (4.41, 3.81, and 3.52) were lower than the critical tabulated F
value (5.05) at the 95% confidence level. This indicates that there are no statistically significant
differences between the variances observed across days, and thus no evidence of systematic
variability introduced by changes in operator or experimental session. Collectively, these results
demonstrate that the method is precise not only under repeatability conditions, but also under

more realistic laboratory conditions involving routine application by different analysts.

Accuracy

The accuracy of the analytical method was evaluated through a recovery trend assay,?!?
using fortified samples at three concentration levels: 118.7 ug-L™" (Level 1), 474.8 pg'L™
(Level 2), and 831.0 ng-L™" (Level 3). Each level was analyzed in six independent replicates,
allowing for a robust estimation of the recovery percentage across a wide concentration range.

The mean recoveries obtained were 100%, 105%, and 102% for Levels 1, 2, and 3,
respectively. All individual recovery values fell within the predefined acceptance range of 80%
to 120%, in accordance with internationally recognized guidelines for the validation of
analytical methods.??>?** The observed variability among replicates was less than 5%,
indicating good consistency of the analytical procedures employed.

Limits of detection (LOD) and quantification (LOQ)

The theoretical limits of detection (LOD) and quantification (LOQ) for phosphate were
estimated based on the standard deviation of ten replicate blank measurements (n = 10) and the
mean slope of the calibration curves, in accordance with the equations LOD = 3.3 X (o/S) and
LOQ = 10 x (o/S). From this approach, the estimated LOD and LOQ were 11.03 pg-L™! and
34.85 ug-L!, respectively.
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However, although these theoretical values provide an indication of the method's
sensitivity, the lowest concentration level that met the validation criteria for precision and
accuracy was 118 pg-L!. This concentration corresponds to the lowest point of the calibration
curve and was therefore established as the validated limit of quantification (LOQ).%?! At this
level, the method demonstrated acceptable performance in both repeatability and intermediate
precision tests, thereby ensuring its reliability for routine analysis. Consequently, despite the
lower theoretical LOQ = 34.85 pg-L!, the experimentally validated LOQ was set at 118 pg-L°

1

Matrix effect evaluation

To assess the potential interference of matrix components on the analytical performance
of the malachite green assay, calibration curves were constructed in different experimental
conditions and compared to the standard curve prepared in deionized water. When the
calibration curve was generated directly in the reaction matrix, composed of 5 pumol-L™!
enzyme, 2.5 mmol-L"! magnesium chloride, and 40 mmol-L!' Tris buffer at pH 7.5, a clear
reduction in sensitivity was observed. This was evidenced by a substantial decrease in the slope
of the calibration curve: while the slope for the curve prepared in deionized water was 0.0664,
the slope obtained in the reaction matrix dropped to 0.0299, less than half the original value
(Figure 33a). This result indicates a significant matrix effect, compromising the sensitivity of

the method when applied directly to undiluted reaction samples.
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Figure 33: Evaluation of matrix effects on the malachite green colorimetric method: (a) Assessment of undiluted
matrix interference in the reaction medium; (b) Analysis of a 100-fold diluted matrix.

Due to this loss of sensitivity, direct application of the malachite green reagent to
undiluted reaction mixtures is not suitable. However, when the reaction matrix was diluted 100-
fold in deionized water prior to phosphate addition and reagent mixing, the resulting calibration

curve showed no statistically significant difference in slope when compared to the standard
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curve (Figure 33b). This was supported by statistical analyses, including the F-test and Student's
t-test, which confirmed the absence of significant differences between the curves (F calc. =
1.316; F tab. =2.084; t calc. = 1.624; t tab. = 2.024), indicating homoscedasticity and no matrix
effect under these conditions.??!

Therefore, all subsequent enzymatic assays were carried out by diluting the reaction
mixture at least 100-fold prior to the addition of the malachite green reagent. This dilution step
is not only essential for eliminating matrix effects but also ensures that phosphate
concentrations fall within the validated linear range of the calibration curve.

Furthermore, to confirm the suitability of the method under the diluted matrix condition,
the calibration curve constructed in the 100-fold diluted matrix was subjected to a complete
statistical validation. The curve demonstrated excellent linearity (R*> = 0.9893),
homoscedasticity (Cochran's test: C calc. = 0.3224; C tab. = 0.5157), and compliance with the
Jackknife residuals test for all calibration points. These results support the reliability of the
method when applied to samples prepared in diluted reaction matrices.

Importantly, for all phosphate quantification experiments throughout this study,
calibration curves were constructed on the day of analysis. Given the absence of matrix effects
under the validated dilution conditions, these curves were prepared in deionized water for the
sake of practicality. In summary, although the method is sensitive to matrix effects in undiluted
samples, proper sample dilution circumvents this limitation and allows for accurate phosphate
quantification using the validated procedure.

The analytical method based on malachite green for phosphate quantification was

validated according to standard performance parameters, as summarized in Table 2.

Table 2 — Validation parameters for the malachite green-based spectrophotometric method for phosphate
quantification in Abl activity assay.

Analyte Phosphate
Linear range (ng-L™") 0-831
Determination coefficient (R*> 0.90) 0.9986
Detected in undiluted samples;
Matrix effect Not detected in 100x diluted
matrix
Recovery (80-120%) 100-105%
Repeatability (Horwitz ratio < 2.0) 0.07-0.13
Intermediate precision (Horwitz ratio < 2.0) 0.10-0.21
LOQ (ng'L™) 118

LOD (ug-L) 11.03
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The method exhibited excellent linearity over a wide concentration range (0—
831 pug'L™"), with a determination coefficient (R?) of 0.9986, confirming its suitability for
quantitative analysis across various phosphate concentrations. Sensitivity was also satisfactory,
with limits of quantification (LOQ) and detection (LOD) determined to be 118.0 ug-L™!' and
11.03 pg-L, respectively.

Repeatability and intermediate precision were assessed at three concentration levels,
yielding Horwitz ratios between 0.07-0.13 and 0.10-0.21, respectively, which are below the
maximum acceptable threshold of 2.0, thus demonstrating the method’s precision. Accuracy,
evaluated through recovery experiments, was within the acceptable range (100—-105%).
Although a significant matrix effect was observed in undiluted samples—Ieading to signal
suppression—this interference was eliminated through a 100-fold sample dilution, ensuring
reliable quantification. Together, these findings confirm that the method is precise, accurate,

and suitable for routine phosphate determination in Abl reaction samples.

4.3.4 Abl Intrinsic ATPase Activity Colorimetric Assays

To assess whether the colorimetric method could be employed to monitor the progress
of enzymatic reactions, assays were conducted as described in the Materials and Methods
section. At determined time intervals, aliquots were withdrawn from the reaction mixture,
diluted, and treated with the malachite green solution. The phosphate concentration in each
sample is subsequently determined by UV-Vis spectrophotometry. From the measured
phosphate concentrations at different reaction times, it is possible to construct progress curves,
from which reaction rates—defined as the amount of product formed per unit time—can be
calculated. Normalizing these rates by the enzyme concentration yielded the corresponding
enzymatic activities (ko»s) (Equation 1). Figure 34 shows representative progress curves, where
the x-axis represents reaction time and the y-axis represents phosphate concentration, obtained

using five different enzyme concentrations.
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Figure 34: Progress curves of phosphate formation obtained using the colorimetric assay at five different enzyme
concentrations. Reactions were carried out in 40 mmol-L™! Tris—=HCI buffer (pH 7.5), 2.5 mmol-L"! magnesium
chloride, 1.6 umol-L-! ATP, and 2% (v/v) DMSO.

These results demonstrate that the colorimetric method enables real-time monitoring of
enzymatic reactions through periodic sampling and quantification of the released phosphate. As
observed in Figure 34, the phosphate concentration in the reaction medium increases over time.
Furthermore, higher enzyme concentrations lead to greater amounts of phosphate formed within
a given time interval, indicating that the product concentration is directly influenced by the
enzyme concentration, as expected for a catalytic process. From the time-course data, reaction

velocities were determined, yielding an enzymatic activity of kops = 6 £ 1 min™ ™.

The analysis of a reaction by 3'P NMR, performed under identical buffer pH,
magnesium chloride, and DMSO concentration, and employing enzyme from the same
purification batch as that used in the experiments of Figure 34, yielded an activity of 7 +

1.2 min~ %

This result demonstrates excellent agreement between the two analytical
approaches, thereby proving the accuracy of the colorimetric method and confirming its
suitability for monitoring reaction progress.

The colorimetric assay was employed to determine the observed catalytic constant (kops)
of different batches of purified enzyme (Table 3) in 40 mmol-L! Tris-HCI, pH 7.5, containing
2.5 mmol-L"! magnesium chloride, and 2% (v/v) DMSO. Among the evaluated preparations,

two batches exhibited the highest activities, with koss values of 8 + 2 and 6 + 1 min~* while

another preparation presented half of the activity. The latter result suggests that the enzyme



105

may have undergone partial loss of activity during the purification process, possibly due to an

event affecting its structural integrity.

Table 3 - Observed catalytic constants (k.»s) for different batches of purified enzyme.

Batch ko (min)
Abll 3.0+04
AbI2 6+1
Abl3 8+2
Abl4 0.4+0.08
Inhibition assays were performed by constructing an inhibition curve through

incremental increases in imatinib concentration, ranging from 0 to 500 pmol-L™!. The

percentage of enzyme inhibition was plotted as a function of inhibitor concentration, as shown

in Figure 35.
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Figure 35: Development of an Abl assay based on ATPase activity, evaluated through a malachite green
colorimetric assay. The inhibition curve shows the percentage of enzyme inhibition as a function of imatinib
concentration. Reactions were carried out in 40 mmol-L! Tris—HCI buffer (pH 7.5), 2.5 mmol-L"! magnesium
chloride, 1.6 umol-L' Abl, 1.6 mmol-L"' ATP, and 2% (v/v) DMSO. Each point was obtained from an independent
triplicate.

As shown, increasing imatinib concentration led to a concentration-dependent increase
in the proportion of inhibited enzyme in the reaction mixture (Figure 35). From the resulting
inhibition curve, the apparent dissociation constant (K,) was estimated to be 83 + 26 nmol-L™".
This value is in close agreement with that obtained using the 3'P NMR method (K4 = 67 + 38
nmol-L!), indicating a concordance between the two analytical approaches despite their
methodological differences. Such similarity supports the reliability of the colorimetric assay in

quantifying inhibitor binding under the tested conditions. Minor deviations between the values
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may arise from intrinsic differences in the physicochemical principles of detection, the temporal
resolution of the assays, or subtle variations in experimental conditions.

A similar inhibition assay was conducted using dasatinib as the inhibitory ligand,
following the same experimental conditions applied for the imatinib assay. The percentage of
enzyme inhibition was determined by the malachite green colorimetric method and plotted
against increasing dasatinib concentrations, as shown in Figure 36. This approach allowed

direct comparison of the inhibitory profiles of both compounds.
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Figure 36: Inhibition of Abl kinase by dasatinib, obtained using the malachite green colorimetric assay. Reactions
were carried out in 40 mmol-L-! Tris—HCI buffer (pH 7.5), 2.5 mmol-L-! magnesium chloride, and 2% (v/v) DMSO,
with an enzyme concentration of 1.27 umol-L"! and ATP 1.61 mmol-L!. Each point was obtained from an
independent triplicate.

The results reveal approximately 10% inhibition of enzymatic activity at a dasatinib
concentration of 0.6 umol-L™! (Figure 36). From this concentration onward, all tested inhibitor
concentrations exceeded the enzyme concentration present in the reaction mixture and resulted
in complete (100%) inhibition of catalytic activity. This behavior is consistent with the very
low dissociation constant of dasatinib, reported in the literature to be in the nanomolar range.'*

To ensure that the decrease in phosphate concentration observed in the colorimetric
assay was truly attributable to enzymatic inhibition—and not to interference from assay
components—control experiments were performed to evaluate potential matrix effects of
imatinib, dasatinib, and DMSO on the malachite green method. For each compound, the highest
concentration tested in the inhibition assays was used to prepare a reaction matrix under the
same conditions described for matrix effect studies, but now containing the respective inhibitor
or DMSO.

Independent experiments were conducted for imatinib, dasatinib, and DMSO. In the

case of DMSO, the matrix was prepared at a concentration of 20% (v/v), corresponding to
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tenfold the amount used in the enzymatic assays, to assess potential solvent-related effects.
Each matrix was then diluted 100-fold, and phosphate calibration curves were constructed using
only three concentration points—Ilow, medium, and high—within the linear range of the
method. For all three compounds, no significant differences were observed between calibration
curves obtained in the absence or presence of these components, indicating that they did not
produce a measurable matrix effect. These findings confirm that the reduction in phosphate
levels detected in the inhibition assays was indeed due to enzymatic inhibition rather than
interference with the colorimetric method.

It is nevertheless advisable, when applying this assay—particularly in drug screening
contexts—to verify potential matrix effects for the specific compounds under study, even
though no reports were found in the literature of organic drug-like molecules interfering with
the malachite green methods.

Taken together, the results demonstrate that the optimized colorimetric assay is capable
of distinguishing between inhibitors of different potencies, effectively differentiating a strong
inhibitor from a moderate one. This discriminative capacity underscores the suitability of the
method for inhibitor screening, including possibly applications in large-scale assays, where its
operational simplicity and low cost represent substantial advantages. Ultimately, the
development of this optimized assay contributes to scientific and technological advancement
by providing an alternative, cost-effective strategy for enzymatic studies with direct
applicability in therapeutic discovery, thereby expanding the repertoire of tools available for

drug screening against Abl kinase.
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5 MESOSCOPIC INVESTIGATION OF SURFACTANT-
MEDIATED STABILIZATION OF THE MALACHITE GREEN-
12-MOLYBDOPHOSPHORIC ACID COMPLEX

5.1 Introduction

The quantification of inorganic phosphate is of central importance in biochemistry and
enzymology, given its role as a product of fundamental reactions such as those catalyzed by
ATPases and phosphatases.??**?> Accurate detection of Pi is therefore essential for monitoring
enzymatic activity, evaluating metabolic pathways, and developing assays for drug discovery.
Several strategies have been established for phosphate quantification, including
electrochemical techniques, sensor-based platforms that rely on fluorescence, and colorimetric
approaches.'®? Among these, colorimetric assays remain particularly attractive due to their
simplicity, low cost, and adaptability to high-throughput analysis. !67:16-170:189

Within this context, the malachite green assay has emerged as one of the most widely
adopted colorimetric methods for phosphate detection. Its popularity stems from its operational
simplicity, ease of implementation, and its widespread use in monitoring enzymatic reactions
mediated by phosphatases and ATPases,202:203:208-210

In an acidic medium, inorganic phosphate reacts with molybdate ions to form
phosphomolybdic acid, also known as 12-molybdophosphoric acid (12-MPA). This compound
is a well-defined heteropolyoxometalate in which a central phosphate anion is encapsulated by
twelve molybdate units (Figure 37).%2° The resulting structure belongs to the Keggin family of
polyoxometalates. The formation of 12-MPA represents the first step in the malachite green

assay, as it provides the inorganic framework that subsequently interacts with the organic dye

to yield the characteristic green-colored complex. '
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Figure 37: Chemical structure of 12-molybdophosphoric acid (12-MPA) (Adapted from Wang??°).

