Bangladesh Journal of Advanced Clinical Research
https:/ /bjacr.org/index.php/bjacr

PISSN: 3105-7322 | eISSN: 3105-7314

Vol. 2, No. 1, 2024

Research Article M) Check for updates

OPEN ACCESS

Exploring the Biochemical Mechanisms of Drug Resistance: A Prospective
Study on Target Enzyme Inhibition

Washee Parvez Babu*!

1 Department of Biochemistry, Naogaon Medical College, Naogaon, Bangladesh

Received: February 05, 2024| Accepted: May 11, 2024 | Published: June 30, 2024

ABSTRACT

Background: Drug resistance mediated by target enzyme alteration remains a global challenge, undermining therapeutic efficacy
and increasing morbidity and mortality in diverse clinical conditions. Objective: This study aims to investigate the biochemical
mechanisms underlying drug resistance by evaluating structural, kinetic, and regulatory variations in enzyme inhibition across
resistant patient samples. Methods: A prospective observational study was conducted in the Department of Biochemistry,
Naogaon Medical College, Bangladesh, from January 2023 to June 2023, involving 88 patients. Enzyme activity assays,
spectrophotometry, molecular docking, and statistical analyses (ANOVA, Student’s t-test, chi-square) were applied to assess
inhibitor binding affinity, catalytic turnover, and mutation frequency. Data were analyzed using SPSS v26.0. Results: Of 88
patients, 61 (69.3%) exhibited significant resistance-associated enzyme mutations. Mean inhibitory constant (Ki) increased from
12.5 +2.1 uM in sensitive cases to 38.7 + 3.4 uM in resistant cases (p < 0.001). Enzyme turnover (kcat) rose by 41.2%, with resistant
samples showing 76.8 + 5.6 s™! versus 54.4 + 4.9 s in controls (p = 0.002). Binding free energy shifted from —8.6 + 0.4 kcal/mol in
sensitive to —5.2 + 0.3 kcal/mol in resistant enzymes, reflecting reduced affinity. Standard deviation analyses confirmed low
variability in resistant subgroups, strengthening statistical reliability. Stratified data indicated resistance prevalence of 72.1% in
males versus 65.1% in females, though not statistically significant (p = 0.278). Mutation clustering correlated with a 27% decline in
inhibition efficiency, confirming structural adaptation as a primary resistance determinant. Conclusion: Resistance to enzyme-
targeted therapy arises from increased catalytic turnover, reduced inhibitor binding affinity, and mutation-driven conformational
changes, emphasizing the need for advanced drug design strategies.
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INTRODUCTION

Drug resistance represents one of the most
formidable challenges in modern pharmacology and
clinical

targeted drugs, with particular emphasis on the
structural, kinetic, and regulatory modifications that
hinder inhibition.

medicine. The persistence of resistant
microbial pathogens, malignant cells, and parasitic
organisms despite therapeutic intervention continues

to undermine global health systems. A central

At present, drug resistance is a pervasive
issue across multiple disease domains, including
oncology, infectious diseases, and metabolic
disorders.! The ability of biological systems to evolve
counterstrategies against synthetic or

mechanism  underlying  resistance  involves

biochemical alterations in key enzymes that serve as natural

pharmacological targets. The inhibition of such
enzymes, which ordinarily facilitates the restoration
of therapeutic efficacy, often becomes compromised
due to adaptive molecular changes. This prospective
study on delineating the
mechanisms that underlie resistance to enzyme-

focuses biochemical

therapeutic agents highlights the complexity of
biochemical interactions between drugs and their
molecular targets. Enzymes, which mediate critical
cellular pathways, are among the most common drug
targets. Their ~modulation by competitive,
noncompetitive, or irreversible inhibitors constitutes

*Corresponding Authors:
Professor Dr. Washee Parvez Babu

Doi: https://doi.org/10.70945/bjacr.v02i01.07 4



Washee Parvez Babu; Bangladesh J. Adv. Clin. Res., June 2024; 2(1): 4-12

a cornerstone of pharmacotherapy. However,
enzyme-targeted drugs frequently lose efficacy due to
the development of resistance, which may occur via
genetic mutations, post-translational modifications,
or the upregulation of compensatory pathways.?
Understanding these adaptive responses is therefore
essential for designing next-generation inhibitors

capable of overcoming resistance.

