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ABSTRACT 

Certain drugs achieve highly potent and long-lasting enzyme inhibition by forming covalent 
bonds with nucleophilic amino acid functionalities. Aldehyde-containing inhibitors are able to 
react with lysine ɛ-amino functionalities to form reversible-covalent imine (Schiff base) adducts. 
Ortho-substituted aryl aldehydes have been used to further stabilize these imines through 
intramolecular interactions. However, relationships between aryl aldehyde structure, reactivity, 
and enzyme inhibition remain poorly defined. To address this gap, we characterized imine 
formation across a diverse panel of aryl aldehydes in aqueous solution and tested whether 
reactivity trends will predict covalent inhibition mechanisms. First, we assessed imine yield, 
reaction rate, and apparent binding affinity by NMR and UV-Vis spectroscopy using a lysine 
surrogate. We then evaluated inhibitory activity against an enzyme using dose-response and 
dilution assays to determine potency and reversibility. Leuconostoc mesenteroides glucose-6-
phosphate dehydrogenase (G6PD), which contains a lysine-rich active site, served as the enzyme 
model. The reactivity of aryl aldehydes in our panel was primarily governed by ortho-
substituents, particularly their ability to stabilize the imine and coordinate the reacting partners. 
Reactivity generally correlated with inhibitor potency, but not with reversibility. We also 
identified previously unreported aryl aldehyde G6PD inhibitors bearing boronic acid, ethynyl, 
and phosphonate substituents, spanning irreversible-covalent, reversible-covalent, and rapid-
equilibrium inhibition mechanisms. These findings establish structure-reactivity-activity 
relationships for aryl aldehydes and demonstrate their potential for tunability in rational inhibitor 
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design. Collectively, this work strengthens the foundation for lysine-targeted covalent inhibitor 
development.  

 

INTRODUCTION 

Covalent drug discovery is undergoing a renaissance.1–5 These agents achieve potent and 
sustained inhibition by forming a covalent bond with a specific amino acid in a targeted protein. 
Several widely used drugs, including aspirin, penicillin, cephalosporins, and proton pump 
inhibitors, act through a covalent mechanism, although this was only recognized post-discovery. 
Afatinib and ibrutinib were among the first rationally designed covalent drugs, developed to 
target tumour-promoting (oncogenic) protein kinases.3 These drugs demonstrated that covalent 
inhibitors can be structurally optimized to control reactivity, addressing previous therapeutic 
concerns of promiscuity or toxicity. The pharmacodynamics of a covalent drug, including its 
potency and reversibility, are highly dictated by its electrophilic “warhead”,1 the functional 
group responsible for covalent binding to the targeted amino acid nucleophile (Fig. 1). 
“Electrophile-first” approaches to covalent drug design have therefore become increasingly 
common, in which reactive covalent fragments are identified first, followed by installation of the 
non-covalent scaffold.3,6 This approach enabled the discovery of sotorasib as an inhibitor for 
KRASG12C, an oncogenic protein previously considered “undruggable”.7 Reversible-covalent 
warheads have gained particular attention as they may combine the respective advantages of 
covalent and non-covalent inhibition by maintaining prolonged residence times with the target, 
while allowing rapid dissociation of non-specific interactions.1,8–10 

 

 
Figure 1. Binding mechanism and structural components of a covalent inhibitor. The inhibitor 
scaffold forms initial non-covalent interactions (red dashed lines). The warhead subsequently 
forms a covalent bond (highlighted blue line) with a proximal amino acid. 

 

Cysteine amino acids are the most common targets for covalent modification due to the 
nucleophilicity of their thiol side-chains.1,11 However, cysteines are rare within protein 
sequences, leading to the exploration of other nucleophilic targets, including serine, glutamate, 
and lysine side-chains.2 A range of lysine-targeting warheads have been investigated, including 
sulfur (VI) fluoride electrophiles,12–14 N-acyl-N-alkyl sulfonamides,15,16 nitriles,17,18 and activated 
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esters.19,20 Although lysine ε-NH2 groups (pKa = 10-11) are relatively weak nucleophiles at 
physiological pH (7.4), local pKa shifts within a protein binding pocket, together with a small 
amine-aldehyde orbital energy gap (HOMO-LUMO gap) often help promote imine 
formation.21,22 Lysine ε-NH2 groups can also undergo reversible-covalent modification through 
condensation with an aldehyde or ketone to form an imine (C=N, Schiff base). Aldehyde-based 
electrophiles have been developed into amine-targeting covalent probes,23,24 labels,25,26 and 
inhibitors.27–32 In addition, pyridoxal 5’-phosphate-dependent enzymes form imines as part of 
their catalytic mechanism.33 

A central challenge for aldehyde-based inhibitors using imine chemistry is competition 
with water. Imines are prone to hydrolysis and aldehydes to hydration, both of which decrease 
the thermodynamic favourability of adduct formation (Fig. 2A). To shift the equilibria toward 
the imine, the aldehyde is often installed onto an aromatic ring with an ortho-substituent capable 
of forming a stabilizing intramolecular interaction. For example, salicylaldehydes stabilize 
imines through hydrogen bonding,34 whereas 2-carbonylphenylboronic acids form a N-B dative 
bond (Fig. 2B).35 Some ortho-substituents with a lone pair of electrons stabilize adducts through 
donation of electron density to the imine carbon (n → π* orbital interactions), as shown for 2-
carboxybenzaldehyde.36 In contrast, 2-ethynylbenzaldehydes react with lysine ε-NH2 to form 
imines that undergo an intramolecular tandem cyclization, yielding stabilized, albeit irreversible 
isoquinolinium adducts.27,37 More recently, chalcogen bonds involving sulfur, selenium, or 
tellurium have also been shown to stabilize imines in aqueous media.38 
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Figure 2. (A) Aldehyde hydration and imine formation equilibria. (B) Intramolecular imine 
stabilization by ortho-substituted aryl aldehydes: (i) Salicylaldehyde hydroxyl group participates 
in hydrogen bonding; (ii) Boronic acid substituent of 2-formylphenylboronic acid forms an N-B 
dative bond; (iii) 2-Carboxybenzaldehyde stabilizes open forms of aldehyde and imine through n 
→ π* orbital interactions via its carboxyl substituent; (iv) Alkynyl group of 2-
ethnylbenzaldehyde drives tandem cyclization of imine to afford isoquinolinium species; (v) 
Aryl aldehydes with ortho-chalcogen groups (Ch-X: Ch = S/Se/Te, X=Me/Ph) participate in 
chalcogen bonding. 

 

Despite a strong understanding of imine chemistry and its application to reversible-
covalent enzyme modification, it remains unclear how solution-phase reactivity translates into 
covalent enzyme inhibition, and ultimately, therapeutic performance. First, there are few 
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standardized structure-reactivity relationship studies across broad panels of ortho-substituted aryl 
aldehydes. Existing reports show that both the stabilization mechanism and the steric and 
electronic properties of the ortho-substituent influence imine formation by affecting aldehyde 
binding affinity, reaction rate, adduct stability, or susceptibility to competing hydration 
reactions.22,35,36,39–44 However, comparisons across studies are difficult because experimental 
conditions vary. Second, despite the prevalence of targetable lysine residues in proteins,45–48 
systematic investigations of aldehyde-mediated enzyme inhibition are limited. As a result, 
predicting imine formation under biologically relevant conditions remains challenging, hindering 
the rational selection of warheads for lysine-targeting covalent inhibitors. 

