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Abstract

Laccases are biotechnologically valuable enzymes that oxidize phenolic compounds across
multiple industries. Their kinetic parameters Km, kcat, and redox potential (E°)—vary
with substrate, origin, sequence, and structure, all of which influence electron transfer
efficiency toward the trinuclear copper center. Improving kcat and E° is therefore es-
sential for industrial applications. This review analyzes 143 studies, compiling 244 kcat
values for ABTS, 125 for 2,6-dimethoxyphenol (2,6-DMP), and 53 for syringaldazine (5GZ).
A high-performing laccase was defined by the upper quartile (Q3) of reported values:
kcat > 798,293, and 140 s~ ! for ABTS, 2,6-DMP, and SGZ, respectively. Among 36 mutagen-
esis studies—classified as rational, semi-rational, or directed evolution—directed evolution
combined with rational and semi-rational design yielded the greatest improvements, reach-
ing kcat values up to 1328.8 s~ ! for ABTS. While Km data are compiled to assess catalytic
efficiency, cross-study analysis reveals no consistent directional trend in substrate affinity
among engineered variants. In contrast, kcat shows systematic improvement across diverse
systems and substrates, establishing it as the primary performance metric for evaluating
laccase engineering outcomes.

Keywords: laccase; kcat; electron-transfer; directed-evolution; protein engineering; turnover
number

1. Introduction

Laccases (p-benzenediol: oxygen oxidoreductase, EC 1.10.3.2) are copper-containing
metalloenzymes capable of oxidizing a variety of phenolic compounds. These enzymes
are widely distributed across organisms, including bacteria, fungi, plants, and insects. In
plants, laccases play a critical role in lignification, while in fungi, they contribute to lignin
degradation (delignification) [1]. Fungal laccases, with molecular weights ranging from
50 to 80 kDa [2,3], are of biotechnological interest due to their ability to oxidize phenols,
polyphenols, and related compounds through a reaction where molecular oxygen acts as
the electron acceptor:

2 Benzenediol + O, — 2 Benzoquinone + 2H,0

This catalytic process occurs in two half-reactions: the oxidation of the substrate and
the reduction of oxygen to water [4]. Laccases exhibit low substrate specificity and, coupled
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with their high E°, can oxidize a wide range of substrates [5]. The laccase mechanism
involves multiple copper centers. In its oxidized state, the enzyme contains four copper
atoms, one type 1 copper (T1 Cu) and three in the trinuclear center (TNC), where (ET)
begins with an electron donor reducing T1 Cu, which subsequently transfers electrons to
the TNC via the tripeptide His-Cys-His to reduce O; to H,O [6,7]. The laccase structure
includes T1, T2, and T3 copper sites, each with specific His ligands that facilitate electron
transfer (ET) [6].

Laccases are notable for their ability to produce water as a byproduct and their broad
substrate versatility, making them attractive for biotechnological applications. These
enzymes can be used in diverse sectors, including food, animals, paper and pulp, cosmetics,
pharmaceutical, textile, and other industries [8,9]. Native laccases often show turnover
numbers insufficient for industrial deployment, particularly with bulky, poorly reactive,
or non-phenolic substrates [10,11]. In many reported cases, oxidation proceeds slowly,
requiring extended reaction times that are incompatible with industrial operation. These
kinetic constraints, rather than substrate binding alone, constitute a primary barrier to the
consolidation of laccases as robust industrial biocatalysts [12,13].

For an enzyme to be effectively implemented as an industrial biocatalyst—particularly
in environmental applications such as wastewater treatment, pollutant degradation, or
bioremediation—it must meet stringent, often competing, requirements [14,15]. These
include high catalytic efficiency under operational conditions, robustness against tempera-
ture, pH, and chemical stressors, tolerance to inhibitors and complex matrices, compatibility
with non-conventional reaction media, and economic feasibility in terms of production
and operational costs [13,16]. From a kinetic standpoint, industrial relevance is not solely
determined by substrate affinity (Km) but is critically determined by the enzyme’s ability
to sustain high turnover rates, which directly dictate reaction time, reactor productiv-
ity, and overall process efficiency [17,18]. In environmental biotechnology, where target
compounds are often present at low concentrations, dissolved in complex matrices, or
structurally recalcitrant, slow catalytic turnover becomes a major bottleneck. Under such
conditions, enzymes with low catalytic constant (kcat) values require long residence times,
high enzyme loading, or auxiliary mediators, all of which negatively affect scalability and
cost-effectiveness [19,20]. Consequently, increasing the kcat is a central objective in enzyme
optimization, as it directly reflects the maximum number of catalytic cycles an enzyme can
perform per unit time once substrate binding is no longer rate-limiting [17]. In practical
terms, improvements in kcat translate into faster contaminant removal, reduced enzyme
dosages, and enhanced feasibility of continuous or high-throughput treatment systems.

Given these limitations, contemporary research in laccase engineering has increasingly
focused on strategies to overcome intrinsic kinetic constraints, expand substrate scope,
and improve operational performance under industrially relevant conditions [18]. In
this context, protein engineering approaches have become indispensable tools. These
methodologies enable the systematic exploration of sequence-function relationships and
the identification of mutations that enhance catalytic turnover, even in the absence of a
complete mechanistic understanding. Importantly, the primary goal of many of these
engineering campaigns is not merely to improve substrate affinity or stability in isolation,
but to directly or indirectly enhance kcat, thereby addressing the core kinetic limitation
that restricts industrial applicability [18]. To improve the kinetic properties of laccases,
protein engineering design strategies can be employed [18,21]. Each design strategy has
advantages and disadvantages compared to the others. Some of the requirements for each
technique, along with the results obtained and the difficulties each presents, are shown in
Table 1.
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Table 1. Requirements, outcomes, and limitations of laccase engineering strategies.