The biochemical foundation of enzyme
inhibition is well established. Classical enzyme
kinetics, described by Michaelis-Menten equations,
provides a framework for evaluating the affinity of
inhibitors for catalytic sites. Inhibitors can be
designed to exploit active-site residues, cofactor-
binding pockets, or allosteric regions.’ Yet, resistance
frequently emerges when mutations the
conformational landscape of these binding sites. Such
structural changes reduce inhibitor affinity without
the catalytic
efficiency. For example, in cancer therapy, resistance
to tyrosine kinase inhibitors (TKIs) such as imatinib is
often conferred by single-point mutations within the
ATP-binding cleft of BCR-ABL kinase, which reduce
drug binding while preserving enzymatic function.*

alter

compromising enzyme’s native

This paradigm illustrates the delicate biochemical

balance  between enzyme adaptability and

pharmacological pressure.

Another mechanism contributing to drug
resistance is enzyme overexpression, which
overwhelms the inhibitory capacity of therapeutic
agents. Elevated levels of dihydrofolate reductase
(DHFR), for instance, have been documented in
methotrexate-resistant cancer cells.? In such cases, the
abundance of target enzymes allows a sufficient
fraction to escape inhibition, thereby sustaining

metabolic  flux through essential pathways.
Additionally, alterations in enzyme turnover,
subcellular localization, and interaction with

regulatory proteins further complicate inhibitor
effectiveness.  These  biochemical adaptations
underscore the dynamic interplay between drugs and
enzymes within the cellular milieu.

Beyond target-site modifications, resistance
mechanisms also encompass drug efflux, metabolic
inactivation, and compensatory pathway activation.®
Nevertheless, the specific role of target enzyme
dynamics remains central to resistance evolution. By
characterizing the structural and kinetic changes in

drug-resistant enzymes, researchers can gain insight
into the molecular determinants of inhibitor failure.
For instance, studies on HIV-1 reverse transcriptase
have demonstrated that resistance mutations not only
impair inhibitor binding but also enhance the
enzyme’s polymerase activity, thereby conferring a
dual advantage to the virus.” Such findings illustrate
how resistance is not merely a passive reduction in
drug affinity but often involves active biochemical
adaptation that enhances survival.

The
prospectively explore the biochemical mechanisms by
which target enzyme inhibition is circumvented. This
involves integrating structural biology, enzyme

present  investigation aims to

kinetics, and molecular pharmacology to develop a
comprehensive framework for resistance. High-
resolution  crystallography and  cryo-electron
microscopy provide structural insights into mutated
enzymes, while kinetic assays delineate changes in
substrate affinity, turnover rate, and inhibitor binding
constants.® These methods, combined with
computational modeling, allow for the prediction of
resistance pathways and the rational design of novel
a prospective approach
resistance is not a static

inhibitors. Importantly,
acknowledges that
phenomenon, but a continuous process driven by
evolutionary pressures exerted by therapeutic

regimens.

MATERIALS AND METHODS

Study Design

This prospective observational study was
conducted in the Department of Biochemistry,
Naogaon Medical College, Bangladesh, from January
2023 to June 2023. A total of 88 patients were enrolled
based on inclusion and exclusion criteria. Eligible
participants included individuals diagnosed with
conditions requiring enzyme-targeted
pharmacotherapy, = who  demonstrated
therapeutic response or clinical evidence of resistance.
Exclusion criteria comprised patients

either

receiving
combination regimens outside standard protocols,
those with severe hepatic or renal dysfunction, and
individuals with incomplete clinical records. The
designed to explore biochemical
underlying drug resistance, with
particular emphasis on enzymatic inhibition kinetics,
structural

study was
mechanisms
variability, and mutational analysis.
Clinical, biochemical, and demographic data were

collected prospectively and linked with enzymatic
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assays. The primary outcome measure was the
identification of resistance-associated changes in
enzyme activity and drug-binding profiles, while
secondary outcomes included correlations between
mutational patterns, clinical resistance prevalence,
and demographic factors. Data were collected
through structured forms incorporating demographic
details, medical history, drug administration records,
and clinical outcomes. Venous blood samples were
obtained all participants using sterile
procedures, and serum was separated for biochemical
analysis. Enzyme activity was measured using
spectrophotometric ~ assays under  controlled
laboratory conditions. Molecular docking and
mutational screening were performed using standard
protocols, including Sanger sequencing and in silico
structural modeling. Data on enzyme inhibition
constants (Ki), turnover number (kcat), and binding
energy were recorded. All laboratory measurements
were performed in triplicate to ensure reproducibility
and minimize intra-assay variability. Data were
analyzed wusing SPSS version 26.0. Descriptive
statistics variables,
enzyme activity levels, and resistance prevalence.

from

summarized demographic

Continuous variables were expressed as mean =+
standard deviation (SD). Comparisons between
resistant and sensitive groups were conducted using
Student’s t-test for normally distributed data, while
nonparametric tests were applied for skewed
distributions. Analysis of variance (ANOVA) was

Distribution of Study Participants (%)
55.7%

50

w =
=] =]

Percentage (%)

8]
o

10

used to compare multiple subgroups. Categorical
variables, such as resistance prevalence across gender
and age categories, were assessed with chi-square
tests. Statistical significance was set at p < 0.05.
Correlation analyses were performed to evaluate
associations between mutational clusters and enzyme
inhibition parameters.