To address this gap, we first benchmarked substituent effects on imine formation using a 
lysine surrogate, establishing trends in imine yield, reaction rate, and apparent binding affinity 
across a diverse panel of aryl aldehydes. We then tested whether these trends predict enzyme 
inhibition mechanisms using Leuconostoc mesenteroides glucose-6-phosphate dehydrogenase 
(G6PD) as an exploratory model. Our results reveal broad physicochemical and 
pharmacodynamic diversity among the tested aryl aldehydes, largely governed by ortho-
substituents. We also identified electrophiles with previously unreported activity against G6PD. 
The functional tunability of these aldehydes supports an electrophile-first design strategy, in 
which ortho-substitution may serve to modulate inhibitor reactivity, potency, and reversibility. 
These findings frame ortho-substituted aryl aldehydes as a potentially versatile platform for 
meeting diverse pharmacological goals. 
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MATERIALS AND METHODS 

General methods and instrumentation 

All chemicals were obtained from Sigma-Aldrich and used without further purification unless 
otherwise stated. The following compounds were purchased from Combi-Blocks: 4-
pyridinecarboxaldehyde, 2-acetylphenylboronic acid, benzaldehyde-2,4-disulfonic acid, 2-
formylbenzenesulfonic acid, 2-carboxybenzaldehyde, 2-ethynylbenzaldehyde, and 3-formyl-4-
hydroxybenzoic acid. 2-Formylphenylboronic acid and Nα-(tert-butoxycarbonyl)-L-lysine (Boc-
Lys) were obtained from AstaTech. Leuconostoc mesenteroides α-D-glucose-6-phosphate 
dehydrogenase (G6PD) (Product No. 10165875001, EC 1.1.1.363) was prepared as a stock 
solution (200 U/mL) in enzyme assay buffer containing glycerol (50% v/v), and stored at -20 °C. 
The assay buffer consisted of 3-(N-morpholino)propanesulfonic acid (MOPS, 40 mM) in 
Millipore water, adjusted to pH 7.4. Working solutions of G6PD were prepared immediately 
prior to use. UV-Vis absorbance and pathlength were measured in 96-well flat-bottom microtiter 
plates (Corning Costar) on a SpectraMax Plus 384 UV-vis microplate reader using the 
PathCheck feature and SoftMaxPro 4.6 software. A Sentron (Millar) SI series MicroFET pH/T 
probe was used to measure pH. For characterizing imine formation,1H NMR spectra were 
recorded in 5 mm NMR tubes on a Bruker Avance Neo-400 spectrometer (400 MHz) and 
processed using TopSpin 4. Spectra were referenced to the resonance of D2O (δ = 4.69 ppm) as 
an internal standard and phase-adjusted prior to integration. Regression analyses and data 
plotting were performed using GraphPad Prism 10.1.1. 

 

Synthetic procedures 

Experimental details for the synthesis and characterization of 2-formylphenylphosphonic acid 
(11) and (2-formylphenyl)(methyl)diphenylphosphonium iodide (12) are provided in the 
Supplementary Information (Fig. S1-S10). 

 

Characterization of imine formation by 1H NMR spectroscopy 

NMR experiments were performed as previously described,40 with minor modifications. Samples 
(500 µL total) were prepared by mixing 140 µL D2O, 10 µL aryl aldehyde (0.1 M in DMSO-d6), 
and 100 µL Boc-Lys (0.1 M in D2O) in 250 µL phosphate buffered saline (PBS, 0.1 M in D2O). 
The pH of the PBS was approximately ~7.3, adjusted to account for the use of deuterated 
solvent.53 Final concentrations were 2 mM aryl aldehyde, 20 mM Boc-Lys, and 50 mM PBS. 
Mixtures were incubated at room temperature and allowed to equilibrate before acquisition of 1H 
NMR spectra (512 scans, SW = 12 ppm, D1 = 1.5 s, O1P = 6 ppm). The spectra for most 
compounds were recorded after 2-6 hours of incubation, except compound 7, which was 
analyzed after 24 hours due to slow equilibration. Control samples lacking either aldehyde or 
Boc-Lys (replaced with D2O, Fig. S11) were prepared and analyzed under identical conditions. 
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Relative integration values were used to calculate the proportion of aldehyde/ketone, 
imine, and hydrate in each sample. Fig. S12 illustrates the calculation procedure used for 
aldehydes. An alternative procedure was used for the ketone 2-acetylphenylboronic acid (6, 
calculation described in Fig. S13). 

 

Characterization of imine formation by UV-Vis spectroscopy 

Stock solutions of aldehyde (1 mM) and Boc-Lys (100 mM) were prepared in PBS (pH 7.4) and 
adjusted to pH 7.4. A minimal amount of DMSO was added to the aldehyde stocks if necessary 
for solubilization. Solution A (1 mM aldehyde) and Solution B (1 mM aldehyde and 100 mM 
Boc-Lys) were prepared in PBS. In a microtiter plate, Solution A and B were mixed in the 
appropriate volumes to give 8 reactions (200 µL) containing 1 mM aldehyde with 100 mM, 60 
mM, 40 mM, 20 mM, 10 mM, 5 mM, 2 mM, or 0 mM Boc-Lys. Reactions were monitored using 
a microplate reader, measuring the spectra (250-800 nm, 10 nm increments) at 0, 1, 2, 4, and 24 
hrs post-initiation. A plate well containing 200 µL PBS was used as a blank. Between readings, 
the microplate was left to react at room temperature and sealed to minimize evaporation. 

The apparent association constant (Kaapp) at each timepoint was determined using the 
online software BindFit v0.5.54,55 The spectra were fit to a 1:1 binding model represented by Eqn 
1, where [A] is the concentration of aldehyde, [B] is the concentration of Boc-Lys, and [AB] is 
the concentration of aldimine. Fitting the entire spectrum rather than selecting a single 
wavelength provides a more accurate fit.55 When no reaction was observed between Boc-Lys and 
the aldehyde (i.e. no spectral shift), Kaapp was not calculated. Apparent dissociation constants 
(Kdapp) were calculated from Kaapp values according to Eqn 2. 