Polyoxometalates (POMs) are anionic clusters composed of transition metals such as
molybdenum, tungsten, or vanadium in high oxidation states (+5, +6), interconnected through
oxygen atoms into three-dimensional architectures. When a heteroatom such as phosphorus,
silicon, or arsenic occupies the central position of the cluster, the resulting species are referred
to as heteropolyoxometalates.??” The identity and oxidation state of the heteroatom have a
profound influence on the stability, solubility, and redox behavior of the cluster. Due to their
combination of structural robustness and redox versatility, POMs have found broad applications
in fields such as oxidative catalysis, photochemistry, and electron storage.??®

In the 12-molybdophosphoric acid (H3[PMo012040]) structure, the central phosphate (P>*)
occupies a tetrahedral site surrounded by twelve edge- and corner-sharing MoOgs octahedra. The
cluster contains distinct types of oxygen atoms—terminal (Mo=0), bridging (Mo—O-Mo), and
those bonded directly to the central heteroatom—which collectively contribute to its electronic
properties. Importantly, the Keggin framework can undergo reversible redox transitions (Mo ¢
— Mo™) without structural collapse, resulting in reduced species known as “heteropoly
blues”.??® This property is precisely why the reduction of this complex was exploited in the

well-known colorimetric method called molybdenum blue,'*

as discussed in the previous
chapter.

Following the formation of 12-molybdophosphoric acid, the malachite green dye
present in solution adsorbs onto the surface of the heteropolyoxometalate particle. This
interaction induces a distinct color change from yellow to green in the presence of phosphate,
which constitutes the basis of the malachite green assay. The development of the characteristic

green hue is therefore a direct consequence of the supramolecular association between the
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inorganic 12-MPA framework and the organic dye, enabling sensitive detection of
phosphate.'*’

It has been consistently demonstrated that the stability of this colored complex strongly
depends on the presence of a surfactant. Surfactants play a crucial role in preventing
aggregation and precipitation of the 12-MPA-malachite green particles, thereby maintaining
homogeneity. Without adequate stabilization, the assay suffers from turbidity, non-linear
calibration curves, and limited reproducibility. By minimizing particle growth and promoting
colloidal stability, surfactants ensure both the linearity of the calibration plots and the
robustness of the assay over time, !%>196-200

Although the inclusion of surfactants in the malachite green assay is essential for
maintaining stability, only a few studies have explored their specific roles. For instance, Huang
and Zhang'” investigated the effect of different classes of surfactants on the performance of
the malachite green—-molybdate system for the determination of orthophosphate. The authors
compared anionic surfactants (Ultrawet 60L, sodium dodecyl sulfate (SDS), and Dowfax 2A1)
with nonionic ones (Brij-35, Triton X-100, and polyvinyl alcohol (PVA)), assessing their ability
to enhance sensitivity, prevent precipitation, and reduce interferences. Anionic surfactants,
particularly Ultrawet 60L, proved most effective, as their micellar structures facilitated
solubilization of malachite green, thereby improving its interaction with the phosphomolybdate
complex. Ultrawet 60L led to a remarkable increase in molar absorptivity, reaching 1.26 x 10°
L-mol'-cm™, underscoring the potential of surfactants to improve assay performance
significantly.

Further advances were reported by Gache and co-workers,'”® who investigated the use
of Kolliphor P 188 (also known as Poloxamer 188 or Pluronic F68), a triblock copolymer of
poly(ethylene oxide)—poly(propylene oxide)—poly(ethylene oxide), widely recognized as an
effective nanoparticle stabilizer in pharmaceutical and industrial applications.??* Their study
revealed aspects of surfactant action in the malachite green assay. First, once the complex was
stabilized, further addition of the surfactant did not alter the absorbance values, indicating that
Kolliphor P 188 did not interfere with either the formation or the spectrophotometric
measurement of the colored complex.'”

The authors demonstrated that the malachite green reagent containing Kolliphor P 188
retained its sensitivity for more than one year when stored at room temperature in dark
conditions, with only ~5% loss in absorbance after 12 months—a dramatic improvement

compared to conventional surfactants, since they demonstrated that the final solution containing

molybdate, malachite green, and surfactant can be prepared and stored. In addition, Kolliphor
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P 188 extended the practical reading window of the assay. Once the color had developed,
absorbance remained constant for at least two hours, providing a more reliable and user-friendly
operational timeframe. '’

Despite the widespread use of the malachite green assay and some reports describing
how the substitution of surfactants can enhance sensitivity or improve solution stability, a clear
gap remains in the literature regarding the physicochemical characterization of the colored
complex. No systematic studies have investigated how surfactants influence particle size,
solution homogeneity, or the aggregation processes that ultimately restrict the working range
of the assay in the absence of stabilizers. Moreover, even when surfactants are employed, the
underlying mechanisms that govern the stability of these colloidal particles remain poorly
understood, leaving unresolved questions about how different surfactants modulate the linearity
and robustness of the assay.

To address this gap, the present work evaluated the influence of selected surfactants on
the malachite green assay. We first examined their effects on calibration curves, focusing on
the linearity range and the slopes of the calibration curves. We then assessed the temporal
stability of the cromogenic reaction, comparing solutions with and without surfactants under
controlled conditions. Finally, we applied dynamic light scattering to characterize the size
distribution and homogeneity of the particles formed in solution, aiming to build a model that

explains how specific surfactants promote stabilization of the assay system.

5.2 Materials and Methods

5.2.1 Reagents and Standards

In the preparation of the buffer solutions and substrates, commercially acquired reagents
from the following companies were used: Sigma-Aldrich (Kolliphor P 188; Tween 40; Sodium
dodecyl sulfate (SDS)) and Quimis (Sodium lauryl sulfate). The suppliers of other reagents
used are described in the previous chapter. All solutions were prepared using deionized water

with a resistivity greater than 18.2 mol-L!-Q-cm at 25 °C.

5.2.2 Surfactant Evaluation in Calibration Curves in Malachite Green Assay

The malachite green reagent was prepared according to the protocol by Bykov.?!! The
final concentrations of its components in the solution were identical to those described in the
previous chapter section 4.2.2.

Calibration standards (0—20 umol-L™! inorganic phosphate, aqueous) were prepared and

reacted with a malachite green reagent; the mixtures were incubated for 50 min to allow for the
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formation of the malachite green-phosphomolybdate chromogenic complex. Absorbance at 620
nm (Ag20) was recorded on a Varian Cary 50 UV—Vis spectrophotometer controlled by Cary
WinUV. Measurements were performed in quartz cuvettes (1.4 mL capacity, 1.0 mL working
volume) housed in a thermostated holder coupled to a Polyscience Model 9106 recirculating
bath, which maintained the temperature within 25 + 0.1 °C.

Phosphate calibration curves were constructed in the presence of individual
surfactants—Ilauryl sulfate (SLS), sodium dodecyl sulfate (SDS), Tween 40, Triton X-100, and
Kolliphor P 188—alongside a surfactant-free control. The impact of each surfactant on assay
performance was quantified by comparing (i) the linear dynamic range (LDR) and (ii) the slope
of the calibration function (analytical sensitivity). Curves were first screened visually for gross
deviations from linearity; datasets consistent with linear behavior were then subjected to the
formal linearity assessment described in Chapter 4 section 4.2.3. For datasets exhibiting
curvature, only the concentration sub-range meeting the linearity criteria was retained for LDR
estimation. For each condition, slopes (with standard errors and 95% confidence intervals) were

calculated to support comparisons of sensitivity.

5.2.3 Malachite Green-Phosphomolybdate Chromogenic Complex Formation

To evaluate the kinetics of chromogenic reaction following the mixing of the dye with
the samples, a time-course absorbance experiment was conducted. The malachite green reagent
was prepared in three distinct formulations: one without any surfactant, one supplemented with
Triton X-100, and one with Kolliphor p 188. Each formulation was mixed with two different
sample types: a blank (phosphate concentration of 0 umol-L!) and a standard solution
(phosphate concentration of 10 umol-L!).

The evolution of the blue-green coloration was monitored at 25 + 0.1 °C by
spectrophotometry at 620 nm using a Varian Cary 50 spectrophotometer and quartz cuvettes.
The data acquisition setup  was configured to record absorbance values in three stages: a rapid
acquisition rate (600 points/min) for the initial 10 minutes, followed by a moderate rate (120
points/min) for the next 30 minutes, and finally, a reduced rate (60 points/min) for the remainder

of the experiment.

5.2.4 Zeta Potential and Dynamic Light Scattering (DLS) Measurements

The colloidal properties of the assay suspensions were evaluated by dynamic light
scattering (DLS) and zeta potential ({) measurements using a Malvern Zetasizer Nano ZS
(model BI 900, Worcestershire, United Kingdom) at the Pharmacy Department of UFVIM (in
collaboration with Prof. Dr. Rodrigo Verly). Analyses were performed in 700 pL Malvern



113

cuvettes (model DTS1061) with monochromatic light scattering (10 mW Ne laser, A = 632.4
nm) at a detection angle of 90°. All measurements were performed at 25 °C with automatic

acquisition and no equilibration period.

Main assay samples

To investigate the stability of the colored complex, samples were prepared by mixing
the malachite green reagent (malachite green + ammonium molybdate) with phosphate solution
(final concentration 10 umol-L!). Three variants of the reagent were tested: (i) without
surfactant, (ii) containing Triton X-100, and (iii) containing Kolliphor P 188. For each
condition, measurements were performed at four different incubation times after mixing with
phosphate: 0, 60, 200, and 300 minutes. This design allowed evaluation of both the effect of

surfactant type and the temporal stability of the formed complexes.

Control experiments

In addition to the main assay samples, a series of control solutions was analyzed under
equivalent conditions (measurements at 0 and 60 minutes):

» Molybdate + phosphate: molybdate in acid medium with phosphate (10 pmol-L™"), to
monitor the formation of 12-MPA in the absence of dye.

= Surfactant micelles in acidic medium: solutions containing either Triton X-100 or
Kolliphor P 188 in acidic medium without dye, molybdate, or phosphate.

= Reagent without phosphate: malachite green + molybdate reagent prepared with either
no surfactant, Triton X-100, or Kolliphor P 188, mixed with water instead of phosphate
sample.

This set of main and control experiments enabled discrimination between signals arising
from the chromogenic complex (MG—12-MPA) and those due to individual components or
micellar structures, ensuring that the stabilizing effects observed could be explicitly attributed
to the interaction between surfactants and the chromogenic complex.

In solution stability tests, all components were used at their final established
concentrations for the calibration curve in the malachite green assay: sulfuric acid (0.49 mol-L"
1), ammonium molybdate (0.29% w/v), malachite green (0.0192% w/v), and the surfactant
(0.0346% w/v). Consequently, when present, these reagents were always adjusted to these same
final concentrations after mixing the detection reagent with the sample. In experiments designed
to evaluate specific combinations, certain components could be absent; however, when

included, their final concentrations were equivalent to those used in the complete assay.
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To ensure equivalence between conditions, the solutions were prepared separately and
mixed so that, in the final volume, the components reached the concentrations mentioned above.
When necessary, the volume was adjusted with ultrapure water to maintain the proportionality
of the calibration curve.

All measurements were performed in technical triplicate. Furthermore, for the main set
of experiments, independent triplicates were also conducted, involving the preparation of

distinct solutions to ensure consistency of the results independently of the preparation batch.

5.3 Results and Discussions

5.3.1 Evaluation of Surfactants in the Malachite Green Assay: Linearity and Sensitivity

The incorporation of a surfactant is a critical step in optimizing the malachite green
method for phosphate quantification, since it stabilizes the heteropoly acid-malachite green
complex. Here, we evaluated the impact of five surfactants—lauryl sulfate, Tween 40, Triton
X-100, Kolliphor P 188, and SDS (Figure 38a)—on the calibration curves of the assay, with a
control prepared in the absence of any surfactant (Figure 38b).
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Figure 38: Evaluation of surfactants in the malachite green assay: (a) Chemical structures of the evaluated
surfactants; (b) Absorbance curves at 620 nm as a function of phosphate concentration were evaluated using the
malachite green method with dye solutions prepared from different surfactants. The measurements were taken 50
minutes after mixing the dye with the sample.

As shown in the figure, the surfactant Tween 40 exhibited a large interference region,
indicating the presence of component(s) in the sample that likely impaired the formation of the
malachite green colored complex. This behavior closely resembles that previously observed for

Tween 20 (Chapter 4, section 4.3.1), suggesting that both compounds may share impurities of
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a similar nature that interfere with the assay methodology. Consequently, it was not possible to
establish a satisfactory calibration curve using this surfactant.

From the calibration curves presented in Figure 38b, linear ranges have been determined
by assessing the homoscedasticity of the data. The Cochran test was applied to the data sets to
define the linearity interval where homoscedasticity was preserved. The corresponding linear
equations, determination coefficients (R?), linear ranges, and C calculated (using the Cochran

test) for each surfactant, are summarized in Table 4.

Table 4 - Linear equations, determination coefficients (R?), linear ranges, and C calculated (using the Cochran
test) for each surfactant.

Surfactant Equation R? Linear range  C cal.*
(umol-L")

None y = 0.0846x — 0.0433 0.9946 0-5 0.6302

Kolliphor P 188 y =0.0705x + 0.2601 0.9994 0-20 0.3846

SDS y =0.0689x + 1.1509 0.9650 0-10 0.2149

Lauryl y=0.0671x + 1.2363 0.9778 0-10 0.3761

*C tab. for SDS, Lauryl, and Kolliphor P 188 is 0.5157, and for the absence of surfactant is 0.6838 because fewer points were used to evaluate

the model.

For the dye preparation without surfactant, the inclusion of data points above 5 umol-L-
"in the calibration curve resulted in a calculated C-value that exceeded the critical C-value of
the Cochram test. This indicates that the data becomes heteroscedastic, reflecting a loss of
linearity beyond this concentration threshold. The occurrence of this phenomenon is visually
observed in Figure 38b.

For SDS, a linear calibration curve was obtained for phosphate concentrations ranging
from 0 to 10 pmol-L'. Although a linear response might seemingly extend to higher
concentrations, the maximum absorbance readings of the Cary 50 spectrophotometer are
limited to approximately 2.0. At such high absorbance values, minimal light reaches the
detector, leading to a significant increase in measurement error. Absorbance (A), defined as A
= -logi0(P/Po), where Py is the incident light power and P is the transmitted light power, becomes
less reliable at high values due to this instrumental limitation. Therefore, it is plausible that a
broader quantification range beyond 10 umol-L! could be achieved if a method to circumvent
this photometric limitation were available. A possible strategy would be to optimize a new
composition of the dye solution with a reduced surfactant concentration, using an approach
similar to that described by Huang and Zhang.'®’

Another phenomenon observed with SDS was a significant increase in the blank

absorbance; the solution exhibited high absorptivity even in the absence of added phosphate.
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This finding is consistent with the results reported by Huang and Zhang, '’ who attributed this
effect to micelle formation. As an anionic surfactant, SDS forms micelles in the acidic reagent
medium. These micelles interact electrostatically with the cationic malachite green (MG) dye.
This interaction solubilizes more free MG molecules in solution, thereby significantly
increasing the blank absorbance. A similar behavior was observed for Lauryl sulfate, which is
structurally similar to SDS, as both surfactants feature a hydrophobic (apolar) tail and a
hydrophilic sulfate head group (polar and negatively charged) (Figure 38a).