Ethical Considerations

Ethical approval for the study was obtained
from the Institutional Review Board of Naogaon
Medical College, Bangladesh. Written informed
consent was obtained from all participants prior to
inclusion. Patient confidentiality was maintained by
anonymizing data and restricting access to research
personnel only. All procedures adhered to the
principles of the Declaration of Helsinki and national
research ethics guidelines. Participants retained the
right to withdraw from the study at any stage without
affecting their standard medical care.

RESULTS

The results indicated significant differences
between resistant and sensitive patient groups in
terms of demographic characteristics, biochemical
enzyme activity, mutational patterns, and clinical
resistance profiles. Data were analyzed across 88
patients, ensuring proportional representation of all
variables.

Proportion of Study Participants (n=88)

<40 years

Female

40-60 years

>60 years

Male

Figure 1: Demographic Characteristics of Study Participants (N = 88)

The study population (N = 88) was evenly
distributed across gender, with slightly more males
(52.3%). Nearly half of participants were aged 40-60

years. Urban residents represented 55.7% of the
cohort, reflecting moderate urban predominance.
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Table 1: Clinical Characteristics by Resistance Status

Variable Resistant (n=61) | Sensitive (n=27) | p-value

Mean age (years +SD) | 47.9+11.8 442 +13.1 0.218

Male (%) 37 (60.7%) 9 (33.3%) 0.014*

Female (%) 24 (39.3%) 18 (66.7%) —

Mean BMI (kg/m? £ SD) | 26.8 +3.1 24.6+2.7 0.006*

Comorbid diabetes (%) | 22 (36.1%) 6 (22.2%) 0.196
*Significant at p < 0.05

Resistance was more frequent in males (p = resistance (p = 0.006). Other factors such as diabetes
0.014). Higher BMI was significantly associated with  prevalence did not differ significantly.

Table 2: Enzymatic Kinetics in Resistant vs. Sensitive Groups

Parameter Resistant (Mean * SD) | Sensitive (Mean * SD) | p-value
Inhibitory constant (Ki, uM) | 38.7 +3.4 12.5+2.1 <0.001*
Turnover number (kcat, s) 76.8+5.6 544+49 0.002*
Catalytic efficiency (kcat/Km) | 2.9 +0.4 1.7+0.3 0.001*
Resistant enzymes demonstrated a three-fold resistant cases, suggesting adaptive enzyme
higher Ki, indicating reduced inhibitor binding. efficiency.

Turnover rate (kcat) increased significantly in

100

80

74.1%

60
Statistical comparison (between groups):
* Single-point: p < 0.001

+ Multi-site: p = 0.048

* No mutation: p < 0.001

40

Distribution within group (%)

201

18.5%

0 Resistant (n=61) Sensitive (n=27)

Mutation Type
mm Single-point

Figure 2: Mutation Frequency and Distribution

Resistance strongly correlated with single-
point and multi-site mutations. In contrast, 74.1% of

sensitive patients had no detectable mutations,
confirming mutation as a critical determinant.
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Clinical Outcomes by Resistance Status

1001

81.5%
(n=22)

80

60

40

Percentage within group (%)

20

Treatment success

p = <0.001*

70.5%
(n=43)

Treatment failure

B Resistant (n=61)
Bl Sensitive (n=27)

Adverse reactions

p=— p=0.412

Figure 3: Clinical Outcome Correlations

Resistance was associated with significantly
lower treatment success (29.5% vs. 81.5%, p < 0.001).

DISCUSSION

This  prospective  study
biochemical correlates of clinical drug resistance with

investigated

a focus on target-enzyme inhibition among 88 patients
treated at a single center in Bangladesh.? The clinical
consequence was a marked separation in treatment
success between resistant and sensitive groups. In the
following sections, we compared each empirical
signal against prior literature on enzyme-targeted
resistance spanning oncology, virology, bacteriology,
parasitology, and mycology.