Semi-Rational

Feature Rational Design Design Directed Evolution
Prior Extensive structural Structl.lra.l data; . Not required;
knowledge and mechanistic mechanlstlc dgtall structural data can

needed data [22] partlall[};g]eqmred complement [24]
. High; docking, Moderate; focused ) .
Computational QM/MM, energy on targeted Low. to none; qptlonal
demand for library design [24]

landscape [22]

positions [23]

Small (1-10 variants

Library size per hypothesis)

Moderate (focused
saturation libraries)

Large (103-10% variants
per round)

Requires extensive
Main prior information.

Large screening
effort than rational

High-throughput
screening

limitati . design. infrastructure needed.
imitations cannot predict dictabl Resul
epistatic effects [22] Unpredictable esults are
P epistasis [23] system-specific [24]

15 s.pecllflc Focused mutant Diverse mutant

. substitutions; . . .
Typical output hvpothesis tested library; multiple  landscape; best variant
yP [22] hits possible [23] selected iteratively [24]

e  Rational design relies on detailed structural and functional knowledge of the target
protein to introduce specific, hypothesis-driven modifications, generating variants
with predictable improved or novel properties [22].

e  Semi-rational design also draws on structural and functional information, but where
existing knowledge is insufficient to predict outcomes precisely; small libraries carry-
ing a moderate number of mutations at strategically selected positions are generated
and screened experimentally to identify functional improvements [23].

e  Directed evolution is an empirical strategy that mimics natural evolution under con-
trolled conditions over much shorter timescales, generating random mutations by
genetic diversification followed by iterative rounds of selection or screening to isolate
variants with enhanced or desired traits [24].

It is important to note that these strategies are not mutually exclusive. In many cases,
hybrid design campaigns are employed, combining elements from all three approaches
to maximize the efficiency of the engineering process and to achieve proteins or enzymes
with best functional characteristics. A direct and quantitative approach to assessing the
functional improvement of an enzyme involves characterizing its kinetic parameters, such
as the Michaelis constant (Km), the catalytic constant (kcat), the maximum velocity (Vmax),
and the catalytic efficiency (kcat/Km). These parameters reflect fundamental properties
of enzymatic activity, although they are not strictly constant, as they are influenced by
experimental conditions such as temperature, pH, and ionic strength. To rigorously prove
an enhancement in enzymatic activity, it is essential to compare the kinetic parameters of
the parental enzyme with those of its mutant variant under identical assay conditions.

By using protein engineering strategies, various aspects of laccases have been im-
proved, including thermal stability [25-29], increased activity [30-34], greater stability at dif-
ferent pH levels [25,26,30,35], and improved affinity for certain substrates [36]. More specif-
ically, the degradation of dyes and bulky substrates such as triphenylmethane has been en-
hanced [10,37]. The oxidation of arylamines [38], aniline [39], and 2,6-dimethoxyphenol [40]
has improved. The stability and activity of laccases in [16,26,41] have also been enhanced,
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as has their activity and resistance in ionic liquids [42]. A thermostable fungal laccase has
also been converted into an active, blood-tolerant laccase [43], and greater stability against
urea, a chemical denaturant, has been achieved [44].

Despite these advances, the kinetic performance of many engineered laccases remains
a limiting factor for practical applications. In numerous cases, environmentally and com-
mercially relevant compounds are either oxidized only very slowly or partially converted,
requiring long reaction times incompatible with efficient process operation. These limi-
tations indicate insufficient catalytic turnover under the applied conditions, highlighting
kcat—rather than substrate affinity or stability alone—as a critical bottleneck that must be
addressed to enable rapid and complete oxidation in real-world applications.

Beyond classical kinetic descriptors, laccase activity can be interpreted within the
framework of Marcus electron transfer theory, which provides a thermodynamic and
kinetic basis for understanding how structural and energetic factors influence electron-
transfer rates in enzymatic systems [45] (Equation (1)). In this context, kcat is determined
not only by substrate binding or E°, but also by electronic coupling between the substrate
and the T1 copper site, the reorganization energy of the protein environment, and the over-
all thermodynamic driving force governing electron transfer. Previous experimental and
computational studies that combine Marcus theory with molecular dynamics and quantum-
mechanical approaches have demonstrated that subtle structural rearrangements—such as
mutations affecting the T1 copper environment or internal electron-transfer pathways—can
significantly modulate electron-transfer efficiency in laccases [46]. This framework is there-
fore particularly useful for interpreting the heterogeneous effects of protein engineering
strategies on kcat observed across different laccase variants and substrates.

kET = %’ﬂ JDA |* 1)

1 < AGY )
exp| —
V4rAkBT kBT

It is important to note that Marcus’ theory is used here as a qualitative interpreta-
tive framework rather than as a predictive model for absolute kcat values. Specifically,
the rate constant derived from Marcus theory (kET) describes the microscopic electron-
transfer step between donor and acceptor states and is not equivalent to kcat, the observed
macroscopic rate constant that integrates multiple coupled steps, including substrate oxi-
dation, intramolecular electron transfer, O, reduction, and associated protein dynamics.
Nevertheless, the factors governing kKET—free energy of reaction, reorganization energy,
and electronic coupling—provide a mechanistically grounded basis for interpreting how
mutations affect kcat in laccases.