Eqn 1										𝑲𝐚
𝐚𝐩𝐩 =	 [𝐀𝐁]

[𝐀][𝐁]
 

 

Eqn 2          𝑲𝐝
𝐚𝐩𝐩 = 𝟏

𝑲𝐚
𝐚𝐩𝐩 

 

G6PD kinetic parameters 

G6PD activity was measured using a continuous, spectrophotometric assay adapted from our 
previous work.56 To determine the apparent binding affinity (Kmapp) to G6P, reactions were 
prepared in enzyme assay buffer containing 0.01 U/mL G6PD, 0.1 mM NADP+, and serially 
diluted G6P (2-fold, 2 mM to ~30 μM). Reactions (200 μL) were initiated with G6PD and 
monitored in a microtiter plate at 340 nm every 20 s (25 °C, 30 min total). The same procedure 
was used to determine the NADP+ Kmapp, with reactions instead containing 1 mM G6P, and 
serially diluted NADP+ (2-fold, 200 μM to ~3 μM). The Beer-Lambert Law was used to 
calculate the concentration of NADPH produced at each timepoint given the measured 
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absorbance and pathlength of each well, and the known extinction coefficient of NADPH (6.22 
mM-1 cm-1 at 340 nm). NADPH concentrations were normalized by subtracting the background 
concentration at t=0 min. Initial velocities (vi) were derived by linear regression of the first 3 
minutes of the reaction and Michaelis-Menten curves were plotted. Duplicate experiments were 
fit to Eqn 3 to calculate Kmapp, where [NADPH] is the concentration of NADPH formed, Vmaxapp 
is the apparent maximum velocity, and [S] is the concentration of G6P or NADP+. 

Eqn 3          [𝐍𝐀𝐃𝐏𝐇] = 	 𝑽𝐦𝐚𝐱
𝐚𝐩𝐩 [𝐒]

𝑲𝐦
𝐚𝐩𝐩,[𝐒]

 

 

Inhibition of G6PD: Progress curves 

Stock solutions of aldehydes were prepared in enzyme assay buffer or in assay buffer 
supplemented with 25% v/v DMSO if required for solubilization, and adjusted to pH 7.4 as 
necessary. These stocks were serially diluted in enzyme assay buffer (or assay buffer with 25% 
DMSO) to produce working solutions at 10X the desired final concentration. Assay buffer (150 
µL), a 20X mixture of G6P and NADP+ (10 µL), and the serial dilutions (20 µL) were mixed in a 
microtiter plate. A control well was included in each experiment, where the aldehyde was 
substituted with the appropriate vehicle. Reactions were initiated with 10X G6PD (20 µL) and 
monitored at 340 nm every 30 s (25 °C, 80 min total). Final concentrations were 0.001 U/mL 
G6PD, 100 µM NADP+, 500 µM G6P, in either 0% or 2.5% DMSO. The concentration of 
NADPH at each timepoint was calculated as described (vide supra). 

 

Inhibition of G6PD: Jump dilutions 

Inhibitor concentrations corresponding to approximately 10% G6PD inhibition (IC10) were 
estimated from the collected progress curves and verified experimentally. Each aldehyde was 
incubated at 50X its estimated IC10 with 0.025 U/mL G6PD in enzyme assay buffer (30 min, 
r.t.). The incubation mixture also contained 25% DMSO as high-concentrate aldehyde stocks 
were necessary and DMSO aided in their solubilization. An aliquot of the incubation mixture (4 
µL) was added to a microtiter plate and then rapidly diluted 50-fold with a ~1.02X mixture of 
G6P and NADP+ in assay buffer (196 µL). Reactions were monitored at 340 nm every 30 s (25 
°C, 130 min total). Final concentrations were 0.0005 U/mL G6PD, 100 µM NADP+, 500 µM 
G6P, and 0.5% DMSO, with the aldehyde at its estimated IC10. The concentration of NADPH at 
each timepoint was calculated as described (vide supra). 

Dissociation rate constants (k-2) were calculated for inhibitors showing reversible-
covalent binding (nonlinear jump dilution curves) using Eqn 4,57 where [NADPH] is the 
concentration of NADPH formed, vi is the initial velocity, vs is the steady-state velocity, and t is 
the reaction time. Note that k-2 is also referred to as koff in literature.57 The value for vs is 
constrained to 90% of the velocity of the uninhibited control (vctrl =  0.1192 μM/min, obtained by 
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linear regression).57 The vi of very slow-dissociating inhibitors (compounds 2 and 4) were 
calculated separately by linear regression of the first 60 min of the reaction. Otherwise, we found 
curve fitting to be unreliable given the limited dissociation observed within the experimental 
timeframe. 

Eqn 4          [𝑵𝑨𝑫𝑷𝑯] 	= 𝒗𝐬𝒕 +	
𝒗𝐢/𝒗𝐬
𝒌'𝟐

3𝟏 − 𝒆/𝒌'𝟐𝒕7 + 𝟏 

 

Calculation of inhibition constants: Reversible inhibitors 

The inhibition mechanism of each compound was inferred from its progress curve shape and 
jump dilution behaviour (irreversible-covalent, reversible-covalent, or rapid-equilibrium). The 
progress curves of reversible-covalent inhibitors were fit to Eqn 558 to obtain vi, vs, and the 
observed rate constant (kobs). Since [NADPH] was normalized to the background, the y-intercept 
(Y0) variable was constrained to 0. Rapid-equilibrium inhibitors and uninhibited control 
reactions were fit by linear regression to obtain vi and vctrl, respectively, with Y0 constrained to 0 
as well.59 

Eqn 5          [𝐍𝐀𝐃𝐏𝐇] = 𝒗𝐬𝒕 +	
𝒗𝐢/𝒗𝐬
𝒌𝐨𝐛𝐬

3𝟏 − 𝒆/𝒌𝐨𝐛𝐬𝒕7 + 𝐘𝟎 

 

The inhibition constants of compounds with a reversible binding mechanism were 
calculated from their fitted velocities. This method is generally more reliable and less error-prone 
than extracting inhibition constants from kobs plots.58 For reversible-covalent inhibitors, vs values 
were normalized to vctrl and plotted on a log scale. Similarly, vi values were normalized to vctrl 
and plotted in the same way for rapid-equilibrium inhibitors. Kxapp values were calculated from 
the plots according to Eqn 6,58 where [I] is the inhibitor concentration, h is the Hill slope, and vx 
is either vs or vi. Kxapp represents the apparent inhibition constant (Kiapp for rapid-equilibrium and 
Ki*app for reversible-covalent inhibitors). Note that this equation is equivalent to an IC50 
determination with the top and bottom of the curve normalized to 100% and 0% activity, 
respectively. 

Eqn 6          𝒗𝐱
𝒗𝐜𝐭𝐫𝐥

	= 	 𝟏

𝟏,𝟏𝟎/𝐥𝐨𝐠𝑲𝐱
𝐚𝐩𝐩'	𝐥𝐨𝐠[𝐈]6𝒉

 

 

True inhibition constants were estimated from the apparent values using Eqn 7,60 where 
[G6P] is the concentration of glucose-6-phosphate used in the assay, Kmapp is the apparent 
binding affinity of G6PD to G6P, and Kx is the true inhibition constant (Ki or Ki*). This equation 
assumes that the inhibitors function by competing with G6P binding at the G6PD active site. 