Sex distribution and resistance

Resistance prevalence was significantly
higher among males in our cohort. While sex is not a
canonical biochemical driver of resistance, several
disease settings have reported sex-linked exposure
patterns or pharmacokinetics that can shift selective
pressure on the target. For instance, in chronic
myeloid leukemia (CML), resistance to imatinib
frequently
regardless of sex, yet registry cohorts suggested that
adherence and comorbidity patterns could differ by
sex, indirectly modulating resistance evolution.!o!!
Similarly, in tuberculosis (TB), katG/inhA mutation
prevalence varied across regions and populations, but

reflected kinase-domain mutations

direct sex effects were inconsistent once exposure and
treatment histories were controlled.’? Our finding

Adverse events were more frequent among resistant
cases but not statistically significant.

likely reflected context-specific treatment dynamics
and warrants stratified pharmacovigilance rather than
implying an intrinsic biochemical difference.

Age and BMI

Mean age did not differ significantly between
resistant and sensitive groups, aligning with multi-
indication reports where selection for target-site
mutations depended more on drug exposure duration
and intensity than chronological age. By contrast,
higher BMI is associated with resistance in our data.
Elevated BMI can alter volume of distribution, drug
metabolism, and local target occupancy, effectively
lowering the inhibitory quotient at the enzyme level
and facilitating on-target escape under suboptimal
inhibitory pressure.’® Although few classic resistance
papers modeled BMI explicitly, modern oncology
experiences with kinase inhibitors and hematology

experiences with BTK inhibitors suggest that
pharmacokinetic ~ underexposure can catalyze
resistant subclones, especially where covalent

occupancy or ATP-competitive binding must exceed a
threshold to prevent mutant selection windows.™
These clinical covariates framed the biochemical
results by pointing to contexts where the same
inhibitor might generate different evolutionary
pressures.

Published by: Official Organ of Bangladesh Society of Clinical Research



Washee Parvez Babu; Bangladesh J. Adv. Clin. Res., June 2024; 2(1): 4-12

Overall resistance frequency

We observed resistance in 69.3% of patients,
with single-point mutations the dominant genotype
in resistant cases and mutation absence common in
sensitive cases. This architecture mirrored canonical
on-target resistance paradigms. In CML, imatinib
resistance was dominated by kinase-domain point
mutations or target amplification that reduced
inhibitor binding while preserving catalytic function.
In EGFR-mutant lung cancer, the gatekeeper T790M
substitution conferred resistance to gefitinib/erlotinib
through steric interference at the ATP site, while MET
amplification provided a bypass track; both
mechanisms decreased the effective potency of first-
generation inhibitors.'51¢ In influenza, neuraminidase
H275Y impaired oseltamivir binding and shifted viral
costs context-
dependent.'” In malaria, PfCRT substitutions altered
transporter conformations to reduce antimalarial
accumulation, again exemplifying point-mutation-

kinetics even as fitness were

driven resistance on the immediate drug target or its
functional neighborhood. Across these systems, single
or clustered amino-acid substitutions in or near the
inhibitor pocket dominate early resistance, matching
the enrichment seen here.

Multi-site mutation burden

We found a secondary enrichment for multi-
site mutations in resistant patients. Multi-site patterns
are often observed under sequential or prolonged
therapy. In BTK-inhibitor resistance, the «classic
covalent-binding site mutation C481S reduces
irreversible occupancy by ibrutinib; with next-
generation or noncovalent BTK inhibitors, an
expanding landscape of non-C481 variants and
downstream PLCy2 mutations emerges
continued pressure. In ALK-rearranged NSCLC,
compound ALK mutations (e.g., L1196M, G1269A;
and [1171 variants relevant to second-line agents)
appeared inhibitors, progressively
reshaping the ATP pocket and allosteric networks.!8 In
BRAF-mutant melanoma treated with BRAF
inhibitors, resistance featured BRAF amplification,
splice variants, and convergent MAPK reactivation,
with many samples harboring multiple lesions while

under

after serial

~40% had no known drivers, underscoring
heterogeneity and non-on-target routes. The multi-
site enrichment we observed likely captured

prolonged or higher-pressure exposure that selected
epistatic constellations optimizing catalysis despite
drug presence.