Despite considerable progress in the improvement and engineering of laccases, some
substrates remain unoxidized, or oxidation occurs over extraordinarily long periods, which
is not ideal from an industrial or environmental perspective. For example, the degradation
of Acid Yellow 23 was only 35% at pH 5 and 25 °C for 24 h [47]. The Derma Pardo 5
GL (DP 5GL) and Sella Solid Yellow 4GL (SSY 4GL) colorants degraded by 24% and 12%
in a 24 h period [48]. Furthermore, during the degradation of the Lanaset G Grey dye,
the discoloration level achieved by laccase after 24 h was less than 35% [49]. In another
study, the ability of the laccase Trametes trogiia to decolorize the dyes Reactive Black 5
(RB5) and Reactive Violet 5 (RV5) was evaluated. It was observed that 49% of the initial
concentration of the RB5 dye was removed after 24 h, and that 12% of the RV5 dye was also
degraded [50]. A purified laccase produced by the fungus Marasmius sp. was used to bleach
three industrial textile dyes, HER navy blue, HE4BD green, and HE2R orange, achieving a
degradation of the textile dyes of approximately 90% in 96 h [51]. In the biodegradation of
polycyclic aromatic hydrocarbons (PAHs), the biodegradation of pyrene and fluoranthene
was not significant, while fluorene and phenanthrene had a degradation percentage of
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41.7 and 25.3%, respectively, after 24 h of reaction [52]. For the degradation of emerging
contaminants such as antibiotics, different degradation percentages have been reported
in 24 h reactions [53-55]. In other studies using laccase for the degradation of simulated
molasses wastewater, the results showed that after 48 h using immobilized laccase, a
degradation of 74% was achieved; furthermore, in the degradation of bakery yeast effluents
using laccase immobilized in glass, 68% was achieved in 24 h at pH 4.5 and 28 °C for a
1% v/v melanoidin solution [56]. The synthesis time of polymeric dyes could be reduced
by exploring new routes to industrial textile dyeing [57,58], since laccase reactions have
been reported to take up to 24 h [59]. Similarly, it is relevant to reduce reaction times for
the synthesis of organic molecules using laccase [60-62].

Given the growing academic, research, and industrial interest in laccase-based pro-
cesses, continued enzyme engineering is required to adapt laccases to the specific oper-
ational conditions and performance demands of successful applications. In this context,
the present review aims to identify which protein engineering strategies have achieved
the most significant improvements in laccase kinetic parameters by comparing kcat values
reported in studies employing mutagenesis-based approaches. Rational, semi-rational, and
directed evolution strategies were evaluated, with particular emphasis on kcat values de-
termined for several substrates, including 2,2"-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) (ABTS), 2,6-dimethoxyphenol (2,6-DMP), and syringaldazine (SGZ). To this end,
143 scientific publications were systematically reviewed to establish the quartile distri-
bution of kcat values for laccases of both eukaryotic and prokaryotic origin, providing a
quantitative overview of their kinetic performance toward the selected substrates.

2. Results
2.1. Analysis of Kcat Values in Laccases

Given the substantial heterogeneity in experimental conditions across studies and
laccase variants, catalytic improvements were quantified using normalized effect sizes,
expressed as log, fold changes relative to the corresponding parental enzymes. This
normalization enabled a comparative assessment of mutational effects by eliminating
scale differences across studies; however, it does not account for residual variability in
pH, temperature, or substrate-dependent mechanisms. Cross-study comparisons should
therefore be interpreted as meta-patterns rather than quantitative equivalences. With
this caveat, normalization facilitates identification of general trends in kcat modulation.
This normalization was applied exclusively to assess the effects of mutations relative to
parental enzymes.

The normalized effect sizes were calculated as follows:

keat
keaty;

logZFckcat: logz ( (2)

To describe the empirical distribution of native laccase turnover numbers reported
in the literature [63], absolute kcat values were first compiled and analyzed separately for
each substrate. These distributions were used to define reference ranges corresponding
to the upper quartile of reported kcat values for ABTS, 2,6-DMP, and SGZ. To this end,
143 articles were analyzed, reporting a total of 244 kcat values for ABTS, 125 for 2,6-DMP,
and 53 for SGZ (Table S1). As shown in Figure 1, the upper ranges of the kcat distributions
indicate that values above approximately 800 s~! for ABTS, 300 s~! for 2,6-DMP, and
150 s~ ! for SGZ lie beyond the data’s central tendency and correspond to the upper quartile
of reported laccase kcat values in the analyzed dataset.
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Figure 1. Box and whisker plots for kcat values in s~ for ABTS, 2,6-DMP, and SGZ. (A) linear values.
(B) log1g values.

2.2. Effect of Mutations on the Value of Laccase Kinetic Parameters

For this part of the analysis, a curated database of 36 studies reporting protein engi-
neering strategies applied to laccases was compiled. These studies provided kinetic and,
where available, redox parameters (Km, kcat, and E°) for commonly used model substrates
in laccase characterization, including ABTS and 2,6-DMP (Table S2). Several articles did not
explicitly label their engineering approach as rational, semi-rational, or directed evolution.
In such cases, studies were classified according to the explicitly described mutagenesis
strategies (e.g., site-directed, saturation, or random mutagenesis), consistent with defini-
tions widely used in protein engineering literature [63—-65]. Based on this classification,
16 studies employed rational design, 5 employed semi-rational design, 8 employed directed
evolution, 1 employed a combination of semi-rational design and directed evolution, and
4 employed a combination of rational design and directed evolution. It should be noted that
the number of studies per category is unbalanced—particularly for the semi-rational group
(n = 5)—which limits the statistical power of comparisons involving that category. Median
log, FC values for semi-rational design should therefore be interpreted as indicative trends
rather than robust estimates. While the semi-rational design category is underrepresented
compared to the other groups, the observed trends are internally consistent and align with
mechanistic expectations for this strategy: intermediate results between the specificity of
rational design and the broader mutational sampling of directed evolution. Therefore, these
results are presented as exploratory and hypothesis-generating, rather than conclusive, and
future meta-analyses incorporating a larger number of semi-rational studies will be needed
to confirm and refine the trends identified here.

The comparison among engineering strategies should nevertheless be interpreted
with caution. As suggested by the asymmetry observed in Egger’s regression analysis
(Figure S2), publication bias may contribute to the distribution of reported kinetic improve-
ments. However, this asymmetry also reflects intrinsic differences in the objectives of the
engineering strategies themselves. Rational design is frequently used to investigate the
mechanistic role of individual amino acid residues and therefore often includes variants
expected to decrease or alter catalytic performance. In contrast, directed evolution is specifi-
cally designed to identify improved variants through iterative diversification and selection,
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increasing the likelihood that beneficial mutants will be reported. Consequently, the distri-
butions of log,FC(kcat) presented here reflect not only the effectiveness of each engineering
strategy but also differences in experimental objectives and publication practices. Accord-
ingly, these comparisons should be interpreted as descriptive trends within the published
literature rather than as a definitive ranking of protein engineering methodologies.