Eqn 7          𝑲𝐱 =	
𝑲𝐱
𝐚𝐩𝐩

𝟏,[𝐆𝟔𝐏]
𝑲𝐦
𝐚𝐩𝐩
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Calculation of inhibition constants: Irreversible inhibitors 

Irreversible-covalent inhibitors were identified by a lack of recovery in G6PD activity following 
jump dilution (compound 7), and processed as described by Mader et al.8 The end-point 
concentrations of formed NADPH were calculated from the inhibitor progress curves at 15 
timepoints, sampled every 5 min between 10-80 min of reaction time. These concentrations were 
plotted as a logarithmic dose-response curve, and time-dependent IC50 values (IC50(t)) were 
calculated according to Eqn 8, where [NADPH]I(t) and [NADPH]ctrl(t) are the concentrations of 
NADPH produced at a given timepoint in the inhibited and uninhibited reactions, respectively, 
[I] is the inhibitor concentration, and h is the Hill slope. This equation is analogous to Eqn 6. 
Next, IC50(t) was plotted as a function of time and fit to Eqn 9 to derive the apparent inhibition 
constant (KIapp), where k2 is the rate of inactivation and t is the reaction time. The true inhibition 
constant KI was determined using Eqn 7. Note that for irreversible-covalent inhibitors, k2 is also 
referred to as kinact in literature.58 

Eqn 8          [𝐍𝐀𝐃𝐏𝐇]𝐈(𝐭)
[𝐍𝐀𝐃𝐏𝐇]𝐜𝐭𝐫𝐥(𝐭)

	= 	 𝟏

𝟏,𝟏𝟎/𝐥𝐨𝐠𝐈𝐂𝟓𝟎(𝒕)'	𝐥𝐨𝐠[𝐈]6𝒉
 

 

Eqn 9          IC89(;) = 𝐾=
>??

⎝

⎛@/@A

'AB/CDEF(G)6H

CDEF(G)I	JC
KLL

'AB/CDEF(G)6H

CDEF(G)I	JC
KLL

− 1

⎠

⎞ 

 

Estimation of lysine residue pKas 

Amino acid pKa values for L. mesenteroides G6PD were estimated using the online tool PypKa, 
employing the pKAI prediction model.61,62 A ligand-free crystal structure of L. mesenteroides 
G6PD, sourced from RCSB Protein Data Bank (PDB) (1H9B),63 was used as the structural input. 
A pH range of 0-16 was evaluated using default model parameters. 

 

Molecular modelling 

A crystal structure of L. mesenteroides G6PD co-crystallized with G6P substrate was sourced 
from RCSB PDB (1E77).63 MolSoft ICM-Browser was used for protein structure visualization. 
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RESULTS 

We designed a two-part system to evaluate aryl aldehyde imine formation and enzyme inhibition. 
First, we probed the reactivity of a panel of aryl aldehydes using a lysine surrogate, establishing 
physicochemical trends controlling imine yield, reaction rate, and apparent binding affinity. We 
then evaluated whether the established trends also determine pharmacodynamic outcomes in 
terms of aryl aldehyde potency and reversibility as inhibitors against L. mesenteroides glucose-6-
phosphate dehydrogenase (G6PD). Figure 3 shows the selected panel of aryl aldehydes, 
consisting of commercially sourced benzaldehyde (1), 4-pyridinecarboxaldehyde (2), and 
common ortho-substituted analogues 3-10, together with phosphonate- or phosphonium-
substituted derivatives synthesized in-house (11, 12). These compounds were chosen based on 
their prevalence in literature, accessibility, and documented ability to form imines 
,22,23,35,36,39,40,49–52 with benzaldehyde serving as a reference compound. This panel includes one 
aryl ketone (6) as this compound is commonly studied alongside its aldehyde analog (5) and has 
been used successfully in lysine-targeted protein modification.25,35,64 However, we will refer to 
all compounds as aldehydes for ease of discussion. 

 

 
Figure 3. Chemical structures of aryl aldehydes studied in this work. Ortho-substituents are 
grouped and distinguished by colour (blue = hydroxyl, orange = boronic acid, red = ethynyl, 
green = sulfonate, brown = carboxylate, pink = phosphonate, purple = phosphonium). 

 

Reactivity of aryl aldehydes with Boc-Lys 

Nα-(tert-butoxycarbonyl)-L-lysine (Boc-Lys) was used as a lysine surrogate as it closely 
matches the structure and basicity of lysine (pKa = ~10.5). Some studies use more acidic amines, 
such as aniline or cholamine (pKa = 5.3 and 7.9, respectively),22,39 to mimic the perturbation of 
lysine pKa that can occur within enzyme binding pockets due to solvent seclusion or proximal 
cationic residues.21,65,66 However, we were motivated to use Boc-Lys since these pKa shifts can 
vary widely across proteins and are often challenging to measure using techniques such as 
protein NMR. Furthermore, although a pKa <8.4 is commonly used to define targetable lysine 
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residues,67 exceptions to this rule exist. The catalytic lysine in phosphatidylinositol-3-kinase-δ 
has been successfully modified despite an estimated pKa of 10.5-11.5, with deprotonation 
proposed to occur through water-mediated proton transfer.20,68 We note that reactivity studies 
with amino acid surrogates such as Boc-Lys cannot capture constraints imposed by a protein 
binding pocket, including limits on electrophile size and orientation, or the catalytic role of any 
ordered water molecules.68–70 These studies therefore prioritize the identification of strong 
electrophiles that modify solvent-exposed or weakly nucleophilic residues, such as N-terminal or 
surface residues. Imine formation between Boc-Lys and compounds 1-12 were assessed in 
aqueous buffered solution (pH 7.4) by NMR spectroscopy. The proportion of imine formed after 
equilibrium was used as a measure of reactivity (Fig. 4). 2-Ethynylbenzaldehyde (7) produced 
the highest adduct levels (63%). 2-Carbonylphenylboronic acids 5 and 6 gave moderate yields 
(43% and 36%, respectively), followed by salicylaldehydes 3 and 4 (36% and 16%, respectively) 
(Fig. S16-S20). Ortho-sulfonate-substituted aryl aldehydes (8, 9) showed very low imine yields 
(<1%) (Fig. S21, S22). The remaining aldehydes (1, 2, 10-12) showed no detectable imine 
formation with Boc-Lys (Fig. S14, S15, S23-S25). These compounds either lack an ortho-
substituent or contain charged functional groups. Aldehyde hydration, which competes with 
imine formation, was substantial only for 4-pyridinecarboxaldehyde (2). In contrast to 
benzaldehyde (1), which was inert, more than 50% of this pyridine derivative underwent 
hydration. 