According to Huang and Zhang,'*” the application of an anionic surfactant offers several
technical and chemical benefits that can enhance the method's performance. These potential
advantages are primarily due to three mechanisms. The electrostatic attraction between anionic
micelles and the cationic malachite green dye can improve the dye's solubilization and promote
the formation of the phosphate-Mo-MG complex, potentially increasing sensitivity.
Furthermore, the micellar environment may help concentrate and stabilize the complex, thereby
reducing precipitation and allowing for lower reagent concentrations. A third potential benefit
is increased selectivity, as anionic micelles have been observed to reduce interference from
silicate and arsenate by favoring the reaction with orthophosphate—an effect not typically
associated with non-ionic surfactants, such as Brij-35 or PVA.!%’

The surfactant Kolliphor P 188 was previously investigated by Gache and co-
workers,!”® who reported its superiority over other methods in terms of sensitivity, reagent
preparation, and long-term stability. Specifically, their work demonstrated that a reagent
containing ammonium molybdate, the surfactant, and malachite green could be prepared as a
stable, ready-to-use mixture.

Analysis of Figure 38b indicates that the reagent prepared with Kolliphor P 188
exhibited superior performance compared to other surfactants tested, with a higher value for
the coefficient of determination (R?). The corresponding calibration curve exhibited a steeper
slope and a broader linear range, from 0 to 20 pmol-L™!, with no loss of linearity observed at
the highest concentration tested.

Notably, Kolliphor P 188 outperformed Triton X-100, which was used in our previous
studies for Abl kinase assay quantification, across all parameters evaluated here (Table 4). It is
interesting to note that both Triton X-100 and Kolliphor P 188 are non-ionic surfactants,
suggesting that factors beyond ionic nature may contribute to the enhanced performance of

Kolliphor P 188 in this specific application.
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5.3.2 Physicochemical Insights into the Stabilization of Malachite Green—-12-MPA
Complex by Surfactants

To investigate the surfactant's effect on complex stabilization, we compared Kolliphor
P 188, which demonstrated the best performance in previous linearity assays, with Triton X-
100, the surfactant used in our earlier studies for enzyme activity quantification. Triton X-100
had previously enabled the establishment and validation of a colorimetric method. For practical
purposes, we focused on a comparative study between these two surfactants.

The stability studies were not extended to formulations containing SDS or Lauryl due
to significant analytical interference posed by these surfactants at the required concentrations.
As reported in the literature, both SDS and Lauril are known to cause a substantial increase in
the baseline absorbance of solutions.!”” In our experimental setup, this effect was particularly
pronounced. And at higher concentrations, surfactant-containing solutions reached the upper
absorbance limit (> 2 A.U.) of the UV-Vis spectrophotometer.

We first evaluated the evolution of the solution's colorimetric response during the
formation of the Malachite Green—12-MPA Complex in the presence of 10 pmol-L™! phosphate.
This kinetic process was monitored by measuring the absorbance at 620 nm over time using

UV-Vis spectroscopy (Figure 39).
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Figure 39: Stability of the malachite green—12-MPA chromogenic complex monitored by UV-Vis spectroscopy at
620 nm. Time-dependent development and stability of the complex after mixing the dye with the sample at final
phosphate concentration of 10 pmol-L-': (a) Dye without surfactant; (b) Dye with Triton X-100; (¢) Dye with

Kolliphor P 188.

The stability of the malachite green—12-MPA complex was strongly influenced by the

presence of surfactants. In the absence of surfactant (Figure 39a), the absorbance initially
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increased, indicating rapid complex formation, but subsequently decayed steadily, reflecting
instability of the chromophore. The addition of Triton X-100 (Figure 39b) improved stability
to some extent, as the absorbance reached a maximum, stayed in a plateau, and then decreased
more gradually. However, the signal still diminished over time after 180 min, suggesting only
partial protection of the complex.

In contrast, the presence of Kolliphor P 188 (Figure 39c¢) resulted in rapid chromogenic
development, followed by a stable plateau with non-significant variation in absorbance
throughout the monitoring period. This behavior indicates effective stabilization of the
complex, preventing precipitation. Therefore, Kolliphor P 188 proved to be the most suitable
surfactant for maintaining the integrity of the malachite green—12-MPA complex, ensuring
reproducibility and reliability of colorimetric phosphate detection.

To gain further insight into the role of surfactants in nanoparticle stabilization, a series
of experiments was performed to evaluate particle size and zeta potential of the particles formed
in solution. As an initial step, the reaction leading to the formation of phosphomolybdic acid
was characterized in the absence of both surfactant and malachite green, with the aim of
monitoring the intrinsic behavior of the system upon mixing phosphate with molybdate under

acidic conditions (Figure 40).



120

—
Y
S

Size Distribution by Intensity

121 .
10T AN R — A1
— A2

8t
| A3

Intensity (Percent)
[+)]

o
o
-
)

4t
k.
0 i
. 100 1000 10000
(b) Size (d.nm)
127

-
o

(e <]

Intensity (Percent)
D

. 100 1000 10000
Size (d.nm)

Figure 40: Particle size distribution obtained by DLS of particles formed during the in sifu generation of
phosphomolybdic acid from phosphate and molybdate in acidic medium: (a) Immediately after mixing, the
dispersion exhibited a main population with a hydrodynamic diameter of ~230 nm (PDI = 0.390); (b) After 60
min, the average diameter increased to ~519 nm (PDI =0.391). A1, A2, and A3 refer to technical triplicates.

As shown in Figure 40, immediately after mixing, the resulting solution displayed a
main particle population with a hydrodynamic diameter of approximately 230 nm (PDI = 0.390;
zeta potential = +1.07 mV). After 60 minutes, the average hydrodynamic diameter increased
significantly to 519 nm (PDI = 0.391; zeta potential = —1.82 mV).

Following the establishment of the baseline experiment described previously, which
serves as a reference for understanding the system's behavior, the subsequent investigations
focused on the system containing 12-molybdophosphoric acid in the presence of malachite
green dye without the addition of surfactant. The particle size distribution profiles for this

system, as determined by DLS, are presented in Figure 41.
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Figure 41: Particle size distribution obtained by DLS of particles formed during the in sifu generation of
phosphomolybdic acid in the presence of malachite green dye: (a) Immediately after mixing (0 min), the dispersion
exhibited a population with an average hydrodynamic diameter (Z-average) of ~893 nm (PDI = 0.253); (b) After
60 min, particle growth was evident, with an average diameter of ~2895 nm (PDI = 0.262); (c) At 200 min, the
average diameter further increased to ~3844 nm (PDI = 0.557); (d) After 300 min, the system exhibited large
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aggregates with an average diameter of ~5206 nm and higher polydispersity (PDI=0.851). A1, A2, and A3 refer
to technical triplicates.

The evolution of the particle size distribution over time, as shown in Figure 41, indicates
a clear and progressive aggregation process within the 12-phosphomolybdic acid-Malachite
Green system. Immediately following the dye addition (t = 0 min), the Z-average diameter of
approximately 893 nm suggests the initial formation of large complexes, likely due to the
adsorption of the cationic dye molecules onto the anionic surface of the pre-formed
heteropolyacid particles. Over the first 60 minutes, a significant increase in the Z-average size
to ~2895 nm occurs, while the polydispersity index (PDI) remains relatively low and constant
(0.262). This suggests controlled and relatively homogeneous growth, potentially through a
continued adsorption of dye molecules.

However, for between 60 and 300 minutes, the system undergoes a dramatic shift. The
Z-average size increased to ~3844 nm and finally to ~5206 nm, accompanied by a substantial
increase in PDI to 0.851. This signifies the onset of rapid, uncontrolled aggregation leading to
a highly polydisperse population of large aggregates.

The analysis of the DLS data at 300 minutes reveals a critical aspect of the system's
behavior: the significant discrepancy between the intensity-weighted Z-average diameter
(~5206 nm) and the peak observed in the particle number distribution (~600 nm) (Figure 41d).
This is a characteristic feature of a highly polydisperse system that may be undergoing
aggregation.”>® The Z-average, being heavily biased by the scattering intensity of larger
particles (which scales with R), is dominated by a population of massive aggregates.?3!->3?

Conversely, the number distribution highlights the size of the most numerous particles,
indicating that a significant population of smaller particles persists even as large aggregates
form. This is consistent with the high PDI value of 0.851, confirming a broad, non-uniform size
distribution.?*?

The macroscopic visual evidence of pronounced turbidity and settled precipitate (data
not shown) provides crucial corroboration for this interpretation. It confirms that the large
aggregates indicated by the Z-average are genuine and have progressed to a stage of complete
colloidal destabilization, leading to sedimentation. Therefore, the combination of DLS data and
visual evidence paints a coherent picture of a system where the adsorption of malachite green
onto the phosphomolybdic acid surface initiates a slow process of aggregation that evolves from
a monomodal distribution to a system containing both stable nanoscale clusters and

microscopic, sedimenting aggregates.
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Having characterized the behavior of the phosphomolybdic acid particles in the presence
of malachite green dye, we proceeded to investigate the system's response to the addition of a
surfactant. The subsequent experiment was designed to evaluate the stabilization effect of
Triton X-100. To this end, the dye was prepared in the presence of the surfactant before its
addition to the phosphate-containing sample. This approach ensured that the in situ formation
of phosphomolybdic acid occurred in a medium containing both malachite green and Triton X-
100, allowing for the assessment of the surfactant's influence on the nucleation, growth, and

long-term stability of the heteropolyacid-dye suspension (Figure 42).
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Figure 42: Particle size distribution obtained by DLS of particles formed during the in situ generation of
phosphomolybdic acid in the presence of malachite green dye and Triton X-100: (a) Immediately after mixing (0
min), the dispersion exhibited an average hydrodynamic diameter (Z-average) of ~1123 nm (PDI = 0.234); (b)
After 60 min, the average diameter increased to ~1970 nm (PDI = 0.225); (c) At 200 min, particle growth was
observed with an average diameter of ~3471 nm (PDI = 0.276); (d) After 300 min, the system displayed larger
aggregates with an average diameter of ~4849 nm and high polydispersity (PDI = 1.000). A1, A2, and A3 refer to
technical triplicates.
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The introduction of the surfactant Triton X-100 to the system composed of
phosphomolybdic acid and malachite green dye resulted in a markedly different suspension
behavior compared to the surfactant-free system (Figure 42). Initially, at time zero, the presence
of Triton X-100 yielded a system with a Z-average of ~1123 nm and a relatively low
polydispersity (PDI=0.234). This initial size is larger than that observed for the system without
surfactant at the same time point, suggesting that the surfactant molecules immediately co-
assemble with the heteropolyacid and dye, potentially forming larger mixed micellar structures
or adsorbing onto the particle surfaces, thereby modifying the initial nucleation and growth
process.

However, despite this initial modification, the system continued to undergo
progressive aggregation over time. The Z-average diameter steadily increased to ~1970 nm (60
min), ~3471 nm (200 min), and finally to ~4849 nm after 300 minutes. Crucially, the
polydispersity index remained low and stable for the first 200 minutes (PDI ~0.225-0.276),
indicating a more controlled and homogeneous growth process compared to the increase in PDI
observed in the absence of surfactant. This suggests that Triton X-100 provides a degree of
stabilization, thereby dampening the rapid, uncontrolled aggregation previously observed.

Nonetheless, by 300 minutes, the PDI value of 1.000 signifies a complete loss of
stability and the formation of a highly polydisperse system with massive aggregates. This
ultimate destabilization suggests that Triton X-100 is only effective in delaying, but not
preventing, the fundamental attractive forces or charge neutralization that drive the aggregation
process in this complex system.

Following the characterization of the system with Triton X-100, the study was expanded
to examine the effect of a different non-ionic surfactant, Kolliphor P 188. The established
protocol was maintained: the malachite green dye was first prepared in an aqueous solution of
Kolliphor P 188 before its introduction to the phosphate sample, ensuring the in situ generation
of phosphomolybdic acid occurred within a milieu containing both the dye and the new
surfactant. This direct methodological parallel enables a comparative assessment of Kolliphor
P 188's influence on nucleation kinetics, particle growth, and ultimate colloidal stability in

comparison to the benchmark set by Triton X-100 (Figure 43).
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Figure 43: Particle size distribution obtained by DLS of particles formed during the in situ generation of
phosphomolybdic acid in the presence of malachite green dye and Kolliphor P 188: (a) Immediately after mixing
(0 min), the dispersion exhibited an average hydrodynamic diameter (Z-average) of ~93 nm (PDI = 0.405); (b)
After 60 min, the average diameter was ~83 nm (PDI = 0.325); (c) At 200 min, the particles remained stable with
an average diameter of ~90 nm (PDI = 0.318); (d) After 300 min, the average diameter was ~103 nm (PDI =
0.315). A1, A2, and A3 refer to technical triplicates.
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The colloidal behavior of the system underwent a profound and positive transformation
upon the substitution of Triton X-100 with Kolliphor P 188. Unlike the previous systems, which
exhibited continuous particle growth, the formulation containing Kolliphor P 188 demonstrated
remarkable stability throughout the entire 300-minute experiment (Figure 43). The Z-average
diameter remained consistently within a narrow nanometric range, fluctuating slightly between
~93 nm at time zero and ~103 nm after 300 minutes, while the polydispersity index (PDI)
decreased and stabilized around 0.315. This indicates a stable population of nanoparticles was
successfully formed and maintained, with no signs of the uncontrolled aggregation observed in
the presence of the dye alone or with Triton X-100.

A more detailed analysis of the particle size distributions, however, reveals a consistent
feature across all time points: the presence of a bimodal distribution. Alongside the dominant
population (~80% of the species) centered near the reported Z-average value, a minor
population (~20%) with a larger size of 1000-1200 nm is consistently observed (Figure 43).
The remarkable stability of the primary nanoparticle population, coupled with the consistent
size and proportion of the larger species, suggests that Kolliphor P 188 is highly effective at
stabilizing the phosphomolybdic acid-malachite green complexes, effectively arresting the
aggregation kinetics that dominated the other systems and preserving the nanoscale
characteristics of the particles over time.

While the DLS data for the Kolliphor P 188 system indicates colloidal stability, a
cautious interpretation of the absolute hydrodynamic sizes is warranted. The values reported by
DLS are calculated using the Stokes-Einstein equation, which is highly dependent on the
viscosity (1) and temperature of the dispersant medium. The instrument software assumes the
default viscosity of pure water. However, it is well established that surfactants like Kolliphor P
188 can significantly increase the viscosity of a solution, even at low concentrations. As
demonstrated by Fillafer and co-workers®** for Kolliphor P 188, an increase in medium
viscosity reduces the measured diffusion coefficient (D). If the software uses an underestimated
viscosity value, it will systematically interpret this slower diffusion as a larger hydrodynamic
diameter, potentially leading to an overestimation of the particle size.

To deconvolute the contributions of actual particle stabilization from artifacts and to
confirm that the observed signal indeed originates from the target complex, a series of control
experiments was designed and performed. The first control involved preparing the surfactants
(Triton X-100 and Kolliphor P 188) in the acidic medium at the same concentrations used in
the main experiments, but in the complete absence of both phosphate, dye, and molybdate. This

test aimed to determine the intrinsic micellar size of the surfactants themselves (Figure 44).
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Figure 44: Particle size distribution obtained by DLS of surfactant solutions in acidic medium: (a) Triton X-100
immediately after mixing (0 min) exhibited an average hydrodynamic diameter (Z-average) of ~63 nm (PDI =
0.475); (b) After 60 min, the Triton X-100 solution showed an average diameter of ~186 nm (PDI = 0.467); (c)
Kolliphor P 188 at 0 min presented an average diameter of ~228 nm (PDI = 0.710); (d) After 60 minutes, the
Kolliphor P 188 solution had an average diameter of ~302 nm (PDI = 0.820).
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The behavior of non-ionic surfactants Triton X-100 and Kolliphor P 188 in acidic
medium was monitored using DLS. The data obtained, summarized in Figure 44, describes
systems of significant complexity and heterogeneity, whose interpretation requires careful
consideration of the technique's limitations and the experimental conditions.