Across these studies, mutations produced a broad spectrum of effects on laccase
kinetic parameters, including both enhancements and impairments. Although multiple
parameters were affected, the present analysis focuses primarily on kcat, in line with the
purpose of this review and the central role of catalytic turnover in determining enzymatic
performance. Detailed information on additional kinetic and redox parameters is provided
in Table S2.

To evaluate whether the choice of protein engineering strategy—rational, semi-rational,
directed evolution, or combined—systematically influenced the magnitude of kcat im-
provement, mutational effects were quantified as log, fold changes relative to each study’s
corresponding parental enzyme, enabling between-strategy comparisons independently of
absolute turnover values and assay-specific differences. When summarized using median
log, FC values and visualized across substrates and engineering strategies, clear differences
emerged (Figure 2). Directed evolution consistently produced the largest positive shifts in
kcat across all three substrates evaluated, followed by semi-rational design and combined
strategies, while rational design showed the smallest median improvements and the highest
proportion of negative log, FC values.

Median log,FC(Kcat) by engineering strategy and substrate
(mutant vs. parental; Table S2)

5

I :

ABTS - +0.79 +0.84 -0.07 e

2
2 1 =
© <
@ 2,6-DMP - +0.73 +0.63 +0.35 F0O O
g
a o

SGZ / other +3.28 +0.71 +1.20 +0.60 =

. I_3

Directed DE + Rational Semi-rational Rational
evolution (combined) design design

Protein engineering strategy

Figure 2. Median log,FC(kcat) by engineering strategy and substrate. Cell values represent median
fold changes from paired parental-mutant comparisons (Table S2). Positive values indicate increased
catalytic turnover relative to the parental enzyme.

To formally evaluate whether these differences were statistically significant, log,
fold-change values from 27 paired parental-mutant comparisons (ABTS substrate) were
compared across the four strategy groups using the Kruskal-Wallis test (H = 14.10, df = 3,
p = 0.003) (Figure 3). Post-hoc pairwise comparisons using the Dunn test with Bonferroni
correction revealed that directed evolution produced significantly larger log,FC(kcat)
values than rational design (median: 5.40x vs. 0.93%; z = 3.376, p = 0.004). No other
pairwise comparison reached statistical significance after correction, although the contrast
between rational and semi-rational design showed a marginal trend (p = 0.067). Notably,
rational design showed a median fold-change below 1 (0.93 x), indicating that, on average,
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this strategy did not improve kcat relative to the parental enzyme. These results support the
conclusion that directed evolution produces the most consistent and largest improvements
in catalytic turnover, although this advantage may partly reflect broader sampling of
sequence space rather than intrinsic mechanistic superiority of the strategy.

log,FC(kcat) by protein engineering strategy — ABTS substrate
Kruskal-Wallis H = 14.10, p = 0.0028

5 p = 0.0671
p = 0.004* '
T 41 ' '
c o —ee—
& |
S 31 ‘
© ®
il
€
8
14 = | S— o=
g s .I_. .I.
© O n=5 n=>5
§ 0+ - 2 S n=6.-
(]
[=)]
g —11 o
=]
o
o o)
S _3] °
6_
n=f11 T T T
Rational Semi-rational Combined Directed
design design evolution

*p < 0.05 after Bonferroni correction (Dunn post-hoc). 1 Marginally non-significant after correction (p_raw 0.00).
Horizontal line at log,FC = 0 indicates no change from parental enzyme

Figure 3. Distribution of logyFC(kcat) by engineering strategy (ABTS substrate, n = 27 paired
comparisons). Kruskal-Wallis H = 14.10, p = 0.003; post-hoc Dunn test with Bonferroni correction.
*p <0.05. T p =0.011, non-significant after correction. The horizontal line at log, FC = 0 indicates no
change relative to the parental enzyme.

3. Discussion

The present analysis reveals that catalytic turnover (kcat) is the kinetic parameter
most consistently enhanced across engineered laccases, both in absolute magnitude and in
normalized effect sizes. This trend holds despite substantial heterogeneity in enzyme origin,
substrates, assay conditions, and engineering strategies. Engineered variants generated
through directed evolution, rational design, or combined approaches frequently reach or
exceed the upper quartile of reported kcat values for common laccase substrates such as
ABTS and 2,6-DMP. These observations indicate that kcat is a global performance metric
that is comparatively amenable to improvement across diverse laccase systems, regardless
of the organism’s origin or the engineering strategy employed.

This behavior is consistent with the mechanistic complexity of multicopper oxidases.
In laccases, kcat reflects an effective rate constant that integrates several coupled micro-
scopic processes, including substrate oxidation at the type 1 (T1) copper site, intramolecular
electron transfer to the trinuclear copper center (T2/T3), molecular oxygen reduction to
water, proton-coupled steps, and associated protein reorganization [6]. Because multiple
steps can contribute to rate limitation depending on substrate and conditions, perturbations
introduced by protein engineering may manifest predominantly as changes in kcat rather
than as systematic alterations in a single microscopic parameter.
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In contrast to kcat, changes in substrate affinity (Km) do not exhibit consistent cross-
study trends. While substantial reductions in Km have been reported in specific cases—such
as engineered variants of Fusarium oxysporum laccase displaying large decreases in Km for
2,6-DMP—other studies report modest changes or even increases in Km under comparable
engineering strategies [40]. This variability likely reflects the fact that substrate affinity in
laccases depends on a relatively restricted set of interactions within the substrate-binding
pockET and access channels, which are highly sensitive to substrate identity, protonation
state, and local electrostatics.