 

 
Figure 4. Proportion of aldehyde, hydrate, and imine in reaction mixtures of compounds 1-12 (2 
mM) and Boc-Lys (20 mM). The corresponding ortho-substituent is indicated below each 
compound number. Reactions conducted in PBS (pH 7.4) at room temperature and spectra 
recorded at reaction equilibrium. Percent abundance calculated from relative NMR integration of 
one experimental replicate (Fig. S12, S13). 
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Imine formation was further evaluated by UV-Vis spectroscopy to monitor adduct 
formation, persistence, and to estimate binding affinity. Although NMR spectroscopy could 
provide similar information, it requires more material and longer acquisition times. Absorption 
spectra were recorded for reaction mixtures of aryl aldehyde and various concentrations of Boc-
Lys at 0, 1, 2, 4, and 24 hrs (Fig. 5, S26). Amine-dependent spectral shifts were observed for 
compounds 3-7, consistent with a reaction with Boc-Lys. The dissociation constants (Kdapp) of 
these compounds were calculated using BindFit54,55 (Table 1) to monitor apparent binding 
affinity over time (Fig. 2A). This parameter is reported as an apparent value to account for time-
dependent adduct formation and persistence, as well as the potential for competing pathways, 
such as aldehyde hydration, to affect the equilibrium.71,72 2-Carbonylphenylboronic acids (5, 6) 
showed stable Kdapp values over 24 hrs, suggesting rapid and stable imine formation. These 
compounds also exhibited the lowest Kdapp values, and therefore strongest apparent binding 
affinity, across all timepoints (~4-5 mM). Comparatively, 3-formyl-4-hydroxybenzoic acid (4) 
required an hour to reach equilibrium and the apparent binding affinity was about 2-fold weaker 
(Kdapp = 9-11 mM). In contrast, 3 and 7 did not establish a clear equilibrium. Both aldehydes 
approached a minimum Kdapp of ~24 mM within 1 hr, followed by a gradual increase over the 
next 23 hours, suggesting additional reaction pathways compete with imine formation. For 
compound 7, an increase in aromatic proton count (Fig. S20) and a concentration-dependent 
colour change from clear to dark blue (Fig. S27) supported the formation of an isoquinolinium 
species rather than a simple imine.73 
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14 

 
Figure 5. Spectrophotometric titrations of Boc-Lys with (A) salicylaldehyde (3), (B) 3-formyl-4-
hydroxybenzoic acid (4), (C) 2-formylphenylboronic acid (5), (D) 2-acetylphenylboronic acid 
(6), and (E) 2-ethynylbenzaldehyde (7). Reaction mixtures contained 1 mM aryl aldehyde with 
100 mM (★), 60 mM (�), 40 mM (�), 20 mM (◆), 10 mM (▼), 5 mM (▲), 2 mM (■), or 0 mM 
(●) Boc-Lys in PBS (pH 7.4). Reactions conducted at room temperature and spectra recorded at 
0, 1, 2, 4, and 24 hrs post-initiation.  Data shown correspond to one replicate. 
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Table 1. Apparent dissociation constants of imine formation with Boc-Lys. 

Aryl 
aldehyde 

Kdapp (mM)a 

0 hr 1 hr 2 hr 4 hr 24 hr 

3 142.7 (± 4.8) 23.6 (± 1.2) 32.2 (± 1.3) 41.7 (± 1.5) 55.9 (± 2.4) 
4 79.4 (± 1.8) 11.5 (± 0.3) 9.6 (± 0.3) 9.5 (± 0.2) 9.3 (± 0.2) 
5 4.1 (± 0.2) 4.4 (± 0.2) 4.3 (± 0.2) 4.7 (± 0.2) 3.8 (± 0.2) 
6 4.0 (± 0.2) 4.7 (± 0.2) 5.2 (± 0.2) 5.1 (± 0.2) 4.7 (± 0.2) 
7 n.r.b 25.4 (± 3.0) 32.9 (± 2.9) 61.0 (± 3.5) 88.6 (± 2.4) 

aData reported as parameter estimates ± SE, derived from nonlinear least-squares regression of 
one experimental replicate. 
bn.r. = no reaction. 

 

Mechanisms of aryl aldehyde inhibition of G6PD 

To determine whether ortho-substituent effects translate to inhibition mechanism, we evaluated 
aryl aldehydes as electrophilic warheads against L. mesenteroides G6PD, a relevant yet 
underexplored enzyme model. G6PD catalyzes the conversion of glucose-6-phosphate (G6P) to 
6-phosphogluconolactone, coupled to the reduction of NADP+ (Fig. 6A).74 The active site of L. 
mesenteroides G6PD contains five lysine residues potentially capable of covalent modification 
(Fig. 6B).75 This reactivity is supported by studies showing that pyridoxal 5’-phosphate (PLP), a 
salicylaldehyde derivative, competes with G6P by forming a reversible-covalent imine bond to a 
lysine residue in the enzyme active site (Fig. 6C).76,77  
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16 

 
Figure 6. (A) Cleland diagram of the ordered sequential Bi-Bi mechanism of G6PD catalysis. 
Coenzyme NADP+ binds first, followed by glucose-6-phosphate (G6P). After catalysis, the 
product 6-phosphogluconolactone (6PGL) is released prior to NADPH. (B) G6P substrate bound 
to active site of L. mesenteroides G6PD (PDB: 1E77).75Lysine residues present in the active site 
are indicated. (C) Structure of G6PD inhibitor pyridoxal 5’-phosphate. Salicylaldehyde parent 
structure is highlighted in blue. 

 

Enzyme activity was quantified by measuring NADPH production using a continuous, 
spectrophotometric assay. Since G6P and NADP+ bind L. mesenteroides G6PD with high affinity 
(Kmapp ~100 uM and ~10 uM, respectively, Fig. S28, Table S1), they were used at 5X and 10X 
their respective Kmapp values to generate a quantifiable signal. Under these assay conditions, 
G6PD was tolerant of up to 2.5% DMSO without loss of rate (Fig. S29A). Inhibition reactions 
were therefore run with a final concentration of 2.5% DMSO or no DMSO if the solubility of the 
aldehyde allowed. However, all quantitative analyses were normalized to an appropriate control 
(containing either 2.5% or 0% DMSO), mitigating potential solvent-dependent effects. 

Inhibition progress curves were generated by measuring G6PD activity across varying 
concentrations of aryl aldehyde. Concentrations were selected based on the individual potency 
and solubility limit of each compound. The shape of the progress curves varied across the 
aldehydes, indicating different inhibition mechanisms (Fig. 7).78–80 Compounds 1, 3, 6, and 8 
produced linear curves of roughly constant initial velocity (vi), consistent with a rapid 
establishment of the enzyme-inhibitor equilibrium. This behaviour is typical of reversible non-
covalent inhibition, although a labile reversible-covalent bond sometimes results in similar 
kinetics.78,79 Conversely, compounds 2, 4, 5, 7, 9 and 10 produced biphasic curves, indicative of 

Page 16 of 32RSC Chemical Biology

R
S

C
C

he
m

ic
al

B
io

lo
gy

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/1
2/

20
26

 8
:2

6:
03

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6CB00070C

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6cb00070c


17 

time-dependent binding.80 These curves are characterized by an initial velocity (vi), followed by 
a lower steady-state velocity (vs). Irreversible-covalent inhibition results in vs = 0 due to 
permanent deactivation of the enzyme, whereas reversible-covalent inhibition maintains residual 
activity such that vs ≠ 0, vs < vi. However, slow-binding reversible-covalent inhibition is often 
difficult to distinguish from true irreversible inhibition based on curve shape alone.81 Finally, the 
phosphonate-substituted aryl aldehyde (11) yielded ambiguous curve shapes, prompting further 
investigation, and the phosphonium-substituted aryl aldehyde (12) showed little inhibitory 
activity. Inhibition by compound 10 was limited within its range of solubility. 