For the Triton X-100 solution immediately after preparation (Figure 44a), the intensity-
weighted size distribution revealed a multimodal profile. A predominant signal was observed
at approximately 10.5 nm, a size range previously associated with Triton X-100 micelles.?*
However, this signal coexisted with significant and consistent populations at larger scales (~800
nm and ~4500 nm). This heterogeneity is quantified by the high polydispersity index (PDI =
0.475) and a Z-average of ~63 nm. After 60 minutes (Figure 44b), the profile shifted markedly:
the relative intensity of the ~10 nm signal decreased substantially, while the population at ~350
nm became dominant. This evolution resulted in an increased Z-average of ~186 nm, while the
PDI remained high (0.467).

The system containing Kolliphor P 188 exhibited even more pronounced heterogeneity
right after the solution preparation. At time zero (Figure 44c), the DLS measurements showed
poor reproducibility between technical replicates. The histograms were broad and variable, with
inconsistent minor signals (e.g., ~7.5 nm) and a dominant, polydisperse population in the 400-
1000 nm range. This is reflected in the high Z-average (~228 nm) and the exceptionally high
PDI value of 0.710. After 60 minutes (Figure 44d), the system remained highly polydisperse
(PDI = 0.820), with a Z-average diameter of ~302 nm and a dominant population centered at
around 800 nm.

The high PDI values and the presence of signals in the micron range are critical to
interpret. DLS is highly sensitive to large particles or aggregates, where a small number of
contaminants can significantly dominate the scattering intensity and obscure the signal from
smaller species. Therefore, the large-sized signals (e.g., 4500 nm for Triton X-100) may not
represent a homogeneous population of formed aggregates, but rather a small number of
transient aggregates or dust, highlighting the challenge of measuring low-scattering systems.>*¢-
238 The poor reproducibility for Kolliphor P 188 suggests a dynamic and non-equilibrium state,
where the measurement may be capturing fluctuating scatterers rather than defined
structures.?37-2%

The interpretation of the smaller signals is equally complex. For Triton X-100, the signal
at ~10.5 nm is near the established micellar size.?*> However, the final concentration employed
(0.346 g/L, or 0.553 mmol-L™!) sits within the broad range of literature values for its Critical
Micellar Concentration (CMC), which varies from approximately 0.14 g/L**° to ~0.6 g/L,**
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often due to batch and supplier variations. Consequently, it is ambiguous whether this signal
stems from true micelles, sub-micellar aggregates, or simply represents the hydrodynamic size
of surfactant unimers in solution.

For Kolliphor P 188, the argument for micellization is even less supported. The
concentration used (0.346 g/L) is an order of magnitude below its established CMC of 4.2
g/L.2*! The sporadic and inconsistent signals around 7 nm are therefore highly unlikely to be
micelles. As with pure water, which can yield high PDI and spurious peaks due to a lack of
scattering entities, these signals could be artifacts or noise, further emphasizing that the system
is likely below its CMC and composed primarily of unimers and unpredictable, polydisperse
aggregates.?3%%7

In summary, the DLS data do not conclusively demonstrate micelle formation or the
controlled formation of aggregates for either surfactant under these specific acidic conditions.
The profiles are primarily descriptive of highly polydisperse and dynamic systems. Despite the
inherently complex nature of the surfactant-only systems, these control experiments
demonstrated a particle size distribution profile different from those observed during the in situ
formation of phosphomolybdic acid in the presence of the dye and surfactant. While the controls
exhibited extreme polydispersity, the systems containing the reacting components showed a
more stable and monodisperse population of nanoparticles. This stark contrast suggests that the
particles described are not artifacts of the surfactant in acid, but are indeed a distinct entity
formed by the interaction of all components, thereby demonstrating the consistency of the
descriptions made for the main experiment.

To further deconvolute the system and unequivocally attribute the formation of stable
nanoparticles to the specific in situ generation of phosphomolybdic acid, a second control
experiment was designed. The complete reagent mixture—containing ammonium molybdate,
malachite green dye, and Kolliphor P 188 or Triton X-100 in an acidic medium—was prepared
identically to that of the main experiment; however, the sample containing phosphate was
replaced with deionized water. This critical omission of phosphate entirely prevents the
formation of phosphomolybdic acid and, consequently, the intended phosphomolybdic acid-
dye-surfactant complex. The particle size distribution and stability of this mixture were assessed

(Figure 45).
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Figure 45: Particle size distribution obtained by DLS of the complete reagent mixture (ammonium molybdate,
malachite green, surfactant in acid) after 60 minutes, with the phosphate sample replaced by deionized water to
prevent the formation of phosphomolybdic acid: (a) System with Triton X-100 with an average hydrodynamic
diameter (Z-average) of ~2208 nm (PDI = 0.232) and a Zeta potential of ~ -3.1 mV; (b) System with Kolliphor P
188 with an average diameter of ~392 nm (PDI = 0.571) and a Zeta potential of ~ -17.3 mV.

The DLS profiles for the phosphate-free control systems provide a crucial comparative
dataset for interpreting the main experiment. The behavior observed for Triton X-100 (Figure
45a) is characterized by a single, well-defined population of very large aggregates, as indicated
by a high Z-average (~2208 nm) and a relatively low PDI (0.232). This single peak, contributing
100% of the intensity, suggests the formation of a particle, resulting from the aggregation of
the dye with the surfactant under acidic conditions. The near-neutral Zeta potential (~ -3.1 mV)
offers no significant electrostatic repulsion to prevent this aggregation.

In contrast, the system containing Kolliphor P 188 (Figure 45b) without phosphate
presents a markedly different profile. The histogram shows a very broad distribution of signals,
ranging from approximately 100 to 1100 nm, resulting in a high PDI of 0.571. This extreme
polydispersity, combined with the lack of a dominant, well-defined peak, results in the Z-
average value (~392 nm). This profile suggests a dynamic, unstable system where the measured
signals may not correspond to stable, characteristic particles, but rather to fluctuating
aggregates, transient complexes, or scattering artifacts.?**7 As previously discussed, DLS

measurements of such non-homogeneous, polydisperse systems are prone to significant
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variability and can detect signals from any scattering interface, making it challenging to draw
definitive conclusions about specific particle formation.

The stark contrast between these control data and the results obtained for the complete
system containing phosphate (Figure 43) is highly informative. The phosphate-free Kolliphor
P 188 system (Figure 45b)—with its high PDI, broad size range, and poorly reproducible
histogram profile—stands in clear opposition to the stable, monodisperse population of
nanoparticles (~90 nm, PDI ~0.32) consistently observed when phosphate is present and reacts
to form phosphomolybdic acid. This divergence suggests that the well-defined nanoparticle
signal in Figure 43 is not an artifact of the surfactant or a simple dye-molybdate aggregate.
Instead, it appears to be a direct consequence of the in situ formation of the phosphomolybdic
acid complex and its subsequent interaction with the dye and surfactant, leading to a stabilized
and homogeneous colloidal structure. The lower PDI and consistent replicate measurements in
the complete system are indicative of a more monodisperse and stable population, which is a
hallmark of a specifically formed nano-assembly rather than non-specific aggregation.

The Z-Average (hydrodynamic diameter - Dy), polydispersity index (PDI), and zeta
potential () values for the nanoparticles formed during the processes, in the absence and
presence of surfactants, are summarized in Table 5. The mean values of technical triplicates,

with the associated standard deviations.

Table 5 - Summary of DLS and zeta potential data for malachite green dye in the presence of phosphomolybdic
acid, without and with surfactants (Triton X-100 or Kolliphor P 188), over time. Values are reported as the mean
of technical triplicates (n=3).

Time (min) Surfactant
None Triton x-100 Kolliphor P 188
Dn PDI {(mV) Dn PDI {(mV) Dh(nm) PDI {(mV)
(nm) (nm)
0 893.4 0.252 -25.1 1122 0.234 1364 93.46 0.405 14.4
60 2894 0.261 26.7 1970 0.224 045 83.46 0.324 3.13

200 3844 0.557 1.08 3471 0.276 -0.110 89.83 0.318 3.72
300 5205 0.851 -11.9 4849 1 -4.53 1029 0315 -0.034

The analysis of zeta potential values reveals considerable fluctuations across the
different systems, which prevents the establishment of a clear temporal trend of evolution. In

particular, the values obtained for the formulations without surfactant and with Triton X-100
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are highly dispersed, alternating between positive and negative charges, which is indicative of
poor electrostatic stabilization.#>**3

In contrast, the system containing Kolliphor P 188 displays zeta potentials that gradually
decrease toward neutrality, a feature that, in isolation, would suggest a greater tendency to
aggregation, since the general observation is that values below the stability threshold (+ 30 mV)
characterize systems prone to aggregation.?*>?** Nevertheless, complementary DLS and UV—
Vis data demonstrate that this system is in fact the most stable among those tested, maintaining
a consistent absorbance, hydrodynamic diameter, and low polydispersity index over time. This
apparent discrepancy can be rationalized by considering that Kolliphor P 188 may confer
stability predominantly through steric mechanisms, whereby the polymeric chains of the
surfactant create a protective barrier that hinders particle—particle interactions.>**?** Such steric
stabilization operates independently of surface charge and therefore cannot be directly
correlated with the evolution of zeta potential.

These results are consistent with the structure of Kolliphor P 188, which comprises a
central hydrophobic poly(propylene oxide) (PPO) block flanked by two hydrophilic
poly(ethylene oxide) (PEO) blocks, conferring an amphiphilic character that enables effective
solubilization through micellization (Figure 46). The hydrophilic PEO chains extend outward
into the solvent, forming a hydrated steric barrier that prevents particle aggregation via
repulsive forces—a mechanism known as steric stabilization.?*® This steric hindrance arises
from the physical presence and osmotic pressure of the hydrated polymer layers, which oppose

the van der Waals forces driving flocculation, thereby maintaining colloidal stability and
245247
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Figure 46: Molecular structure of Kolliphor P 188, highlighting the central hydrophobic poly(propylene oxide)
(PPO) block and the two flanking hydrophilic poly(ethylene oxide) (PEO) blocks.

enhancing solubility.

Collectively, the data from UV-Vis spectroscopy, DLS, and =zeta potential
measurements provided a comprehensive understanding of the system's behavior, allowing us

to construct a model of the ongoing processes (Figure 47).
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Figure 47: Proposed model illustrating time-dependent aggregation of the phosphomolybdic acid—malachite green
complex in the absence of surfactant, and its prevention by steric hindrance and colloidal stabilization mediated
by Kolliphor P 188.

The interaction between phosphomolybdic acid and malachite green dye leads to the
formation of a chromogenic complex, attributed to the adsorption of the dye onto the particle
surface. In the absence of a stabilizing surfactant, these particles rapidly aggregate into
increasingly larger clusters, ultimately resulting in precipitation. While Triton-X-100 provided
a degree of initial stability by maintaining solution homogeneity for a period, it ultimately failed
to prevent aggregation and precipitation over time. In contrast, Kolliphor proved highly
effective in stabilizing the particles. Its use resulted in the formation of a more homogeneous
dispersion, characterized by smaller particle sizes. This stable state was maintained throughout
the entire experimental duration. The observed zeta potential values, which were below
approximately [30| mV, indicate that the particles are not sufficiently charged for dominant
electrostatic stabilization. This suggests that van der Waals forces would typically promote
aggregation; therefore, the effective stabilization provided by Kolliphor is most likely steric in
nature, a mechanism consistent with the literature.?*%24’

Based on dynamic light scattering, zeta potential, and UV -Vis spectroscopy data, the
mechanisms underlying particle aggregation and stabilization were elucidated at a mesoscopic
level. The evidence demonstrated the superior stabilizing efficacy of Kolliphor P 188 over
Triton X-100. This was indicated by the maintenance of a more homogeneous solution state
with smaller particle sizes, effectively preventing aggregation. Consequently, the use of

Kolliphor P 188 contributes to a more robust assay.
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6 DIGITAL IMAGE-BASED METHOD TO ABL ATPASE
ACTIVITY: DEVELOPMENT AND APPLICATION USING
MALACHITE GREEN ASSAY

6.1 Introduction

The quantification of phosphate represents a central analytical challenge with
implications across biological, environmental, agricultural, and industrial domains. In human
health, inorganic phosphate (Pi) plays a multifaceted role as both a structural and a functional
element. It constitutes an essential component of hydroxyapatite, conferring mechanical
strength and rigidity to bones and teeth, while also serving as a dynamic reservoir that
participates in endocrine regulation through hormones such as fibroblast growth factor 23
(FGF23).>*® Beyond its structural contribution, Pi is indispensable for cellular energy
metabolism, acting as a precursor for adenosine triphosphate (ATP) and participating in critical
biochemical pathways including DNA and RNA synthesis, enzymatic regulation, and cellular
signaling. Perturbations in phosphate homeostasis are tightly associated with pathological
conditions such as rickets, osteomalacia, vascular calcifications, neuromuscular dysfunctions,
and metabolic disorders, highlighting the indispensable nature of precise monitoring of
phosphate levels in biological systems.?4->>

The environmental relevance of phosphate is equally critical. In aquatic ecosystems,
phosphate serves as a limiting nutrient for primary productivity; however, when present in
excess, it becomes a driving factor of eutrophication, fostering algal blooms, oxygen depletion,
biodiversity loss, and long-term ecological imbalance. Accurate quantification of phosphate in
surface and coastal waters is therefore fundamental not only for the assessment of water quality
but also for the prediction and mitigation of eutrophication processes. The availability of
reliable analytical data underpins the formulation of environmental policies, the design of
remediation strategies, and the conservation of aquatic biodiversity.?*!*> Moreover, large-scale
studies have demonstrated that phosphate concentration serves as a crucial tracer in oceanic
biogeochemical cycles, influencing carbon sequestration, nitrogen fixation, and ecosystem
resilience under scenarios of climate change.?>*

In agriculture, phosphate quantification remains a cornerstone for sustainable crop
production. Phosphorus is a macronutrient indispensable for photosynthesis, root development,
and grain formation. Yet, the bioavailability of soil phosphorus is often limited, as a large

proportion is immobilized in complexes with calcium, iron, or aluminum, particularly in acidic
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or alkaline soils. This limitation poses a major constraint to agricultural productivity, often
necessitating the use of phosphate-based fertilizers.?>> However, excessive or inefficient
application not only escalates production costs but also contributes to environmental
contamination and the depletion of nonrenewable resources such as phosphate rock. Accurate
assessment of available phosphate in soils enables optimized fertilization strategies, the
deployment of phosphate-solubilizing microorganisms, and the promotion of sustainable
agricultural practices that balance productivity with ecological stewardship.?*°

The food industry also requires stringent control of phosphate levels to ensure both
regulatory compliance and consumer safety. Phosphate additives are widely used to improve
water retention, texture, and stability in food products. Nevertheless, undeclared or excessive
addition of phosphates, particularly polyphosphates, constitutes a fraudulent practice that not
only deceives consumers but also poses health risks, including cardiovascular and renal
complications. Analytical methods such as ion chromatography and mass spectrometry are
routinely employed to verify compliance with international standards, thereby safeguarding
public health and maintaining market integrity.?>”->%

In the industrial sector, phosphate quantification is fundamental for environmental
management, particularly in the detergent industry. Phosphorus-containing compounds in
detergents contribute substantially to nutrient loading in rivers and coastal zones, exacerbating
eutrophication. Regulatory interventions supported by reliable phosphate quantification have
led to significant reductions in phosphorus discharge, even amidst growing industrial
production. These measures not only mitigate environmental damage but also stimulate the
development of phosphate-free detergents, aligning industrial innovation with global
sustainability goals.?’