Quantitative analysis of paired parental-mutant data in Table S3 provides additional
context for Km'’s limited role as a performance driver across engineered laccases. Among
the 15 paired comparisons compiled (9 for ABTS, 6 for 2,6-DMP), log,FC(Km) values
span a wide range (approximately —3.9 to +1.6), with no consistent directional trend
across substrates or engineering strategies. In 9 of the 15 pairs, kcat is the dominant
contributor to changes in catalytic efficiency (|logoFC(kcat)| > llog,FC(Km) ), while
in the remaining 6 pairs, Km is dominant. Notably, three of the highest efficiency gains
observed (log,FC > 3.5, corresponding to >10-fold improvements) are driven primarily
by reductions in Km—specifically in directed evolution mutants of Fusarium oxysporum
laccase (4C1 and 4A9), where Km for ABTS decreased from 0.722 mM (parental Gr2)
to 0.049 and 0.232 mM, respectively. These cases represent exceptional, system-specific
outcomes rather than a general pattern, and they highlight that Km improvements, while
possible and occasionally substantial, cannot be reliably predicted from knowledge of the
engineering strategy alone. This further supports the focus on kcat as the primary cross-
study performance metric, while acknowledging that Km remains a relevant parameter for
individual, system-specific engineering campaigns.

Catalytic efficiency (kcat/Km) integrates turnover and substrate affinity into a single
parameter and is frequently reported in individual studies. However, its interpretation
across heterogeneous datasets requires caution. To address this, catalytic efficiency was
evaluated only for paired parental-mutant variants for which both kcat and Km were
measured under identical conditions. Using normalized effect sizes, catalytic efficiency can
be expressed as (Table S3):

longC<l;<C:> = log,FC(keat) — log, FC(Ky;) 3)

This formulation clarifies the relative contributions of turnover and affinity to changes
in efficiency. For ABTS, paired data show a positive median log,FC(kcat/Km), correspond-
ing to approximately 1.5-fold improvements, indicating that increases in kcat often translate
into net gains in efficiency when substrate affinity is maintained. In contrast, for 2,6-DMP,
the median log, FC(kcat/Km) is close to zero, despite substantial increases in kcat observed
in several variants. This suggests compensatory effects in Km that offset turnover gains for
this substrate.

Analysis of the relative contributions of kcat and Km further indicates that improve-
ments in catalytic efficiency are most often driven by increases in kcat rather than reduc-
tions in Km (Table S3). These findings reinforce the conclusion that catalytic turnover
is the principal driver of performance enhancement in engineered laccases, while effi-
ciency gains remain substrate- and system-dependent. Although the central tendency
of logrFC(kcat/Km) values indicates only moderate efficiency gains, a small number of
outliers exhibit markedly larger effects, with log, FC values above ~3.5, corresponding to
more than one order-of-magnitude increases in catalytic efficiency. These extreme cases
reflect exceptional, system-specific outcomes rather than general behavior and highlight
the heterogeneous response of catalytic efficiency to mutational changes.
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Many of the original studies propose mechanistic interpretations for the effects of
individual amino acid substitutions on kcat, although these explanations are frequently
system-specific, hypothesis-driven, and difficult to compare across heterogeneous laccase
variants and experimental conditions. For this reason, the present analysis prioritizes
cross-study trends and quantitative performance metrics over reproducing individual
mechanistic rationalizations. Nevertheless, several well-documented case studies pro-
vide valuable insights into the complex relationships among E°, substrate affinity, and
catalytic turnover.

A representative example is the study reported in [66], in which the redox potential
(E°®) of a high-redox-potential laccase (HRPL) was increased from 740 mV to 790 mV in the
GreeDo variant, derived from OB-1 and PM1 laccases. Despite this substantial increase
in E°, no consistent improvement in kinetic parameters was observed across all tested
substrates. This finding contrasts with the commonly reported linear correlations between
log(kcat) or log(kcat/Km) and the E° difference (AE°) between the substrate and the laccase,
as reported in earlier studies [67,68]. At the same time, it has been reported that Km values
appear to be largely independent of the E° of laccases, whereas kcat tends to scale with the
E° difference between the enzyme and the substrate [69].

The present review supports the notion that kcat is the kinetic parameter most
amenable to general enhancement through protein engineering, largely independent of
changes in Km. Notably, improvements in Km do not necessarily coincide with increases
in kcat, and vice versa. It should be noted, however, that this apparent independence has a
kinetic limiting condition. In the full Michaelis—-Menten framework, Km = (k_1 + kcat)/k;,
so kcat and Km are strictly decoupled only when k_; >> kcat, i.e., under rapid equilibrium
conditions where substrate dissociation is much faster than catalysis. For laccases with
an intrinsically slow turnover rate, this assumption may not hold, and changes in kcat
could, in principle, affect the observed Km. Therefore, the trends observed in the numerous
studies should be interpreted with this caveat in mind, particularly for variants with low
kcat, where the rapid equilibrium approximation is less likely to hold. This lack of direct
coupling is further illustrated by several studies in which substantial increases in E° do
not translate into higher catalytic turnover. For instance, substitution of the weak axial
copper ligand at the T1 site in the Bacillus subtilis laccase (CotA) results in an increase in E°
of approximately 100 mV relative to the wild-type enzyme (E° = 455 mV). However, the
M502L mutant exhibits a two- to four-fold decrease in kcat for the tested substrates [70].

A similar trend was observed in the small laccase from Streptomyces coelicolor (SLAC),
where mutations around the T1Cu site were introduced to increase E° from 367 mV up to
556 mV by creating a positive dipolar interaction near the copper center [70]. Although all
generated variants displayed increases in E°, ranging from 1 to 189 mV, the corresponding
kcat values for ABTS showed only minor changes, from 1.9 & 0.0 s~! for the wild-type
enzyme to 2.8 + 0.2 s~ ! for the best-performing variant (Y229F/S292F-SLAC). Notably,
the variant exhibiting the largest increase in E° (Y229F/ V290N /S292F-SLAC) showed a
kcat value of 1.38 & 0.04 s~ !, which was even lower than that of the wild-type enzyme. In
contrast, a pronounced reduction in Km was observed across all variants, decreasing from
4.4 + 0.5 mM in the wild type to 0.79 & 0.4 mM in the engineered enzymes [71].