 

 
Figure 7. Progress curves of aryl aldehyde inhibitors. L. mesenteroides G6PD activity was 
monitored in MOPS buffer (pH 7.4) by measuring NADPH production at varying inhibitor 
concentrations. Progress curve shape (biphasic vs. linear) informs inhibition mechanism. Black 
circles (●) are inhibited progress curves, blue triangles (▲) are uninhibited control reactions. 
Details on the concentrations used for each compound are provided in Fig. S31-S33. G6PD 
inhibition by compound 10 was limited within its range of solubility.  Data shown correspond to 
one replicate. 

Page 17 of 32 RSC Chemical Biology

R
S

C
C

he
m

ic
al

B
io

lo
gy

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/1
2/

20
26

 8
:2

6:
03

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6CB00070C

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6cb00070c


18 

Jump dilution experiments were performed to further assess inhibitor reversibility and 
better distinguish between inhibition mechanisms. G6PD was pre-incubated with a high 
concentration of aldehyde and then rapidly diluted with substrate, simultaneously initiating the 
reaction and reducing the effective inhibitor concentration from 100% to ~10% (Fig. S30, Table 
S2. To aid in aldehyde solubility, all pre-incubation mixtures contained 25% DMSO. Reaction 
initiation involved a 50‑fold dilution, lowering the DMSO concentration from 25% to a 
negligible 0.5%, with no observed effect on G6PD activity (Fig. S29B). Compound 10 was 
excluded from these experiments due to limited solubility at the required concentration. 

These experiments showed varying degrees of reversibility among the aryl aldehydes 
(Fig. 8). For compounds 1, 3, 5, 6, and 8, G6PD activity was recovered almost immediately upon 
dilution, suggesting rapid dissociation of inhibitor from the enzyme. With the exception of 5, 
each of these compounds also displayed rapid association of enzyme and inhibitor, as previously 
indicated by their linear progress curves (Fig. 7). 2-Ethynylbenzaldehyde (7) demonstrated 
irreversible binding as no enzyme activity was regained after dilution. Compounds 2, 4, 9, and 
11 produced a gradual recovery of activity over time. This curved jump dilution profile is 
characteristic of reversible-covalent inhibition,57,82 and the enzyme-inhibitor dissociation rates (k-

2) of these four compounds were determined by nonlinear regression (Eqn 4, Fig. 9, Table 2). 

 

 
Figure 8. Reversibility of aryl aldehyde inhibitors. L. mesenteroides G6PD was incubated with a 
high concentration of inhibitor (30 min, r.t.), and then rapidly diluted 50-fold with the addition of 
substrate. Reactions were conducted in MOPS buffer (pH 7.4) and G6PD activity was monitored 
my measuring NADPH formation. Linear curves with ~90% G6PD activity immediately 
recovered (compounds 1, 3, 5, 6, and 8) represent rapid-equilibrium inhibition. Compounds that 
produce a gradual recovery of activity over time (2, 4, 9 and 11) are reversible-covalent 
inhibitors. These curves were fit by nonlinear least-squares regression to Eqn 4 to derive k-2 

values (Table 2). A linear curve with no recovered G6PD activity (compound 7) reflects 
irreversible inhibition. Data shown correspond to one replicate. 
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Based on these data, the inhibition mechanism of each compound was classified as rapid-
equilibrium (1, 3, 6, 8), reversible-covalent (2, 4, 5, 9-11), or irreversible-covalent (7). The rapid-
equilibrium inhibitors may form either non-covalent or highly labile covalent interactions but 
were nonetheless approximated to a single-step mechanism (Fig. 9). The covalent inhibitors are 
defined by a two-step mechanism, in which initial non-covalent binding is followed by 
prolonged covalent bond formation. Reversible- and irreversible-covalent interactions are 
distinguished by the dissociation rate (k-2) of the covalent bond (Fig. 9). Each inhibition 
mechanism is defined by a distinct inhibition constant (Ki, Ki*, or KI), obtained by fitting 
progress curves to the appropriate mechanism-specific regression model. Although these 
constants do not represent the same equilibrium, they provide a practical basis for comparing 
inhibitor potency.78,83,84 Importantly, all inhibition constants were calculated assuming 
competitive binding with G6P at the active site. This is consistent with the reported mechanism 
of PLP, a known aryl aldehyde inhibitor of G6PD,77,78 as well as estimated pKa values, which 
show that G6P-binding residues Lys21 and Lys343 are the most nucleophilic lysine residues 
(pKa = 10.4 and 10.3, respectively) compared to the rest of the sequence (average pKa = 11.7, 
Table S3). 

 

 
Figure 9. Mechanisms of enzyme inhibition. (A) Binding equilibrium for two-step covalent 
inhibition. E = unbound enzyme, I = unbound inhibitor, E•I = non-covalent enzyme-inhibitor 
complex, E-I = covalent enzyme-inhibitor complex. (B) Kinetics of different inhibition 
mechanisms. Rapid-equilibrium inhibitors may form non-covalent or highly labile covalent 
interactions but were nonetheless approximated to a single-step mechanism (k2 and k-2 do not 
apply). With the exception of slow-binding non-covalent inhibition, Ki is established effectively 
immediately, such that k1 and k-1 are not rate-limiting. 

 

Table 2 summarizes inhibition constants derived from the fitted progress curves. Each 
dataset was fitted using a mechanism-specific regression model, corresponding to the mechanism 
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previously assigned based on jump dilution experiments and progress curve shapes (Fig. S31-
S33). Using benzaldehyde as a reference (1, Ki = 616 ± 2 μM), salicylaldehyde (3) was nearly 2 
orders of magnitude more potent (Ki = 14 ± <1 μM). 2-Ethynylbenzaldehyde (7) was also a 
strong inhibitor (KI = 53 ± <1 μM). Compounds 4-6 showed moderate potency, with inhibition 
constants ranging from about 100-350 μM. In contrast, 4-pyridinecarboxaldehyde (2) and aryl 
aldehydes bearing negatively charged ortho-substituents (8-11) were poor inhibitors, with only 
millimolar activity. 2-Carboxybenzaldehyde (10) was the least potent with a Ki* above 7.7 mM, 
exceeding its range of solubility. 

 

Beyond inhibition constants, the progress curves also permit evaluation of association 
kinetics for the covalent inhibitors. The regression model used for the irreversible-covalent 
inhibitor, 2-ethynylbenzaldehyde (7), provided a good fit for the association rate constant of this 
compound (Table 2, k2 = 2.68 ± 0.23 x10-4 s-1). This value is comparable to a reported inhibitor 
of ABL protein kinase, which features 7 as a warhead appended onto an optimized non-covalent 
scaffold (k2 = 5.54 x10-3 s-1).27 The inactivation efficiency (k2/KI) of 7 against L. mesenteroides 
G6PD is therefore 5.1 ± 0.5 x10-6 μM-1 s-1. For the reversible-covalent inhibitors 2, 5, and 9, k2 
was too slow to quantify on the experimental timescale (k2 >> k-2). This slow association is 
reflected in their progress curves, where the observed vis are similar in rate to the vctrl (Fig. 7), 
described by Morrison and Walsh as an initial “burst” followed by a slower steady-state rate.85 In 
contrast, the varied vis observed for reversible-covalent inhibitors 4 and 11 indicates faster 
association kinetics. Estimation of k2 typically relies on plotting kobs, derived from progress curve 
fitting, against inhibitor concentration. However, this approach is sensitive to experimental noise 
and frequently error-prone.58 As a result, reliable estimation of k2 from the experimental data was 
not possible for compounds 4 and 11. 