Taken together, these diverse contexts underscore the universality of phosphate as a
critical analyte and highlight the necessity of precise, reliable, and adaptable analytical
methodologies. As has been discussed in previous sections, a wide variety of techniques have
been developed for phosphate quantification, ranging from fluorescence-based assays and
chromatographic separations to electroanalytical methods. Each of these approaches presents
distinct advantages and limitations depending on the complexity of the sample matrix,
sensitivity requirements, and operational constraints.

Among the emerging strategies, digital image-based methodologies have garnered
increasing attention due to their portability, low cost, and accessibility, particularly when

coupled with smartphones. This innovative direction offers an alternative pathway for
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phosphate detection, bridging laboratory-grade accuracy with field applicability, as will be
discussed below.

Recent years have witnessed a growing interest in digital image analysis, particularly
with the use of smartphones, as a novel and accessible approach to phosphate quantification.
Zhang and Zhang?®® introduced a portable, paper-based sensor system coupled with smartphone
detection for phosphate monitoring. The platform exploited a nanocomposite of eosin Y
embedded in a metal-organic framework (ZIF-8). The detection principle relied on the strong
affinity between phosphate and Zn?* ions, which induced the collapse of the ZIF-8 framework,
releasing eosin Y and enhancing its fluorescence emission at 537 nm. This fluorescence "turn-
on" effect was quantified by extracting RGB values from digital images of the test papers under
UV light. The assay was highly selective and rapid, with a detection limit of 1.42 mg/L and a
linear range up to 76.0 mg/L. Beyond environmental water analysis, the authors demonstrated
the applicability of the method in cellular bioimaging and anti-counterfeiting inks, underscoring
its versatility

Several studies have explored adaptations of the classical phosphomolybdate—ascorbic
acid reaction, which yields the intensely colored molybdenum blue complex, as a basis for
digital image-based phosphate detection.

Moonrungsee and co-workers?®! presented one of the earlier implementations of
smartphone-assisted molybdenum blue detection in soils. The method employed a light-sealed
box with LED illumination to capture images of soil extracts treated with the
phosphomolybdate—ascorbic acid reagent. Quantification was achieved through RGB analysis,
with the blue channel correlating most strongly with phosphate concentration. The assay
exhibited a detection limit of 0.01 mg/L and a linear range up to 1.0 mg/L, with precision and
accuracy comparable to conventional spectrophotometry.

Manbohi and co-workers?®? developed microfluidic paper-based analytical devices
(LPADs) integrated with a smartphone application for simultaneous detection of phosphate,
nitrite, and silicate in coastal waters. Phosphate quantification was achieved through the
phosphomolybdate reduction catalyzed by antimony ions and ascorbic acid, yielding a blue
complex. Images were captured under controlled LED illumination, and the red channel
intensity from the RGB color model was used for calibration. The system exhibited a detection
limit of 1.52 pg/LL and a quantification range of 5-100 pg/L, with validation against
spectrophotometric methods demonstrating excellent accuracy for environmental applications.

Similarly, Lavanya and co-workers®®® adapted the ascorbic acid—molybdenum blue

method for soil and water analysis, coupling the reaction with a smartphone-based optical
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device and an Android application named “SMART NP.” Quantification relied on the Value (V)
component of the HSV color space extracted from digital images. The method achieved
detection limits of 0.001 mg/L in soil and 0.02 mg/L in water, with quantification ranges
extending to 1 mg/L and 30 mg/L, respectively. The system was robust against common
interferents and proved suitable for on-site agricultural monitoring.

Das and co-workers?®*

also employed the phosphomolybdate—ascorbic acid reaction in
a smartphone-assisted platform, but with a customized 3D-printed optical accessory. The
accessory ensured uniform LED illumination and shielded the camera from ambient light,
improving reproducibility. Image analysis was based on the Value (V) channel of the HSV color
space, with calibration curves validated against spectrophotometric measurements. The method
demonstrated detection limits down to 0.016 mg/L within a working range of 0.1-5 mg/L,
covering two linear regions. This dual calibration allowed sensitive quantification across a
broad concentration spectrum, particularly relevant for soil and irrigation water samples.

Ai and co-workers*®

extended the application of the molybdenum blue method by
integrating machine learning algorithms into the image analysis pipeline. Instead of relying
solely on direct RGB or HSV extraction, the study employed a dataset of nearly two thousand
images captured under diverse conditions and trained Random Forest regression models to
predict phosphate concentrations. This approach accounted for uncontrolled variations such as
light source, phone model, and container type. The model achieved high accuracy, with an R?
of 0.97 across a concentration range of 0.01-1.0 mg/L and a detection limit of 0.036 mg/L.
Importantly, this strategy eliminated the need for controlled illumination setups, representing a
significant advance toward citizen science and large-scale monitoring.

These studies demonstrate that the molybdenum blue chemistry is a versatile foundation
for smartphone-based phosphate quantification. While earlier implementations emphasized
controlled illumination and simple RGB analysis, more recent advances incorporate optical
accessories and even machine learning to overcome environmental variability, thereby
enhancing robustness and field applicability.

An alternative to classical colorimetric reactions was proposed by Li and co-workers,*6®
who designed a smartphone-assisted assay exploiting nanocomposites of CeZri~O: with
intrinsic peroxidase-like activity. The presence of phosphate ions was recognized selectively
through binding to Zr** centers, which modulated the catalytic oxidation of 3,3'.5,5'-
tetramethylbenzidine (TMB) in the presence of hydrogen peroxide, producing a blue-colored
oxidized product. The resulting color change, captured by smartphone imaging, enabled

phosphate quantification in the range of 6.7-266.7 umol-L™!, with a detection limit as low as
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0.09 pumol'L"'. The method offered high selectivity, wide linearity, and adaptability to
environmental water samples, exemplifying the integration of nanozyme-mediated catalysis
with portable digital detection systems.

The accurate quantification of Pi is a critical requirement in diverse fields, including
environmental monitoring, agriculture, and industrial process control. Consequently, the
development of robust, accessible, and cost-effective methods for Pi determination remains a
relevant pursuit. As established in previous chapters of this thesis, the malachite green assay
has been successfully employed as a sensitive colorimetric method to quantify the activity of
the Abl kinase enzyme, using traditional spectrophotometric detection.

This chapter, however, aims to broaden the accessibility and versatility of this
methodology. We introduce a novel approach by establishing a digital image-based method for
Pi quantification using the same malachite green assay principle. To our knowledge, the
application of this specific colorimetric method coupled with digital image analysis for
phosphate quantification has not been previously explored in the literature, representing a
significant methodological innovation. While the proposed development primarily aims to
simplify and reduce the cost of the assay, the results demonstrate its potential for a wide range

of applications beyond the specific enzymatic context of this thesis.

6.2 Materials and Methods

6.2.1 Image Collecting and Processing

For the image acquisition in this study, a tripartite approach was employed to evaluate
the methodology across different hardware specifications. The primary imaging was performed
using a professional-grade Canon EOS 6D digital SLR camera. The camera was equipped with
a full-frame (36 x 24 mm) CMOS sensor and was set to capture images in JPEG format at its
maximum resolution of 5472 x 3648 pixels. The central point of the 11-point autofocus system
was selected for focus acquisition. Shutter speed varied between 1/100 s and 1/200 s. Exposure
was controlled via the 63-zone TTL metering system in evaluative mode, and white balance
was set to automatic.

A supplementary image set was acquired using a semi-professional Canon PowerShot
SX400 IS camera. This device features a 1/2.3-inch CCD sensor and was set to capture JPEG
images at 4608 x 3456 pixels. The contrast-detection autofocus system was configured to use
the central point for focusing. Shutter speed was adjusted accordingly, ranging from 1/100 s to
1 s to maintain exposure. The camera's TTL exposure metering system was used in evaluative

mode.
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Additionally, images were captured using the main rear camera of a consumer-grade
Samsung Galaxy A31 smartphone. The camera application was used in its default automatic
mode. This utilized the 48 MP sensor, which employs pixel-binning to output images. No
manual settings were adjusted; the onboard software automatically determined all exposure
parameters (shutter speed, ISO, aperture) and applied automatic white balance for each capture.

The samples to be analyzed were placed in 96-well transparent polystyrene plates with
a flat bottom. A computer application was developed for the automated image processing and
analysis of 96-well plates. Built in Python 3.12 utilizing the OpenCV library. This tool is
designed to streamline the quantification of assays by accurately isolating the plate from an
image, detecting the individual wells, and extracting colorimetric data from each one. Through
a multi-stage computer vision pipeline, the application ensures precise measurements. The final
output consists of mean intensity values sampled from the center of each well across multiple
color spaces (BGR, HSV, YCrCb, Lab, and Grayscale), providing a versatile dataset for a wide
range of experimental analyses.

Following the acquisition and upload of an image of a 96-well plate into the application,
a multi-stage image processing pipeline is executed to accurately quantify the assay results. The
initial stage involves image rectification and region of interest (ROI) isolation (Figure 48). To
ensure robustness against variations in capture angle, the image is automatically rotated to
correct any significant inclination. The subsequent step focuses on detecting the plate itself.
This is achieved by first enhancing the image contrast using the Contrast Limited Adaptive
Histogram Equalization (CLAHE) algorithm. A Gaussian blur filter is then applied to reduce
high-frequency noise, followed by edge detection using the Canny edge detector.
Morphological operations are employed to close gaps and solidify the detected edges, allowing
for the identification of the largest continuous contour, which corresponds to the plate's
boundary. This contour is used to extract a precisely cropped ROI, isolating the plate for all
subsequent analysis.

The core processing phase involves the detection of individual wells within the isolated
plate ROI. This is accomplished using the Hough Circle Transform, which identifies circular
structures. To eliminate false positives detected in irrelevant image regions, a geometric filter
is applied, retaining only circles whose diameters fall within 8% to 92% of the total ROI
dimensions. This ensures that only valid wells are considered for further analysis. Following
detection, the spatial coordinates of the identified circles are processed to organize them into a

logical grid structure. A K-Means clustering algorithm is applied to the center coordinates (X,
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y) of all circles to group them into distinct rows and columns. This clustering yields the average
positional coordinates for each column, effectively reconstructing the plate's grid layout.
Finally, the optical density of each well is measured. For every detected circle, the mean
pixel value is extracted from a small 5x5 pixel sample area at the center of the well. This
centralized sampling mitigates potential interference from the well's edges. To provide a
comprehensive analysis, this value is extracted across multiple color spaces, including BGR,

HSYV, YCrCb, Lab, and Grayscale, allowing for flexible and robust data interpretation based on

the specific requirements of the assay. A file is generated in csv format with the processed data.
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Figure 48: Workflow of the automated image analysis application. The pipeline, developed in Python using the
OpenCV library, outlines the key processing stages: image rotation and plate detection (ROI isolation), well
detection via Hough Circle Transform, grid organization using K-Means clustering, and multi-color space intensity
extraction.

6.2.2 Calibration Curves and Enzymatic Assays via Digital Imaging

The calibration curves for phosphate quantification were constructed using the
malachite green dye prepared as described by Baykov and co-workers,?!! with the surfactant
Triton X-100 or Kolliphor P 188, as the performance of both surfactants was evaluated using
the digital imaging method.

For the Abl enzymatic assays, the reactions were set up as described in detail in Chapter
4, Section 4.2.4. The key modification in the present chapter occurred at the final stage of the
protocol: instead of transferring the stopped reaction to a cuvette for spectrophotometric
reading, the reaction was transferred to a 96-well microplate. Subsequently, the microplate was
placed on the imaging device to capture digital photographs for analysis. The phosphate
concentration in each reaction well was calculated based on the internal calibration curve

included on each plate, using the mean intensity values extracted from the digital images.
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6.3 Results and Discussions

6.3.1 Development of Support for Image Collection

To assess the feasibility of digital image-based assays, initial calibration curves were
constructed from photographs of plates placed directly on a laboratory bench. This setup,
however, proved inadequate due to two major optical imperfections: the formation of shadows
within the wells and glare from frontal lighting on the plate's surface. These issues significantly
compromised the uniformity and quality of the acquired images, indicating that a front-lit
configuration was unsuitable for quantitative analysis. It was concluded that a backlit
illumination system, with the light source positioned behind the object of interest (the 96-well
plate), was necessary to mitigate these effects and ensure even light distribution.

To address this requirement, a preliminary imaging apparatus was constructed. The
assembly consisted of a transparent glass plate supporting the well plate. An A4 office paper
sheet was placed beneath the glass as a light diffuser. This ensemble was positioned atop a white
polystyrene box adapted with an internal white fluorescent lamp to provide uplighting through
the diffuser.

While this design successfully eliminated the shadows and frontal glare observed in the
initial setup, it introduced new critical artifacts. The first was the appearance of interference
fringes (Figure 49a), which introduced coherent light interference patterns detrimental to
quantitative analysis. The second artifact was persistent non-uniform illumination (Figure 49b),
resulting in a gradient of light intensity. This was attributed to the concentrated nature of the
fluorescent light source, which, despite the diffuser, created a brighter central hotspot and

dimmer edges.

(b)

Fringes brighter central hotspot

Figure 49: Artifacts observed in images captured using the initial backlighting prototype: (a) Interference fringes
caused by a thin air gap between the glass and the diffuser — closer captured image; (b) Non-uniform illumination
across the plate, manifesting as a central hotspot and peripheral shadowing, due to an insufficiently diffused point
light source.



143

The failure of this prototype to provide homogeneous, artifact-free illumination
underscored the need for a better apparatus incorporating a larger uniform light source. To
overcome the limitations of this initial prototype, an optimized imaging apparatus was
constructed. The device consisted of a white polystyrene box whose interior base was uniformly
lined with a 4-meter long 110V cool white LED strip. A sheet of white tracing paper was
securely fixed with adhesive tape over the open top of the box to serve as an integrated diffuser
plane (Figure 50a). For image acquisition, the 96-well plate was placed directly onto this

diffuser surface within a darkroom environment to ensure the exclusion of all ambient light.

The LED illumination was then activated to provide backlighting (Figure 50b).
(a) (b)

Figure 50: Imaging setup and a representative calibration plate: (a) Diagram of the custom lightbox, constructed
from a polystyrene box with a base LED light and a tracing paper diffuser to ensure uniform illumination; (b)
Image of a representative sextuplicate calibration curve (0 - 10 pmol-L"! phosphate) for the malachite green assay
prepared with Triton X-100 surfactant, acquired using the described setup.

The selection of tracing paper over standard office paper (A4) was an improvement, as
it demonstrated superior performance in achieving homogeneous white illumination across the
entire surface, effectively eliminating the interference fringes and intensity gradients observed
in previous configurations. This design successfully provided the uniform, diffuse backlighting
required for image analysis, resolving the key optical challenges identified earlier.

When the plate was positioned at the center of the device and photographed using both
the professional and semi-professional cameras, the resulting calibration curves for all wells
exhibited random deviations for each data point. This random distribution of errors strongly
evidences that the illumination is uniform across the entire plate surface and that no systematic
optical artifacts are affecting detection or intensity measurement (Figure 51a).