These observations raise important questions about the mechanistic basis for how
increases in E° influence catalytic performance. One possible explanation is that higher E°
values may preferentially affect substrate affinity rather than catalytic turnover, potentially
by increasing the electronic coupling and substrate interaction terms in the electron-transfer
equation. However, this hypothesis is not universally supported. Other studies have
demonstrated that when evaluating kinetic constants for the same laccase across different
substrates, lower Km values do not necessarily correspond to higher kcat values [72].
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Similarly, when comparing different laccases acting on the same substrate, the enzyme
exhibiting the highest Km has, in some cases, also displayed the highest kcat value [73].

All these case studies reinforce the conclusion that catalytic turnover in laccases arises
from a complex interplay among redox properties, substrate interactions, and intramolec-
ular electron-transfer processes, and that increases in E° or substrate affinity alone are
insufficient to predict an increase in kcat.

From Marcus’s perspective, changes in E° are only one of several factors governing
electron-transfer rates. The free energy of activation for electron transfer is also strongly
influenced by the reorganization energy, which reflects the energetic cost of reorganizing
both the protein environment and the substrate, and by the electronic coupling between
donor and acceptor states [45]. Consequently, increases in E° alone are not sufficient to
guarantee faster electron transfer or higher catalytic turnover.

In laccases, the reorganization energy is expected to be particularly sensitive to local
protein dynamics, hydration, and subtle rearrangements around the T1 copper site and
along intramolecular electron-transfer pathways [74]. Mutations that rigidify or desta-
bilize specific structural elements, alter hydrogen-bond networks, or modulate solvent
accessibility can significantly affect the system’s reorganization energy without producing
proportional changes in E° or substrate affinity [74,75]. Such effects provide a plausible
explanation for the frequent observation that engineered variants with higher E° do not
exhibit increased kcat values.

These mechanistic considerations are supported by structural and computational evi-
dence from specific laccase variants in the present dataset. The inner-sphere reorganization
energy of blue copper T1 sites has been calculated to be approximately 0.5 eV [76,77],
substantially lower than for typical copper complexes (~1.4 eV) due to the constrained
geometry imposed by protein ligands. Even modest increases in A~inner~ can therefore
offset the thermodynamic gain from a higher E°. This is illustrated by the CotA M502L
mutant (logoFC = —1.08), where replacement of the axial methionine ligand increases
E° by ~100 mV but decreases kcat two- to four-fold [70]. As proposed by Durao et al.,
loss of axial sulfur coordination increases solvent accessibility of the T1 site, raising Ainner
and reducing kET despite the favorable shift in AG® [78]. The same pattern holds for the
1494 A substitution (log, FC = —2.63), where disruption of the hydrophobic environment
surrounding the His497 ligand similarly increases solvent accessibility and, by inference,
Ainner [77]. These near-site perturbations consistently reduce kcat, regardless of changes
in E°.

A complementary and physically intuitive explanation for the dependence between
T1 E° and kcat lies in the multi-step architecture of the laccase catalytic cycle. When the
reduction potential of the T1 site increases substantially, intramolecular electron transfer to
the copper trinuclear cluster (TNC) can become the rate-limiting step: since the TNC reduc-
tion potential does not increase synchronously, the electron becomes kinetically trapped
at T1, ultimately reducing the total kcat rather than increasing it [74]. This T1 — TNC
bottleneck is therefore entirely consistent with—and mechanically complementary to—the
reorganization energy argument described above. It should also be noted that applying
Marcus theory in this context represents a simplification for phenolic substrates, where
proton transfer is kinetically coupled to the electron transfer event (proton-coupled electron
transfer, PCET) and can itself be the rate-limiting step [74].

In contrast, mutations at intermediate distances from the T1 site can act preferen-
tially on AG® via electrostatic modulation, as illustrated by the D206A substitution in TvL
(logoFC = +1.73), where replacement of a negatively charged residue near the T1 copper is
expected to relieve an electrostatic penalty on the oxidized Cu®* state, increasing E° and
AG® without direct perturbation of the coordination sphere. This interpretation is consistent
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with Mehra et al. [79] who demonstrated, using DFT calculations on 54 laccase substrates,
that substrate electronic reorganization energies—rather than AE® alone—correlate signif-
icantly with experimental kcat values, thereby establishing A as a predictive parameter
alongside AG®. Furthermore, Mehra et al. [80] showed, through extensive molecular dy-
namics simulations on TvL mutants, that changes in Km correlate with substrate-binding
dynamics, whereas kcat reflects the intrinsic electron-transfer rate, providing computational
support for the mechanistic independence of Km and kcat observed across our dataset.

At greater distances from the active site, mutations are unlikely to directly affect AG®,
Adnner, OT Jpa, but can still modulate kcat through long-range conformational dynamics
that alter Aguter. This is consistent with the dynamic network mechanism described by
Vania Brissos et al. [81], who showed that distal mutations in a metallooxidase collectively
rigidify allosterically coupled conformational networks, favoring catalytically competent
substrate orientations. Ali et al. [17] similarly concluded that E° is insufficient as a single
predictor of laccase activity and that substrate-binding geometry and protein dynamics are
equally determinant.

Electronic coupling between the substrate and T1 copper, and between T1 and the
trinuclear copper cluster, can also be modulated by mutations that alter the orientation
of redox-active residues or the geometry of the electron-transfer pathway [82], thereby
enhancing or impairing electron-tunneling efficiency independently of E° or Km. Taken
together, kcat integrates the combined influence of AG®, reorganization energy, and elec-
tronic coupling, which helps rationalize why directed evolution, which explores mutational
space without presupposing specific mechanistic bottlenecks, consistently achieves larger
kcat improvements than rational design approaches focused primarily on E° or substrate-
binding interactions.