 

Dissociation rate constants for the covalent inhibitors were derived from nonlinear 
regression of their jump dilution profiles, detailed in Table 2. The k-2 of 2-ethynylbenzaldehyde 
(7) was effectively zero as it is an irreversible-covalent inhibitor. Among the reversible-covalent 
inhibitors, compound 5 displayed the fastest dissociation kinetics, approaching those of a rapid-
equilibrium inhibitor (Fig. 8). Compounds 9 (k-2 = 1.41 ± 0.06 s-1) and 11 (k-2 = 0.18 ± 0.02 s-1) 
demonstrated moderate dissociation rates. In contrast, compounds 2 and 4 displayed relatively 
slow dissociation kinetics, with only ~2% G6PD activity regained after 2 hours. 
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Table 2. Kinetics of aryl aldehyde inhibition of L. mesenteroides G6PD. 

Aryl 
aldehyde 

Inhibition 
Type 

Rate constanta Inhibition constanta 

k2 (s-1) k-2 (s-1) Ki (µM) Ki* (µM) KI (µM) 

1 Rapid-
equilibrium – – 616 (± 2) – – 

2 Reversible-
covalent >>k-2 0.07 (± <0.01) – 2493 (± 9) – 

3 Rapid-
equilibrium – – 14 (± <1) – – 

4 Reversible-
covalent n.d. b 0.14 (± 0.01) – 135 (± <1) – 

5 Reversible-
covalent >>k-2 →∞c – 343 (± 1) – 

6 Rapid-
equilibrium – – 369 (± 1) – – 

7 Irreversible-
covalent 

2.68 (± 0.23) 
x 10-4 → 0 – – 53 (± <1) 

8 Rapid-
equilibrium – – 4451 (± 6) – – 

9 Reversible-
covalent >>k-2 1.41 (± 0.06) – 1172 (± 3) – 

10 Rapid-
equilibrium – n.d. b – >7700 – 

11 Reversible-
covalent n.d. b 0.18 (± 0.02) – 2938 (± 19) – 

aData reported as parameter estimates ± SE, derived from nonlinear least-squares regression of 
one experimental replicate. 
cn.d. = not determined. 
bDissociation kinetics of 5 were rapid, occurring nearly instantly on the experimental timescale. 
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DISCUSSION 

Ortho-substituted aryl aldehydes have gained interest as imine-forming warheads for lysine-
targeted covalent inhibitors. However, their development is limited by a lack of standardized 
structure-reactivity studies and systematic evaluation in enzyme systems. To address this gap, we 
mapped substituent effects onto imine formation using a lysine surrogate and then examined how 
these trends translate to pharmacodynamic outcomes in the inhibition of G6PD as a mechanistic 
model.. 

 

Ortho-substituents govern intrinsic reactivity 

Imine formation across the ortho-substituted aryl aldehyde panel was primarily governed by two 
physicochemical factors: thermodynamic stabilization of the adduct and neighbouring group 
participation during bond formation. These determinants drove trends in product yield and rate, 
respectively, with additional substituents and competing reaction pathways further tuning 
observed reactivity. 

Total imine yield was dictated by the degree of intramolecular stabilization imparted by 
the ortho-substituent, reflected by the parameter Kdapp and imine yield. UV-Vis and NMR studies 
showed that 2-carbonylphenylboronic acids (5, 6) had the highest apparent binding affinities and 
among the highest yields, consistent with the known formation of N-B dative bonds.35 Hydroxyl-
substituted salicylaldehydes (3, 4) provide adduct stabilization through hydrogen bonds, although 
less effectively than N-B coordination, resulting in lower yields and Kdapp values. These 
observations align with previous work ranking these stabilization mechanisms in a similar 
system.40 As expected for energetically stable products, imines formed by ortho-boronic acid and 
ortho-hydroxy aryl aldehydes were generally long-lived. Indeed, imines formed by 2-
carbonylphenylboronic acids are known to be stable in aqueous solution for a week or longer.35 
In contrast, compounds with negatively charged ortho-substituents (8-11) showed little to no 
imine formation with Boc-Lys, suggesting that any putative n → π* contribution provides 
insufficient stabilization under our experimental conditions. While imine formation has been 
reported for 8-11 in aqueous solution, these reactions have required basic conditions or the use of 
amines more nucleophilic than Boc-Lys, such as cholamine or ethanolamine.23,36,39 Overall, these 
findings correspond with estimated stabilization energies imparted by the N-B dative bond (-7.4 
kcal/mol),35 H-bond (-3.0 kcal/mol),34 or n → π* interaction (-1.32 kcal/mol for 10).36 

Ortho-substituents also influenced reaction rate, as indicated by the UV-Vis data. 2-
Carbonylphenylboronic acids reacted rapidly with Boc-Lys within the reaction set-up time (1-2 
min), whereas salicylaldehydes required longer equilibration times, and the ethynyl analogue 
was the slowest. These rate differences do not reflect predictions based on classical steric or 
electronic effects. Instead, these trends are more consistent with neighbouring group 
participation, where the ortho-substituent coordinates the aldehyde to promote a transition state-

Page 22 of 32RSC Chemical Biology

R
S

C
C

he
m

ic
al

B
io

lo
gy

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/1
2/

20
26

 8
:2

6:
03

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6CB00070C

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6cb00070c


23 

like geometry, thereby lowering the kinetic barrier.86 Accelerated condensation reactions are 
well-documented for 2-carbonylphenylboronic acids, where the boron acts as a Lewis acid to 
coordinate the carbonyl oxygen for nucleophilic attack.35 Hydroxyl groups on salicylaldehydes 
provide similar organizational effects through H-bonding, although less effectively.35,87,88 In 
contrast, an ethynyl substituent is unable to engage in neighbouring group participation, resulting 
in relatively slow reaction rates despite minimal steric interference. Within individual ortho-
substituent classes, we observed steric and electronic effects from additional substituents to fine-
tune reaction rates, which has been examined in more detail elsewhere.22,39,42,87 

Certain compounds deviated from thermodynamic expectations due to competing 
pathways that perturb the aldehyde-imine equilibrium. Notably, 2-ethynylbenzaldehyde (7) 
produced high product yields despite a low apparent binding affinity. This discrepancy arises 
from cyclization of the imine to form an isoquinolinium species that is highly stabilized by 
aromaticity.27,37 As the imine is depleted, the Kdapp value of 7 becomes inflated over time. 
Salicylaldehyde (3) also showed evidence of a competing pathway, where the imine appeared to 
slowly hydrolyze after formation. This observation, however, contrasts with a similar study that 
monitored imine formation and persistence for compound 3 over 12 hours by NMR.42 These 
observations highlight the limitations of the equilibrium model used to determine Kd (Aldehyde 
+ Amine ↔ Imine), which assumes the reaction is a reversible, closed system yielding stable 
products. Furthermore, while UV-Vis spectroscopy is a rapid and sensitive technique compared 
to NMR, it provides limited structural insight. As a potential alternative, LC-MS could improve 
the identification of species in the reaction mixture while maintaining reasonable acquisition 
times for time-dependent analyses. Similar HPLC-based assays with cysteine surrogates such as 
glutathione have been used to assess the reactivity of cysteine-targeting electrophiles.89–91 

 

Mechanistic diversity in the inhibition of G6PD 

Although the reactivity of aryl aldehyde electrophiles was largely governed by ortho-
substituents, additional factors, such as binding site constraints, appeared to influence trends in 
potency and reversibility in the inhibition of L. mesenteroides G6PD. 