In contrast, images captured with the smartphone revealed a significant limitation. Due
to the wider aperture and specific lens characteristics of the smartphone camera, shadow

formation was observed inside the wells (Figure 51b). This artifact can severely compromise
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the analysis, as the automated selection of a 5x5 pixel sampling square may occur in a shaded
region, an area without the sample, or off-center from the well's true center. Any of these
scenarios would introduce error into the intensity measurement. Consequently, for all
smartphone-based quantifications, an additional manual visual inspection step was

implemented to verify the correct selection and positioning of the sampling area for each well.

(a) (b)
Shadow
The square

in a shadow
region

Figure 51: Comparative analysis of well detection and calibration performance across different imaging systems:
(a) Image acquired with the semi-professional camera (Canon PowerShot SX400 IS). The panel shows the original
image with accurate automated well detection by the application, indicated by the 5x5 pixel sampling squares
positioned correctly at the center of each well. The image displays the resulting calibration curves: calibration
curve (in triplicate) for Kolliphor P 188 surfactant (0-70 umol-L") and for Triton X-100 surfactant (0-10 umol-L-
1; (b) Image acquired with the smartphone camera (Samsung Galaxy A31). The panel shows shadows formation
inside the wells. This plate corresponds to: a calibration curve (in triplicate) for Kolliphor P 188 surfactant, and
analysis of enzymatic reactions in the absence and presence of varying inhibitor concentration.

This finding highlights a key limitation in the current smartphone application
methodology. To mitigate this issue, future iterations of the device should incorporate a
stabilization system to maintain the smartphone in a fixed, optimal position. Furthermore, a
more robust analytical approach could be developed, involving the acquisition of multiple
images—for instance, by moving the plate systematically under the fixed camera. This would
allow for the collection of a set of images where each well is optimally illuminated and focused
at least once. The strategy of visual inspecting the wells to make the best selection was

employed in this work.
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6.3.2 Color Channel Selection for Calibration Curves

Given that the image analysis algorithm extracts mean intensity values across multiple
color spaces (BGR, HSV, YCrCb, Lab, and Grayscale), a critical step was to determine the most
sensitive and reliable color component for quantitative analysis. The objective was to identify
which color component provided the optimal calibration curves, characterized by the highest
slope of the curve and coefficient of determination (R?), and the linear fit across the tested
concentration range. Channels that did not rank among the top performers for either surfactant
are presented in the supplementary material for completeness (Appendix B.1).

First, we did the comparative analysis of these color channels using images acquired
with the professional-grade camera (Canon EOS 6D) for two surfactants, Kolliphor P 188 and
Triton X-100. For the surfactant Triton X-100, the most effective calibration curves were
obtained using the R (red) component of the RGB color space and the S (saturation) component

of the HSV color space (Figure 52).
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Figure 52: Comparative analysis of the optimal calibration curves for phosphate using the surfactant Triton X-100
in dye solution obtained from different color channels using the professional camera system: (a) Calibration curve
constructed from the mean intensity values of the R (red) component (RGB color space); (b) Calibration curve
constructed from the mean intensity values of the S (saturation) component (HSV color space).

The selection of these optimal channels was based not only on their high coefficients of
determination (R?), indicating excellent linearity across the concentration range, but also on the
magnitude of the slope of the regression line. A steeper slope signifies a greater change in the
analytical signal per unit change in concentration, which translates to higher sensitivity of the
method. Therefore, the R and S channels were selected because they provided the optimal
balance between a strong linear fit (high R? value) and a high sensitivity (steep slope), ensuring

the method is responsive to variations in phosphate concentration. Channels yielding curves



146

with low slopes, even with reasonable R? values, were deemed less suitable as they reflect a
low sensitivity.

Although both the R and S channels yielded calibration models for phosphate, a
comparative analysis identified the R component as the superior choice. While the saturation
channel exhibited a high coefficient of determination, its value was marginally lower than that
of the red channel. More critically, upon visual inspection of the calibration plot, the data points
for the S channel revealed a subtle yet discernible deviation from ideal linearity.

Similarly, for assays prepared with the Kolliphor P 188 surfactant, the most effective
calibration curves constructed from the professional camera images were also derived from the
R (red) and S (saturation) color components (Figure 53).
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Figure 53: Calibration curves for phosphate quantification using the malachite green assay prepared with
Kolliphor P 188 surfactant, based on images acquired with the professional camera system: (a) Full-range plot (0
- 70 umol-L!) of the mean intensity values from the R (red) component; (b) Linear range plot (0 - 25 pmol-L!) of
the R component data; (c) Full-range plot (0 - 70 umol-L™") of the mean intensity values from the S (saturation)
component; (d) Linear range plot (0 - 25 umol-L™") of the S component data. All data points represent the mean of
sextuplicate measurements.

The expanded concentration range (0 — 70 pmol-L ™) for the Kolliphor P 188 assays was
deliberately chosen to investigate the potential for a wider dynamic range offered by the digital

image method. While previous UV-Vis spectrophotometry was limited to a maximum of 20
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umol-L™! phosphate due to the upper absorbance limit of the instrument, the digital image
analysis is not constrained by the same optical limitations. This allowed for a comprehensive
evaluation of the dye's behavior and the identification of the linear analytical range for color
components under these specific conditions.

The calibration profiles for both the R (red) and S (saturation) components exhibited a
distinct non-linear, hyperbolic relationship across the full 70 pmol-L! range. Specifically, the
R channel displayed a decreasing hyperbolic decay, while the S channel showed a
corresponding increasing hyperbolic growth. Despite this non-linearity at higher
concentrations, both channels demonstrated excellent linearity (R? > 0.99) within the 0 to 25
umol-L™! phosphate range. This linear range is superior to the 0-10 pmol-L™! range established
for Triton X-100, confirming that the Kolliphor P 188 surfactant provides enhanced
stabilization, allowing for quantification across a broader concentration window.

The selection of the R and S channels was further justified by their superior sensitivity,
as indicated by the steep slopes of their regression lines within the linear range. Although other
components, such as Cr from the YCrCb space, also demonstrated linear behavior up to
approximately 20-25 pmol-L™!, their slopes were significantly lower. A shallower slope
indicates a smaller change in signal per unit change in concentration, translating to a method
with lower sensitivity and a less robust capacity to distinguish between small concentration
differences. Therefore, the high sensitivity and strong linear fit make the R and S components
the most suitable for constructing reliable and responsive calibration models for phosphate
quantification using the Kolliphor P 188 surfactant.

To evaluate the performance of a more accessible imaging system, the analysis was
extended to images captured with a semi-professional camera (Canon PowerShot SX400 IS).
The optimal calibration curves for both surfactants, Triton X-100 and Kolliphor P 188,
constructed from the triplicate measurements, are presented together in Figure 54. Consistent
with the results from the professional camera, the R and S color components again yielded the

most reliable calibration models.
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Figure 54: Calibration curves for phosphate quantification using the malachite green assay prepared with either
Triton X-100 or Kolliphor P 188 surfactants, based on images acquired with the semi-professional camera system:
(a) Calibration curve from the R component for Triton X-100 (0 - 10 umol-L™!); (b) Calibration curve from the S
component for Triton X-100 (0 - 10 pmol-L!); (¢) Calibration curve from the R component for Kolliphor P 188 (0
- 25 umol-L); (d) Calibration curve from the S component for Kolliphor P 188 (0 - 25 pmol-L™!). All data points
represent the mean of triplicate measurements.

An interesting finding was that multiple color components across different color spaces
exhibited linear segments within specific concentration ranges when using the semi-
professional camera. This suggests that the fundamental quantitative relationship between
phosphate concentration and color intensity is robust enough to be detected by this level of
hardware. However, the R and S components were consistently selected as optimal because
they provided not only linearity but also the steepest slopes among all tested channels. This
combination ensures the highest sensitivity, making them the most reliable choices for
distinguishing subtle concentration differences.

For the Triton X-100 surfactant (Figure 54a and b), the calibration curves constructed
from the R and S components (0 - 10 umol-L!) exhibited significantly lower slopes than those
obtained with the professional camera. A lower slope indicates a reduced change in the

analytical signal per unit change in concentration, directly translating to a method with lower
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sensitivity. This decrease in sensitivity is likely attributable to the differences in sensor quality
and image processing algorithms between the camera systems.

For assays prepared with the Kolliphor P 188 surfactant, the semi-professional camera
also successfully generated calibration curves across the expanded linear range of 0 - 25
pumol-L! (Figure 54c and d). The coefficients of determination for these curves, while still
strong (R? = 0.97 for R, R? = 0.98 for S), were marginally lower than the linearity (R? > 0.99)
achieved with the professional system. The slope for the S component remained remarkably
similar to its professional counterpart, suggesting a robust capture of saturation data. However,
the slope for the R component was reduced, further underscoring a minor loss in accuracy,
particularly in capturing the intensity of the red channel.

Despite these differences in numerical performance, the overall profiles of the
calibration curves remained consistent across both imaging systems. For Kolliphor P 188, the
full-range data (not shown) maintained the characteristic non-linear hyperbolic relationships: a
decreasing hyperbolic decay for the R component and a corresponding increasing hyperbolic
growth for the S component.

Finally, to assess the feasibility of a highly accessible and ubiquitous imaging device,
the assay was evaluated using a smartphone camera (Samsung Galaxy A31). Figure 55 presents
the resulting calibration curves for both surfactants, demonstrating that even this consumer-
grade device can be effectively employed for quantitative analysis. Mirroring the results from
the more advanced cameras, the R (red) and S (saturation) color components again provided
the optimal balance between the highest linearity (R?) and sensitivity (slope), confirming the

robustness of these specific color channels across a wide spectrum of imaging hardware.
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Figure 55: Calibration curves for phosphate quantification using the malachite green assay prepared with Triton
X-100 or Kolliphor P 188 surfactants, based on images acquired with the smartphone camera: (a) Calibration curve
from the R component for Triton X-100 (0 - 10 pmol-L™"); (b) Calibration curve from the S component for Triton
X-100 (0 - 10 pmol-L"); (c) Calibration curve from the R component for Kolliphor P 188 (0 - 20 umol-L"); (d)
Calibration curve from the S component for Kolliphor P 188 (0 - 20 pmol-L™"). Data for Kolliphor P 188 represents
the average of triplicate measurements.

The quantitative analysis using the smartphone camera yielded intriguing results
regarding sensitivity and practical limitations. For the Triton X-100 surfactant, the calibration
curves derived from the smartphone images exhibited slopes for both the R and S components
that were superior to those obtained with the semi-professional camera (Figure 55a and b). This
indicates that the smartphone sensor could capture a greater change in color intensity per unit
change in phosphate concentration, translating to a potentially higher analytical sensitivity for
this specific surfactant. Furthermore, these curves maintained high coefficients of determination
(R?), confirming excellent linearity within the 0-10 umol-L™! range.

However, a significant practical challenge was encountered. During the acquisition of
images for a triplicate Triton X-100 calibration curve, the setup was prone to shadow formation
on the plate, as discussed in the previous section. This artifact introduced substantial variability,
precluding reliable automated well detection and intensity measurement across replicates.

Consequently, the data presented in panels (a) and (b) of Figure 55 are derived from a single,
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representative calibration series without replicates, highlighting that while the smartphone
hardware is sensitive, the imaging protocol requires further optimization to ensure consistent
and shadow-free illumination for robust, high-throughput analysis.

For the Kolliphor P 188 surfactant, the smartphone performance was also notable. The
slopes of the calibration curves were higher than those from the semi-professional camera, again
suggesting high inherent sensitivity. The characteristic phenotypic profiles, a decreasing
hyperbolic decay for the R component and an increasing hyperbolic growth for the S component
across the full concentration range (0-70 pmol-L™"), were consistently observed, aligning with
the behavior captured by the other cameras. However, the validated linear dynamic range for
quantitative work was slightly reduced. Linearity (R* > 0.98) was confirmed only up to 20
umol-L! phosphate, compared to the 25 pmol-L™! range established with the semi-professional
and professional systems. This indicates that while the smartphone can capture highly sensitive
data, its effective linear range may be marginally narrower under the current imaging
conditions.

The observed colorimetric response warrants a discussion on the interplay of color
components. The increase in green coloration, visible to the human eye with rising phosphate
concentration, did not directly correlate with an increase in the digital G (green) channel
intensity. Instead, the most pronounced and reliable analytical signal was a sharp decrease in
the R (red) channel. This phenomenon is consistent with color theory, as green and red are
complementary colors; an increase in the perceived green hue implies that the complex is
absorbing more red light, resulting in less red light being reflected and captured by the camera
sensor.?%’

However, the generation of a perceived color is a complex process governed by the
additive combination of all RGB components. A decrease in red intensity does not automatically
necessitate a proportional increase in green, as the final hue is a balance of all three channels.
The specific spectral properties of the malachite green-phosphomolybdate complex appear to
manifest primarily through a modulation of the red channel, with smaller, less linear
contributions from green and blue. This behavior is dye-specific and underscores the critical
importance of empirically determining the most responsive color channel for a given assay,

rather than relying on assumptions based on human visual perception.?¢%2¢?

6.3.3 Pilot Application of the Digital Imaging Assay for Inhibitor Screening

Building upon the successful development and optimization of the calibration curves

detailed in the previous section, this study transitions to a proof-of-concept application of the
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digital imaging method in a biologically relevant context. The objective is to evaluate the
feasibility of using digital images to not only quantify inorganic phosphate but also facilitate
inhibitor screening. We focused this application on the Abl kinase, leveraging the fact that its
intrinsic ATPase activity releases inorganic phosphate. Herein, we report the use of this
imaging-based assay to generate an inhibition profile for imatinib, thereby establishing the
foundational framework for employing this accessible methodology as a future primary
screening tool in drug discovery pipelines.

To demonstrate the practical application of the imaging method for inhibitor screening,
the activity of Abl kinase was assessed in the presence of increasing concentrations of imatinib
(0 - 20 pmol-L™"). The reaction progress was monitored by quantifying the phosphate released
using the red channel intensity from images captured with the semi-professional camera system.
The resulting dose-response relationship, presenting the percentage of inhibition as a function

of the inhibitor concentration, is displayed in Figure 56.
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Figure 56: Inhibition profile of imatinib against Abl kinase. The enzyme activity was assessed in a reaction mixture
containing 40 mmol-L™! Tris pH 7.5, 2.5 mmol-L! MgClz, 2% (v/v) DMSO, 1.5 mmol-L! ATP, and 0.65 pmol-L!
Abl kinase. Reactions were stopped after 75 and 155 minutes, and the released phosphate was quantified by the
malachite green assay based on the mean intensity of the R (red) channel from semi-professional camera images.
The inhibition percentage was calculated relative to a positive control (no inhibitor). Data points represent mean
values derived from three independent experimental plates, each containing an internal calibration curve in
triplicate.

The inhibition profile presented in Figure 56 demonstrates that the digital imaging
method is capable of reliably monitoring Abl kinase activity and its modulation by an inhibitor.
A dose-dependent response was observed, where increasing concentrations of imatinib led to a
corresponding increase in enzyme inhibition. This result demonstrates the core premise of this
proof-of-concept study: the signal captured by the semi-professional camera is sensitive and

specific enough to distinguish subtle changes in enzymatic reaction rates caused by an inhibitor.
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Crucially, the calculated apparent dissociation constant (Ky) of 174 £ 140 nmol-L™! from
the fitted curve while the value of 83 + 26 nmol-L! obtained using the UV-Vis
spectrophotometric method for the same assay. Notwithstanding this discrepancy, the data
successfully demonstrate the feasibility of using digital images as a screening tool. The elevated
K value derived from the fitted curve is likely influenced by the substantial standard deviation
of the measurements.