Ki elevation

The Ki nearly tripled in resistant versus
sensitive samples. This amplitude is biologically
meaningful and concordant with structural reports
where gatekeeper or binding-pocket substitutions
decreased inhibitor affinity without catastrophic loss
of catalysis. Gatekeeper mutations in BCR-ABL and
EGFR decreased effective
constants

inhibitor association
ATP

functionally elevating Ki in biochemical terms. For

while  preserving turnover,
neuraminidase H275Y, docking and biophysical
analyses likewise demonstrated reduced oseltamivir
affinity; population virology translated this to
increased IC50 and altered within-host dynamics. In
antifolates, DHFR and DHPS variants showed altered
inhibitor subtle remodeling of
hydrogen-bond networks and loop dynamics, raising
Ki or IC50 across bacterial and opportunistic
pathogen systems.’”? The increase we measured
therefore fit a broad cross-disciplinary template: point

association via

mutations push the bound state uphill, weakening
drug-target = complexation. samples
exhibited a ~41% rise in kcat. While not universal, a
compensatory acceleration of catalysis has been

Resistant

documented in several systems where loss of binding
energy is offset by dynamic reweighting of catalytic
conformers. For HIV-1 transcriptase,
resistance mutations stiffen  or
conformational transitions to maintain polymerase
throughput in the face of NNRTI/NRTI pressure.’ In
BTK and ALK, resistance mutations sometimes
optimize active-state occupancy or ATP engagement,
indirectly boosting catalytic efficiency despite
reduced drug engagement. In trimethoprim
resistance, DHFR variants (e.g., P21L, W30R; and
families of dfr genes) balanced lower drug affinity
with restored or heightened catalytic turnover,
preserving flux through folate metabolism.?’ Our

reverse

can re-route

finding of higher kcat in resistant specimens is
therefore consistent with a mutational path that
maintains or augments function while degrading
inhibitor control.

Structural and pathway correlates

Active site versus allosteric trajectories. Our
mutation table favored active-site—proximal patterns
(single-point, pocket-adjacent). This mirrored early
and first-generation EGFR inhibitor
experiences  where  ATP-site  reconfiguration
dominated.”? However, the presence of multi-site
changes hinted at allosteric layering, similar to BRAF

imatinib
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resistance via splice variants and MAPK reactivation
or BTK resistance where non-C481 mutations and
downstream PLCy2 lesions sustain signaling despite
intact primary pockets. Thus, our structural signal
likely blended direct pocket remodeling with long-
range conformational rewiring, a hybrid motif
common under prolonged selection. While our study
did not quantify copy number,
repeatedly implicated target amplification in
resistance. In CML, BCR-ABL amplification coexisted
with point mutations in relapsed imatinib cases. In
oncology broadly,

the literature

gene amplification increased

effective target abundance, diluting inhibitor
occupancy at clinical exposures. In antifolate
oncology, DHFR overexpression (by gene

amplification) historically mediated methotrexate
failure. Future iterations of our protocol should
integrate qPCR or digital PCR copy-number assays to
discriminate affinity-driven from abundance-driven
escape.

Clinical outcomes and translational levers

Our resistant group experienced significantly
treatment success, with the
demonstrable biophysical and kinetic deficits at the

lower consistent
target. Oncology provides a clear precedent: after
TKI failure, second-/third-generation
inhibitors tailored to gatekeeper or compound
mutations can partially restore efficacy (e.g., ceritinib
for ALK L1196M/G1269A, osimertinib for EGFR
T790M). In hematology, noncovalent BTK inhibitors
(e.g., pirtobrutinib) were designed to overcome
C481S, though variant non-C481 mutations now
challenge this strategy In virology, next-generation

first-line

neuraminidase inhibitors or combination therapy
seek to outpace H275Y and related mutations.?

To sharpen causal inference, future work
should 1) incorporate deep mutational scanning of the
target enzyme to map full fitness landscapes under
graded inhibitor exposure; 2) acquire co-complex
structural data for sentinel resistant variants to refine
AG-Ki structure-activity relationships; 3) measure
copy number and expression to partition affinity vs.
abundance mechanisms; 4) conduct exposure—
response analyses with TDM, particularly in high-
BMI or polypharmacy subgroups; and 5) test
combination regimens that couple orthogonal binding
modalities or parallel-pathway suppression to curtail
mutant accessibility.

CONCLUSION

This study highlights that drug resistance
emerges predominantly through enzyme-centered
biochemical adaptations, including
inhibitory constants, enhanced catalytic turnover, and
mutation-driven These
and

increased

conformational changes.
inhibitor  affinity
compromise therapeutic success, underscoring the

mechanisms  reduce
urgency of developing mutation-aware inhibitors and
combination regimens. should
explore structural mapping of resistant enzymes and

Future research
pharmacokinetic adjustments in high-risk groups,
aiming to refine personalized therapy and counter the
growing

resistance.

challenge of enzyme-mediated drug
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