Computational approaches, including molecular dynamics and QM /MM simulations,
have provided valuable mechanistic insights into how mutations affect kcat in laccases [40].
Structural and simulation studies of evolved HPRL have shown that mutations can promote
more favorable substrate orientations and enhance electron-transfer pathways toward the
T1 copper site, consistent with experimentally observed increases in catalytic constants [83].
QM/MM and spin-density analyses of arylamine oxidation reactions have identified key
electronic interactions and delocalization effects that correlate with a 2-fold increase in
kcat [84].

In other cases, QM/MM-guided interpretation of mutational effects has successfully
rationalized enhanced turnover numbers in engineered laccases oxidizing non-phenolic
substrates, linking experimental kinetics to changes in substrate positioning and electron
distribution predicted computationally [38,40]. While such studies are necessarily system-
specific, they support the broader conclusion that kcat enhancements often arise from
subtle changes in electronic structure and protein dynamics rather than from single, easily
isolable determinants.

Finally, the trends identified in this review suggest a natural role for data-driven and
Al-assisted approaches in future laccase engineering efforts. Rather than replacing experi-
mental protein engineering, machine learning and Al methods can serve as accelerators
by prioritizing mutational targets, guiding library design, and integrating heterogeneous
kinetic datasets. Recent advances in enzyme engineering demonstrate that ML-guided
strategies can efficiently explore sequence-function landscapes, particularly when com-
bined with iterative experimental validation [85].

As is the case for many enzymes, catalytic performance does not depend on a particular
property, but rather on the combined influence of catalytic turnover, protein stability,
expression levels, and underlying mechanistic factors such as electron-transfer dynamics.
Laccases provide a representative example of this broader principle, as their observed
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activity reflects the integration of these contributions across multiple coupled steps. Because
these factors interact in complex, often nonlinear ways, predicting the effects of individual
mutations remains challenging. In this context, Al-assisted, data-driven frameworks that
use normalized kinetic metrics—such as logyFC(kcat) and log,FC(kcat/Km)—provide
a practical strategy for guiding enzyme engineering. By learning from patterns across
diverse datasets, these approaches can help prioritize mutations and design strategies that
are more likely to enhance catalytic turnover. Importantly, this perspective is consistent
with empirical evidence showing that directed evolution, which relies on iterative data
generation and selection rather than detailed mechanistic assumptions, has been the most
effective strategy for improving kcat across a wide range of laccase systems.

The present work complements and extends several prior reviews on laccase engi-
neering. Maté and Alcalde [64] provided a landmark qualitative synthesis of rational
and directed evolution strategies, establishing the conceptual framework for understand-
ing how mutations affect redox potential and substrate range. Sitarz et al. [13] offered a
structural and functional perspective on laccase tuning for lignocellulose and industrial
applications, with emphasis on the role of E° and substrate-binding geometry. More re-
cently, Ali et al. [17] explicitly argued that redox potential alone is insufficient as an activity
predictor, citing substrate geometry and protein dynamics as equally determining factors.
The present analysis advances beyond these contributions in three respects: first, by assem-
bling the largest curated dataset of quantitative kcat values reported to date (422 values
across three substrates, 143 studies); second, by applying normalized log, FC effect sizes
to enable cross-study quantitative comparison that is independent of absolute enzyme
activity; and third, by demonstrating empirically—rather than inferentially—that kcat is the
kinetic parameter most consistently and significantly improved across all three engineering
strategies, while Km shows no consistent directional trend. Together, these contributions
establish an empirical reference framework for future laccase engineering campaigns and
for the integration of data-driven and computational approaches in enzyme optimization.

4. Materials and Methods

This review was conducted and reported in accordance with the PRISMA 2020 guide-
lines [86] systematic literature search was performed in Scopus using two independent
queries. The first query, aimed at compiling kcat values for wild-type and native laccases,
used the search string: “Laccase” AND “kcat”. The second query, targeting mutagenesis
studies, used: “Laccase” AND (“engineering” OR “improvement” OR “directed evolu-
tion”). Both searches were conducted without date restrictions and covered all document
types indexed in Scopus.

Records were screened in two sequential stages. In the first stage, titles and abstracts
were evaluated independently against the following pre-defined inclusion criteria: (i) the
study reported at least one quantitative kcat value for a laccase from any biological source
(prokaryotic or eukaryotic); (ii) kinetic characterization was performed with at least one
of the model substrates ABTS, 2,6-DMP, or SGZ; and (iii) the study was published as a
peer-reviewed original research article or review. Records were excluded at this stage if:
(a) no quantitative kcat was reported (e.g., only specific activity or Vmax without kcat);
(b) the enzyme studied was not a laccase (EC 1.10.3.2); or (c) the article was a book chapter,
conference abstract, or editorial. Records passing the first screening stage were retrieved
in full text and subjected to a second, more detailed eligibility assessment. At this stage,
studies were additionally excluded if: the study employed mutagenesis exclusively to
investigate the structural or mechanistic role of specific amino acid residues, without an
explicit aim of improving catalytic performance (e.g., studies introducing alanine substi-
tutions solely to assess coordination or substrate binding); and reported kcat values were
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inconsistent across tables and text, units were ambiguous or non-convertible to s~ or the
parental enzyme identity was insufficient to allow log,FC calculation for the mutagenesis
sub-dataset. A total of 143 articles met all inclusion criteria and were retained for analysis.
Of these, 36 studies that additionally reported paired parental-mutant kcat values under
identical assay conditions and an explicitly classifiable protein engineering strategy were
included in the comparative mutagenesis analysis. The complete literature selection process
is summarized in the PRISMA 2020 flow diagram (Figure S1). From each included article,
the following data were extracted: kcat (s71), Km (uM or mM), when available, substrate
identity, organism of origin, and—for mutagenesis studies—protein engineering strategy;,
mutant designation, and parental enzyme identity. All extracted values were compiled and
organized into structured tables for subsequent comparative analysis (Tables S1-5S3).