An important methodological consideration in this study was the potential variability
introduced by imaging conditions, such as camera distance and minor fluctuations in
background illumination. Although photographs were taken in a darkened room to standardize
lighting, the full impact of these factors on color capture was not exhaustively investigated. To
proactively control this potential source of error and to enable absolute quantification of
phosphate, each experimental plate included an internal calibration curve in triplicate, prepared
and imaged under identical conditions as the enzymatic reactions. The equation derived from
this on-plate standard curve was then used to convert the mean red channel intensity of the
reaction wells into phosphate concentration. This approach effectively normalizes any plate-to-
plate variations caused by minor imaging inconsistencies. While no significant deviations were
observed between the calibration curves across different plates in this study, future
optimizations could systematically assess the robustness of the method by rigorously testing its
tolerance to variables such as camera distance and ambient light.

A significant advantage of the digital imaging method presented here is its inherent
potential for increased throughput and accessibility compared to traditional spectrophotometry.
While a conventional plate reader is a dedicated and expensive piece of equipment often limited
to centralized labs, the use of a semi-professional camera or even a smartphone democratizes
the analytical process.?’®?’! This approach enables the rapid capture of data from an entire
multi-well plate in a single image, facilitating the parallel analysis of a large number of
samples.?’”? The portability and ubiquity of these imaging devices could enable enzymatic
assays and inhibitor screening to be performed in resource-limited settings or distributed across
multiple labs without requiring significant capital investment.?’*~>” This scalability is a crucial
step towards enabling the screening of larger compound libraries in the early stages of drug
discovery for kinases like Abl.

This work serves as a proof-of-concept using a single, well-characterized inhibitor
(imatinib) to establish feasibility. The assay has not yet undergone full validation according to
the rigorous standards required for high-throughput screening (HTS). A key quality metric for

HTS assays, the Z'-factor,?’%?”” which evaluates the statistical effect size and suitability of an
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assay for screening, was not determined. Furthermore, the potential impact of variables such as
camera distance and ambient light, though mitigated using of internal calibration curves,
warrants a more systematic investigation to establish robust standard operating procedures.

To transition this promising method from a proof-of-concept to a validated screening
tool, key future steps are essential.”’®2”° First, the assay must be statistically validated by
calculating the Z'-factor across multiple plates and experimental days. Second, its utility must
be demonstrated by screening a diverse, larger library of compounds to identify novel hits,
which would also challenge the method with a wider range of chemical structures. Finally, any
identified hits would require confirmation in orthogonal secondary assays to rule out false
positives arising from assay-specific artifacts. By addressing these points, this accessible
imaging-based method could be solidified into a powerful tool for early-stage drug discovery.

In conclusion, this chapter successfully developed and applied a novel digital image-
based method for phosphate quantification using the malachite green assay. While the primary
focus was on monitoring the activity of the Abl kinase and performing proof-of-concept
inhibitor screening with Imatinib, the implications of this work extend far beyond this specific
enzymatic context. The accurate determination of inorganic phosphate is a critical requirement
in numerous fields, including environmental monitoring of water quality, agricultural
management, and industrial processes such as detergent manufacturing. Although various
methods for phosphate analysis exist, the approach described here—specifically the adaptation
of the sensitive malachite green assay for analysis with smartphones and digital cameras—
represents, to our knowledge, an innovative contribution to the field. This methodology
provides a cost-effective, accessible, and potentially portable alternative to traditional
spectrophotometry, opening new avenues for decentralized analysis and on-site monitoring

across a diverse range of applications.
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7 CONCLUSIONS: SUMMARY OF FINDINGS AND
IMPLICATIONS

The development of accessible and cost-effective methodological strategies is a
cornerstone of scientific advancement, particularly in drug discovery. This thesis was motivated
by a gap in the methodological arsenal for studying kinase enzymes: the lack of simple, low-
cost, colorimetric, and non-hazardous assays for Abl kinase inhibitor screening. The Abl
tyrosine kinase, a well-established therapeutic target in CML and a paradigmatic model enzyme
due to its extensively characterized structure and regulation.*® The overarching aim was to
bridge this methodological gap by developing and validating novel approaches to monitor Abl
kinase activity, thereby contributing to both applied and fundamental science.

The successful expression and purification of recombinant Abl kinase and YopH
phosphatase were confirmed through electrophoretic analysis and activity assays, providing
quality enzymes needed for all subsequent experiments.

The first major scientific breakthrough of this thesis emerged from these preparatory
studies: the discovery and confirmation of an intrinsic ATPase activity in Abl kinase. Using 1D
3P NMR spectroscopy as a powerful reference technique, we meticulously demonstrated that
Abl catalyzes the hydrolysis of ATP to ADP and Pi in the absence of a peptide substrate. Control
experiments unequivocally ruled out non-enzymatic hydrolysis or contamination by spurious
phosphatases, solidifying the conclusion that this is a genuine catalytic property of Abl itself.
This finding, while previously noted for a select few kinases, was novel for Abl and provided
the crucial conceptual foundation for the entire methodological development that followed.

Having discovered and described this new Abl activity, we next validated its utility for
pharmacological studies. We demonstrated that Abl's intrinsic ATPase activity serves as a
reliable proxy for its canonical kinase function. This was confirmed by showing that well-
characterized ATP-competitive inhibitors of Abl kinase activity, namely imatinib and dasatinib,
also inhibited the ATPase activity. This correlation suggests that both activities originate from
the same active site and confirms that the ATPase assay is a valid and functionally relevant
method for inhibitor screening. To translate this discovery into a practical tool, we developed,
optimized, and validated a malachite green-based colorimetric assay for quantifying Pi release.
Key analytical figures of merit, including linearity, accuracy, precision, limits of detection, and
quantification, were established, confirming the method's reliability for enzymatic studies. The

assay's performance was directly benchmarked against the *'P NMR method, showing excellent
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agreement in measuring catalytic activity ko.ss and inhibitor affinity to Abl K4, thus validating
the colorimetric method as a viable and accessible alternative.

A significant portion of this thesis was dedicated to understanding the physicochemical
principles underpinning the malachite green assay. We investigated the critical, yet often
overlooked, role of surfactants in stabilizing the phosphomolybdate-malachite green complex.
By employing dynamic light scattering (DLS) and zeta potential measurements, we elucidated
the mesoscopic mechanisms governing nanoparticle stability. Our data revealed that in the
absence of surfactant, rapid particle aggregation and precipitation occur due to dominant van
der Waals forces. While Triton X-100 delayed this process, Kolliphor P 188 proved superior,
forming stable, nano-sized aggregates that prevented precipitation for extended periods. Zeta
potential values near zero for all systems indicated that stabilization is primarily steric in nature,
not electrostatic. Understanding the stabilization mechanisms of dye nanoparticles can guide
future studies, enabling a more rational approach to surfactant choice.

Pushing the boundaries of accessibility further, we explored digital image colorimetry
(DIC) as a novel detection strategy. We demonstrated the feasibility of using both professional
cameras and smartphones to quantify Pi formation in the malachite green assay. The red channel
of the RGB system and the saturation channel of the HSV system were identified as the most
responsive and linear color parameters for constructing calibration curves. This proof-of-
concept was successfully applied to conduct inhibition studies with imatinib, establishing dose-
response relationships. This approach represents a pioneering application of DIC to the
malachite green method for kinase assays, opening the door to ultra-low-cost, field-portable
screening platforms.

This thesis makes significant contributions on both technological and scientific fronts.
Technologically, it delivers three methodological platforms: (i) a 1D 3*'P NMR protocol for
kinase assay, (ii) a validated UV-Vis colorimetric assay for routine laboratory screening, and
(i11) a pioneering proof-of-concept for DIC-based quantification, enabling unprecedented
accessibility. Scientifically, it advances fundamental knowledge by (i) discovering and
characterizing the intrinsic ATPase activity of Abl kinase, a novel finding for this enzyme; (ii)
establishing a direct functional link between ATPase and kinase activities in inhibition; and (iii)
providing a mechanistic understanding of nanoparticle stabilization in a classic biochemical
assay.

The implications of this work are multifold. From a pharmacological perspective, the
developed assays provide new, accessible pathways for screening and characterizing novel Abl

inhibitors, potentially accelerating drug discovery efforts for CML and other pathologies. From
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a biochemical standpoint, the discovery of Abl's ATPase activity opens new avenues of inquiry
into its catalytic mechanism, regulation, and potential physiological relevance, questions that
extend to the broader kinase family. Finally, the methodological frameworks—particularly the
optimized malachite green protocol and the DIC approach—are transferable, holding promise
for studying other ATP-dependent enzymes, monitoring phosphatase activities, or detecting
environmental phosphate, thereby impacting fields beyond pharmacology.

In summation, the discovery of Abl intrinsic ATPase activity provides a new lens
through which to study its catalytic mechanism and regulation, offering a paradigm that may
extend to other members of the kinase superfamily. More profoundly, the methodological suite
developed herein—from the gold-standard NMR confirmation to the rigorously validated
colorimetric assay and the pioneering digital image strategy—collectively addresses a critical
barrier in biochemical research: cost and accessibility. By transforming a once expensive and
technically demanding process into a more affordable and simpler one, this work represents a
significant stride toward the democratization of science. These strategies have the potential to
empower academic laboratories and research centers with limited infrastructure, particularly in
developing nations, to conduct robust kinase inhibitor screening campaigns. Thus, this
contribution is not confined to the study of a single enzyme; it provides the tools and insights
to catalyze a broader, more inclusive research effort in kinase biology and drug discovery,
lowering economic and technical barriers to foster innovation and accelerate scientific progress

from more diverse quarters of the global research community.
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Al. Additional Information on YopH Phosphatase and Abelson Kinase

Enzymes

Yop51%162

MW =33512,7695 Da
pl =8.,76

Almgm*"™ = 0,49 A.U.
g280mm = 15930 M'em’!

Primary sequence for Yop51*A162 P163M/C235R

MRERPHTS ~ GHHGAGEARA
CGGEKLNRFR  DIQCRRQTAV
VLAVLASSSE ~ TANQRFGMPD
QKTISVPVVH  VGNWPDQTAV
IHCRAGVGRT ~ AQLIGAMCMN

QGRPLLNS

TAPSTVSPYG
RADLNANYIQ
YFRQSGTYGS
SSEVTKALAS
DSRNSQLSVE

PEARAELSSR
VGNTRTIACQ
ITVESKMTQQ
LVDQTAETKR
DMVSQMRVQR

LTTLRNTLAP
YPLQSQLESH
VGLGDGIMAD
NMYESKGSSA
NGIMVQKDEQ

ATNDPRYLQA
FRMLAENRTP
MYTLTIREAG
VADDSKLRPV
LDVLIKLAEG

220
280
340
400
460
468

AbI-SH3SH2KD wt (Abelson kinase: residues 83—534, Abl1b numbering)

MW = 53554,64 Da
pl=6,07

Almgm 25m = 1,778 A.U.
g280mm = 95230 M! cm’!

Primary sequence for Abl-SH3SH2KD wt

MSSHHHHHHL EVLFQGPNLF VALYDFVASG DNTLSITKGE KLRVLGYNHN GEWCEAQTKN 60
GQGWVPSNYI TPVNSLEKHS WYHGPVSRNA AEYLLSSGIN GSFLVRESES SPGQRSISLR 120
YEGRVYHYRI NTASDGKLYV SSESRFNTLA ELVHHHSTVA DGLITTLHYP APKRNKPTVY 180
GVSPNYDKWE MERTDITMKH KLGGGQYGEV YEGVWKKYSL TVAVKTLKED TMEVEEFLKE 240
AAVMKEIKHP NLVQLLGVCT REPPFYIITE FMTYGNLLDY LRECNRQEVN AVVLLYMATQ 300
ISSAMEYLEK KNFIHRDLAA RNCLVGENHL VKVADFGLSR LMTGDTYTAH AGAKFPIKWT 360
APESLAYNKF SIKSDVWAFG VLLWEIATYG MSPYPGIDLS QVYELLEKDY RMERPEGCPE 420
KVYELMRACW QWNPSDRPSF AEIHQAFETM FQESSISDEV EKELGKQGV 469
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B.1 Supplementary Data for the Malachite Green-Based Phosphate Assay

Using Digital Imaging.

The data below represents the behavior of the evaluated color space component (BGR, HSV,

YCrCb, Lab, and grayscale) as a function of phosphate concentration.
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Figure B1: Data for professional camera - Triton X-100 surfactant.
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Figure B2: Data for professional camera — Kolliphor P 188 surfactant.

wreses

Intensity

.
m [ e,

Intensity

G
.
.
0 0 s0
Phosphate (1M}
5
+ .
.
E o s0
Phosphate (M)
cr
. . .
30 w0 s0
Phosphate (M)
A*
. . .
0 o s0
Phosphate (M)

Intensity
.

o 10 20 30 40 0
Phosphate (M)

ssses

Intensity
8

o 0 s 4 50
Phasphate (uM)

Ch

Intensity
8

o 0 2 3 4 50
Phosphate (uM)

Intensity
H

o 10 o ) w0 0
Phasphate (M)

179



180

B G R
178 140 130
. ®
T ) 138 we
.
.
136 110 L]
= > LI z .
& L EREY] £ 100 .
£an g 2
] s . s
€ - € 132 . € 20 .
= - N B *oe
. 130 Ll
.
168 . 128 ¥ 70
.
166 126 60
o z 4 6 8 10 12 o 2 4 6 8 10 12 ] 2 4 6 8 10 12
Phasphate (M) Phosphate (uM) Phosphate (uM)
H 5 v
m 150 178
10 o 130 . et ®
109 . 130 . * .
z 108 . > 120 . = 174
i Z E :
10 - 172 =
fuo . £ . g .
= s . = 0 Py 1m0
%0 .
Pty . r- Il . 188 .
103 . . 8o .
102 70 186
o z 4 6 [ 10 12 o 2 4 6 [ 10 1 ] 2 4 6 8 10 12
Phasphate (uM) Phosphate (uM) Phosphate (uM)
Y Ccr cb
190 18 157 3
. 15 o
L] 156
135 R 114 .
13 155
z 1% . z 110 N z 158 . ° °
3 - 108 . 3
g 125 . .o N g .« *
= a2 * . £ 1 . E s .
102 . 151
L] 100 - L
115
98 P 150 &
10 % 149
o z 4 5 s 10 12 o 2 a 5 8 10 12 o 2 4 5 5 1 12
Phosphate (M) Phosphate (uM) Phosphate (M)
L* A* B*
148 132 1065
us e . 06 &
184 . 130 1055
.
182 105 .
128 .
Zw * e z o .
. . 2 . z . L.
E 13 £ . £
e - £ . £ 1. .
. 1025
132 102
122 .
130 * b 1015 *
128 120 101
o z 4 6 8 10 1 o 2 s 5 8 10 12 o z 4 6 8 10 12
Phosphate (M) Phosphate (M) Phosphate (uM)
Gray
140
.
135 2
.
130 .
z .
£ s .
£ .
120 -
115 L
10
o 2 4 6 8 10 12
Phasphate (M)

Figure B3: Data for semi-professional camera - Triton X-100 surfactant.
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Figure B5: Data for Smartphone camera - Triton X-100 surfactant.
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B.2 Additional Activities

Participation in scientific events

1)

2)

3)

4)

5)

6)

7)

8)

9)

10)

51* Reunido Anual da Sociedade Brasileira de Bioquimica e Biologia Molecular (SBBq)
em conjunto com a 46° Congresso Brasileiro de Biofisica (SBBf/Lafebs). 04 a 08 de
setembro de 2022. Aguas de Lindéia — SP.

34° Encontro Regional da Sociedade Brasileira de Quimica (ERSBQ). 09 a 11 de dezembro
de 2022. Belo Horizonte — MG.

48° Congresso anual da Sociedade Brasileira de Biofisica (SBBf). 19 a 22 de outubro de
2023. Campinas — SP.

5* Escola Brasileira de Ressonancia Magnética. 22 de fevereiro de 2024 a 03 de marco de
2024. Ouro Preto — MG.

18" Jornada Brasileira de Ressonancia Magnética e 16* International Conference on the
Applications of Magnetic Resonamce in Food Science (MR FOOD). 03 a 07 de junho de
2024. Foz do Iguacu — PR.

3° Workshop of Molecular Modeling on Drug Design and Discovery (WMMD). 31 de julho
de 2024 a 02 de agosto de 2024. Santo André — SP.

49° Congresso anual da Sociedade Brasileira de Biofisica (SBBf). 02 a 05 de outubro de
2024. Sao Paulo — SP.

36° Encontro Regional da Sociedade Brasileira de Quimica (ERSBQ). 22 a 24 de novembro
de 2024. Diamantina — MG.

VI Simpo6sio Nacional de Ciéncias Farmacéuticas (SINCIFAR). 10 a 12 de setembro de
2025. Belo Horizonte — MG.

37° Encontro Regional da Sociedade Brasileira de Quimica (ERSBQ). 5 a 7 de outubro de
2025. Ouro Preto — MG.

Poster presentation at scientific events

1))

2)

MARTINS., DIEGO M.; PEREIRA, M. S.; BRANDAO, T. A. S. There and back again.
Reincorporation of the Fe(Il) cofator in 1,2-dihydroxynaphthalene dioxygenase (DoxG).
SBBq/SBBf, Aguas de Linddia, 2022.

MARTINS., DIEGO M.; FERNANDES, PHILIPE O.; DE SOUZA BOZZI, ALINE,;
MARTINS, JOAO PAULO A.; MORAES, ADOLFO H.; MALTAROLLO, VINICIUS G.
Compreensao da relacdo estrutura-atividade (SAR) de ativadores da Abelson quinase

(ABL) usando Machine Learning e molecular docking. ERSBQ, Belo Horizonte, 2022.
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4)

5)

6)

7)

8)

9)

10)

11)
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MARTINS., DIEGO M.; PEREIRA, M. S.; BRANDAO, T. A. S. Role of the divalent
cations Fe(Il) and Mn(I) in the activity and stability of 1,2-dihydroxynaphthalene
dioxygenase (DoxG). SBBf, Campinas, 2023.

MARTINS., DIEGO M.; FERNANDES, PHILIPE O.; PALAU, P. G. M.; AZEVEDO, A.
L.; MORAES, ADOLFO H. Uma abordagem baseada em RMN quantitativo de *'P para a
avaliag¢do da hidrélise espontanea do ATP e de ions fosfato em solu¢do. AUREM, Foz do
Iguacgu, 2024.

FERNANDES, PHILIPE O.; MARTINS., DIEGO M.; OLIVEIRA, R. B,
MALTAROLLO, VINICIUS G.; MORAES, ADOLFO H. Exploring a potential
mechanism for antileukemic indoles against wild type and T3151 Abl kinase by molecular
modeling and STD-NMR. WMMD, Santo André, 2024.

MARTINS., DIEGO M.; FERNANDES, PHILIPE O.; DE SOUZA BOZZI, ALINE,;
MARTINS, JOAO PAULO A.; MORAES, ADOLFO H.; MALTAROLLO, VINICIUS G.
Integrating SBDD and LBDD approaches to modeling Abelson kinase activation by small
molecules. WMMD, Santo André, 2024.

AZEVEDO, A. L.; VIEIRA, LUCAS A.; MARTINS., DIEGO M.; FERNANDES,
PHILIPE O.; MORAES, ADOLFO H. Expressao e Caracterizagdo da Enzima Abelson
Quinase (Abl) para o Desenvolvimento de Ensaios para Triagem de Farmacos
Antileucémicos. Semana do conhecimento — UFMG, Belo Horizonte, 2024.

MARTINS., DIEGO M.; FERNANDES, PHILIPE O.; MARTINS, JOAO PAULO A.;
MORAES, ADOLFO H.; MALTAROLLO, VINICIUS G. Unveiling pharmacophore
features of myristoyl binding site Abl kinase activators through molecular modeling. SBBT,
Sao Paulo, 2024.

MARTINS, DIEGO M.; FERNANDES, PHILIPE O.; OLIVEIRA, RENATA B.; DE
MORAES, ADOLFO H.; MALTAROLLO, VINICIUS G. Determinacdo do potencial
mecanismo de acdo de inddis com atividade antileucémica através de técnicas de
modelagem molecular e ressonancia magnética nuclear. ERSBQ, Diamantina, 2024.
MARTINS, DIEGO M.; FERNANDES, PHILIPE O.; MENDES, ANA L. A,
MAGALHAES, ANA C. D.; ALMEIDA, MARIANA R.; MORAES, ADOLFO H.
Descoberta da atividade atpase da quinase de abelson e sua aplicacdo no desenvolvimento
de um ensaio colorimétrico para triagem de inibidores. SINCIFAR, Belo Horizonte, 2025.
FERNANDES, PHILIPE O.; MARTINS, DIEGO M.; PEREIRA, MOZART S
MORAES, ADOLFO H. Expressao e purificagdo do dominio catalitico da Quinase de



12)

13)

14)
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Abelson (Abl) para estudos biofisicos com potenciais inibidores. ERSBQ, Ouro Preto,
2025.

PEREIRA, MOZART S.; MARTINS, DIEGO M.; BRANDAO, TIAGO A. S. Explorando
a Versatilidade Catalitica da 1,2-Dihidroxinaftaleno Dioxigenase (DoxG): Implicagdes em
Processos de Biorremediacao. ERSBQ, Ouro Preto, 2025.

MARTINS, DIEGO M.; FERNANDES, PHILIPE O.; MENDES, ANA L. A;
MAGALHAES, ANA C. D.; ALMEIDA, MARIANA R.; MORAES, ADOLFO H.
Desenvolvimento ¢ Validagdo de um Método Colorimétrico para Monitoramento da
Atividade da Abl Quinase na Triagem de Farmacos para Leucemia Mieloide Cronica.
ERSBQ, Ouro Preto, 2025.

MARTINS, DIEGO M.; FERNANDES, PHILIPE O.; MORAES, ADOLFO H. A
Descoberta da Atividade ATPase da Quinase de Abelson (Abl) e suas Implicagdes no
Desenvolvimento de Ensaios Simples para Triagem de Farmacos Antileucémicos. ERSBQ,
Ouro Preto, 2025.

AZEVEDO, ANA L. MARTINS, DIEGO M.; FERNANDES, PHILIPE O.;
MAGALHAES, ANA C. D. MORAES, ADOLFO H. Desenvolvimento de um Ensaio de
Quantificacdo da Atividade da Abl Quinase pelo Método do Verde de Malaquita: Analise
de interferentes e Efeitos de Matriz. Semana do conhecimento — UFMG, Belo Horizonte,

2025.

Oral presentation at scientific events

1)

2)

3)

4)

MARTINS, DIEGO; FERNANDES, PHILIPE OLIVEIRA; VIEIRA, L. A.; DE
MORAES, ADOLFO HENRIQUE. Desenvolvimento de metodologia de RMN de *'P para
o estudo de reag¢des enzimaticas. ERSBQ, Diamantina, 2024.

FERNANDES, PHILIPE O.; MARTINS., DIEGO M.; OLIVEIRA, R. B,
MALTAROLLO, VINICIUS G.; MORAES, ADOLFO H. Aplicagdo de experimentos de
trasferéncia de saturagdo (STD) no estudo da interacdo entre compostos com atividade
antileucémica e Abl quinase. AUREM, Foz do Iguagu, 2024.

FERNANDES, PHILIPE O.; MARTINS., DIEGO M.; OLIVEIRA, R. B
MALTAROLLO, VINICIUS G.; MORAES, ADOLFO H. Exploring a potential
mechanism for antileukemic indoles against wild type and T315I Abl kinase by molecular
modeling and STD-NMR. WMMD, Santo André¢, 2024.

FERNANDES, P. O.; MARTINS, D. M.; PEREIRA, M. S.; MORAES, A. H. Expressdo e
purificacdo do dominio catalitico da Quinase de Abelson (Abl) para estudos biofisicos com

potenciais inibidores. ERSBQ, Ouro Preto, 2025.
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6)
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PEREIRA, M. S.; MARTINS, D. M.; BRANDAO, T. A. S. Explorando a Versatilidade
Catalitica da 1,2-Dihidroxinaftaleno Dioxigenase (DoxG): Implicagdes em Processos de
Biorremediacao. ERSBQ, Ouro Preto, 2025.

MARTINS, D. M.; FERNANDES, P. O.; MORAES, A. H. A Descoberta da Atividade
ATPase da Quinase de Abelson (Abl) e suas Implicagdes no Desenvolvimento de Ensaios

Simples para Triagem de Farmacos Antileucémicos. ERSBQ, Ouro Preto, 2025.

Award-winning works at scientific events

1)

2)

MARTINS, D. M.; FERNANDES, P. O.; MORAES, A. H. A Descoberta da Atividade
ATPase da Quinase de Abelson (Abl) e suas Implicagdes no Desenvolvimento de Ensaios
Simples para Triagem de Farmacos Antileucémicos. ERSBQ, Ouro Preto, 2025. (Poster
premiado na categoria Quimica Biologica).

FERNANDES, P. O.; MARTINS, D. M.; PEREIRA, M. S.; MORAES, A. H. Expressao ¢
purificacdo do dominio catalitico da Quinase de Abelson (Abl) para estudos biofisicos com
potenciais inibidores. ERSBQ, Ouro Preto, 2025. (Melhor apresentacdo oral na categoria

Quimica Biologica).

Scientific articles

1)

2)

MARTINS., DIEGO M.; FERNANDES, PHILIPE O.; VIEIRA, LUCAS A,
MALTAROLLO, VINICIUS G.; MORAES, ADOLFO H. Structure-Guided Drug Design
Targeting Abl Kinase: How Structure and Regulation Can Assist in Designing New Drugs.
Chembiochem, v. 25, p. €202400296, 2024.

MARTINS., DIEGO M.; FERNANDES, PHILIPE O.; VIEIRA, LUCAS A.; BRANDAO,
T. A. S.; MORAES, ADOLFO H. The discovery of Abl kinase ATPase activity and its
implications in the development of straightforward assays. ACS omega, 10(46), 56282—
562809.

Books Chapters

1))

MARTINS, D. M.; CHAGAS, M. A.; Moraes, A. H. Exploring the Significance of
Experimental and Computational Methods in Protein Structure Determination. Computer-

Aided Drug Discovery and Design. led.: Springer Nature Switzerland, 2024, v., p. 401-
432.

Filed patents

1)

MARTINS., DIEGO M.; FERNANDES, PHILIPE O.; VIEIRA, LUCAS A.; BRANDAO,
T. A. S.; MORAES, ADOLFO H. Kit e método para triagem de candidatos a inibidores da

enzima Abelson tirosina quinase, e usos. Brasil. Patente: Privilégio de Inovagdo. Numero



2)

3)
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do registro: BR102025005163, Instituicdo de registro: INPI - Instituto Nacional da
Propriedade Industrial. Deposito: 18/03/2025

MARTINS., DIEGO M.; FERNANDES, PHILIPE O.; VIEIRA, LUCAS A.; BRANDAO,
T. A. S.; MORAES, ADOLFO H. Método espectroscopico para triagem de candidatos a
inibidores da enzima Abelson tirosina quinase e uso. Brasil. Patente: Privilégio de
Inovagdo. Numero do registro: BR1020250051621, Instituicdo de registro: INPI - Instituto
Nacional da Propriedade Industrial. Deposito: 18/03/2025

SALVATTI, BRUNNO A.; LADEIRA, Y. F. X.; MARTINS, D. M.; MIRANDA, A. S.;
MORAES, A. H. Kit e método colorimétrico para quantificagdo de dopamina em reagdes
enzimdaticas e uso. Brasil. Patente: Privilégio de Inovagdo. Numero do registro:
BR1020250117576, Institui¢do de registro: INPI - Instituto Nacional da Propriedade
Industrial. Deposito: 10/06/2025

Completed and ongoing supervisions

1)

2)

3)

4)

Augusto Sérgio Lino Gongalves. Entre Capsulas e Conceitos: Uma Sequéncia Didatica
Fundamentada no Ensino por Investigacdo sobre a Absor¢ao de Farmacos. Inicio: 2025.
Trabalho de Conclusdo de Curso (Graduagdo em Quimica Licenciatura) - Universidade
Federal de Minas Gerais (UFMG). (Coorientador).

Ana Carolina Diniz Magalhaes. Explorando a RMN de Uma Dimensao no Contexto de
Reacdes Enzimaticas: Fundamentos e Aplicagdes Inicio: 2025. Trabalho de Conclusdo de
Curso (Pé6s-Graduacdo e Biotecnologia) - Universidade Estadual Paulista (Unifesp).
(Orientador).

Ana Carolina Diniz Magalhaes. Engenharia de proteinas como estratégia para o
desenvolvimento de novas enzimas, antigenos e materiais baseados em biomoléculas.
Inicio: 2024. Iniciagdo cientifica (Graduando em Farmaécia) - Universidade Federal de
Minas Gerais. (Coorientador).

Ana Laura Azevedo Mendes. Caracterizagao biofisica e cinética da enzima Abl quinase,
proteina envolvida no desenvolvimento da leucemia mieloide crdnica. Inicio: 2024.
Iniciagdo cientifica (Graduando em Farmécia) - Universidade Federal de Minas Gerais
(UFMG), Conselho Nacional de Desenvolvimento Cientifico e Tecnologico.

(Coorientador).

Member of undergraduate thesis evaluation committees

1)

SERAFIM, M. S. M.; MARTINS, D. M.; FERNANDES, PHILIPE O.; MORAES,
ADOLFO H.; MALTAROLLO, VINICIUS G. Participagdo em banca de Pedro Tenério

Teixeira Fernandes Leite. Mapeamento de bolsos susceptiveis a interagdo de substancias



189

bioativas na estrutura da proteina E na particula viral da dengue. 2025. Trabalho de
Conclusao de Curso (Graduagdo em Farmacia) - Universidade Federal de Minas Gerais.
2025.

2) FERNANDES, O. P,; CORREA, R. G.; MARTINS, J. P. A.; MARTINS, D. M. Participagio
em banca de Augusto Sérgio Lino Gongalves. Entre Capsulas e conceitos: Uma sequéncia
Didatica Fundamentada no Ensino por Investigacdo sobre a Absorcdo de Farmacos.
Trabalho de Conclusdao de Curso (Graduagdo em Quimica Licenciatura) - Universidade
Federal de Minas Gerais. 2025.

Other activities

Atuei como tutor em Quimica Organica. 1 semestre, 30 horas. Universidade Federal de Minas

Gerais (UFMG). 2022.
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