5. Limitations

Several limitations of this review should be acknowledged. First, the literature search
was conducted exclusively in Scopus; databases such as Web of Science and PubMed were
not searched, which may have introduced selection bias and limited coverage of relevant
studies. Second, the number of studies available for the semi-rational design category
(n = 5) is insufficient for robust statistical inference, and results for this group should be
interpreted as indicative trends rather than definitive estimates. Third, the comparative
analysis is based on paired parental-mutant kcat values extracted from heterogeneous
experimental systems, and differences in assay conditions (pH, temperature, substrate
concentration) across studies may introduce systematic noise that cannot be fully corrected
by log, FC normalization.

Fourth, publication bias was formally assessed using Egger’s regression test and the
trim-and-fill method (Figure S2). Egger’s test did not detect statistically significant funnel
asymmetry (intercept = 2.19 £ 1.90, t = 1.15, p = 0.261); however, the test has limited power
at n = 27. Visual inspection of the funnel plot revealed asymmetry consistent with un-
derrepresentation of studies reporting small or negative kcat changes, particularly within
the rational design category. The trim-and-fill procedure estimated 13 potentially miss-
ing comparisons; after imputation, the adjusted weighted mean log,FC decreased from
0.31 to 0.05, suggesting that the overall magnitude of kcat improvement reported in the
literature may be partially inflated by selective reporting. This asymmetry should also be
interpreted considering the distinct objectives of protein engineering strategies: rational
design studies frequently include mechanistic variants that are not intended to improve
catalytic performance, whereas directed evolution specifically selects beneficial variants.
This bias in the lack of negative data in protein engineering has direct consequences that
go beyond bibliometric distortion; it imposes a fundamental gap in our understanding of
protein sequence—function relationships. Variants with reduced or unaltered kcat are not
engineering failures; they are informative data points that define the shape of the fitness
landscape and reveal which positions and substitutions are catalytically intolerant. The sys-
tematic omission of such information in the published literature severely limits our ability
to construct comprehensive structure-function models for laccases and oxidoreductases
in general. This concern has been explicitly recognized in the field of directed evolution:
Wittmann et al. developed evSeq precisely to retrieve sequence-fitness information from the
thousands of variants generated but never sequenced during a typical protein engineering
campaign, arguing that the widespread availability of such data would “revolutionize both
our biochemical understanding of proteins and our ability to design them” [87]. More
recently, Long et al. extended this effort with LevSeq, a long-read sequencing pipeline
designed to systematically capture sequence-function data across whole protein-coding
genes during directed evolution workflows, with the explicit goal of making negative
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and neutral fitness data available for machine-learning-guided protein engineering [88].
The present quantitative meta-analysis offers further evidence of this structural gap in the
literature: the log,FC(kcat) distributions presented here are determined not only by the
biochemical properties of the laccases or the mechanistic scope of each engineering strategy,
but also by what researchers choose to publish (or are incentivized to publish). It is worth
noting that this limitation does not invalidate the study’s central objective: comparing the
magnitude of the positive modulation of kcat achievable through rational, semi-rational,
and directed evolution approaches under the reported conditions. This limitation is partic-
ularly relevant for cross-strategy comparisons and should be considered when interpreting
the quantitative estimates presented in this review.

Finally, this review focuses on kcat as the primary performance metric; other industri-
ally relevant parameters, such as thermostability, inhibitor tolerance, and expression yield,
were not systematically analyzed. Engineering campaigns that improve these properties
at the expense of catalytic turnover would not be captured by the present framework,
which represents a deliberate analytical scope rather than a general limitation of laccase
engineering as a field.

6. Conclusions

This review provides a quantitative and comparative assessment of protein engi-
neering strategies applied to laccases, with a specific focus on catalytic turnover as a key
determinant of enzymatic performance. By systematically analyzing kinetic data from
143 publications and normalizing mutational effects across heterogeneous systems, this
work establishes empirical reference ranges for high kcat values and demonstrates that
directed evolution consistently achieves larger improvements in catalytic turnover than
rational or semi-rational design approaches.

Across diverse laccase families and substrates, Km and E° exhibit more system-specific
behavior and do not yield consistent cross-study trends. Analysis of paired kinetic parame-
ters further shows that improvements in catalytic efficiency are predominantly driven by
increases in kcat rather than by enhanced substrate affinity. These findings support the view
that catalytic turnover reflects the integration of multiple coupled processes—including
electron transfer, protein dynamics, and environmental reorganization—rather than a single
structural or thermodynamic factor.

The frequent mismatch between increased E° and improved kcat underscores the
limitations of relying on redox tuning alone as a design principle. Instead, the results
highlight the importance of approaches capable of sampling complex, non-intuitive muta-
tional effects, such as directed evolution, particularly when combined with computational
analyses that provide insights into electron-transfer pathways and dynamic contributions
to catalysis.

From an applied perspective, this review offers practical guidance for future laccase
engineering campaigns by identifying kcat as a robust, comparative performance metric
and demonstrating the value of normalized effect-size analyses for cross-study evaluation.
Looking ahead, integrating experimental evolution with computational modeling and
data-driven frameworks, including machine learning, holds significant promise for more
efficient enzyme optimization. Such synergistic strategies are expected to facilitate the
rational prioritization of mutations and accelerate the development of laccases tailored to
specific industrial and environmental applications.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal16080698/s1, Figure S1: PRISMA 2020 flow diagram; Figure S2:
Egger’s regression test; Table S1: kcat values of the laccase dataset for different substrates; Table S2:
kcat and Km values of different native and mutant laccases for ABTS, 2,6-DMP and other reagents;
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Table S3: Paired kinetic parameters and catalytic efficiency changes for parental-mutant laccase pairs.
References [89-218] are cited in the Supplementary Materials files.
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