The potency of tested aryl aldehyde inhibitors likely reflects a balance between 
electrophile reactivity and productive engagement within the enzyme binding pocket. Inhibition 
constants derived from fitted progress curves show that potency trends generally followed 
expected structure-reactivity relationships. Ortho-substituents that promoted rapid and stable 
imine formation in the Boc-Lys system (hydroxyl, boronic acid, and ethynyl groups) also 
promoted stronger enzyme inhibition. These results are consistent with inhibition being driven 
by covalent engagement with the protein.92–94 However, compared to reactions in bulk solvent, 
the enzyme binding pocket imposes additional steric and electrostatic constraints that modulate 
overall potency. For example, 2-carbonylphenylboronic acids (5, 6) had strong binding affinities 
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and rapid reaction rates with Boc-Lys in solution, but were only moderate enzyme inhibitors. 
Relative to hydroxyl or ethynyl ortho-substituents, the large size of boronic acid may hinder 
access to the G6PD active site or constrain carbonyl alignment with lysine side-chains, partially 
offsetting its intrinsic physicochemical advantages. We imagine a similar penalty for the bulkier, 
charged aryl aldehyde ortho-substituents, compounded by electrostatic repulsion within the 
charged active site of G6PD. 

Beyond inhibitory potency, the aryl aldehyde panel also showed substantial diversity in 
reversibility, as demonstrated by jump dilution experiments. However, ortho-substituents did not 
appear to drive these mechanistic trends. Compound 7 acted irreversibly, while compounds 2, 4, 
and 5 displayed reversible-covalent inhibition, consistent with behaviour reported in other 
enzyme systems.27,29,31,95,96 We also observed reversible-covalent inhibition for compounds 9-11, 
whose function as enzyme inhibitors has rarely been demonstrated.23,36,39,97 Among these, a 
particularly compelling warhead is 2-formylphenylphosphonic acid (11). Its ortho-phosphonate 
group may demonstrate broader application, as many enzymes bind substrate phosphate groups 
through lysine residues. Potential targets include cancer-promoting tyrosine kinases,98,99 viral 
DNA polymerases,100,101 and RecA, which is associated with bacterial resistance.102,103 In 
contrast, compounds 1, 3, 6, and 8 behaved as rapid-equilibrium inhibitors of G6PD. Whether 
mediated by non-covalent interactions or highly labile covalent bonds, their inhibition involves a 
short residence time with the target. For salicylaldehyde (3) and 2-acetylphenylboronic acid (6), 
this rapid reversibility differs with behaviour reported in other enzyme systems.31,35,104 

As an initial exploration of aryl aldehyde warheads as inhibitors of L. mesenteroides 
G6PD, these findings demonstrate functional activity while also revealing mechanistic diversity 
that warrants further investigation. Salicylaldehyde (3) showed an unexpectedly short residence 
time compared to its carboxyl-substituted derivative (4) despite a high potency and intrinsic 
capacity for imine stabilization. Similar discrepancies in reversibility were observed between the 
2-carbonylphenylboronic acids (5, 6) and the ortho-sulfonate-substituted aryl aldehydes (8, 9). 
Another notable observation was the prolonged residence time of 4-pyridinecarboxaldehyde (2), 
despite the lack of a stabilizing ortho-substituent. This behaviour could stem from coenzyme 
pocket binding given its structural resemblance to the nicotinamide moiety of NADP⁺. 
Interpretation of the observed mechanistic diversity may therefore be limited by the assumption 
that inhibition occurs exclusively through covalent modification within the G6P binding site. 
Substrate protection studies would help confirm proposed binding mechanisms, while intact 
protein mass spectrometry could validate covalent adduct formation. For a more rigorous 
analysis of inhibitor binding kinetics, surface plasmon resonance is powerful technique for 
directly measuring association and dissociation rates.31,105,106 
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Tunable lysine-targeting inhibitors 

To the best of our knowledge, PLP is the only reported G6PD inhibitor that uses an ortho-
substituted aryl aldehyde as a covalent warhead. Here, we identified additional aryl aldehydes 
with previously unrecognized inhibitory activity against G6PD. Studies of G6PD from L. 
mesenteroides,74,77,107 as well as Homo sapiens,76 Candida utilis,108 Saccharomyces cerevisiae,109 
and Pseudomonas fluorescens110 consistently show that PLP forms an imine with an active-site 
lysine residue, competing with G6P binding. In L. mesenteroides G6PD, PLP selectively 
modifies Lys21 or Lys343, binding in an inverted orientation relative to G6P in the active site 
(Fig. 6B).107 Although either residue can act as the nucleophile, only one molecule of PLP is 
bound per subunit in the fully inactivated enzyme.77 We hypothesize that the aryl aldehydes in 
our panel predominantly modify the same residues implicated in PLP-mediated inhibition of L. 
mesenteroides G6PD. Support for this proposal is strongest for 3-formyl-4-hydroxybenzoic acid 
(4), which shares a salicylaldehyde scaffold, reversible-covalent mechanism, and comparable 
potency to PLP (Ki* = 135 ± <1 μM and 60 μM, respectively).77 Lysine labelling studies such as 
LC-MS/MS peptide mapping or protein mass spectrometry will be required to confirm residue 
modification. 

 

More broadly, our findings reveal substantial physicochemical and pharmacodynamic 
diversity among the tested aryl aldehydes, much of which arises from ortho-substituents. 
Tunability is useful in inhibitor design, as it allows structure-based tailoring of drug properties, 
such as onset, duration of action, or selectivity, according to the therapeutic context (chronic or 
acute disease or the targeted amine (buried or surface residue, high or low nucleophilicity).6,59 
Carbonyl-based warheads have previously been used to tune lysine-targeted inhibition of 
phosphatidylinositol-3-kinase-δ, optimizing physicochemical and pharmacodynamic properties 
such as reaction rate, reversibility, potency, selectivity, and toxicity.20,111,112 While preliminary, 
our results support the development of aryl aldehydes as versatile lysine-targeting warheads for 
rational drug design. The most relevant biological context for this work is likely H. sapiens 
G6PD, which is a key metabolic regulator in humans and an emerging therapeutic target for 
cancer and inflammatory disease.113 

CONCLUSIONS 

The ortho-substituted aryl aldehydes studied in this work represent promising imine-forming 
warheads whose inhibitory activity is amenable to structure-based rational tuning. Here, we 
linked ortho-substituent effects governing imine formation with Boc-Lys to pharmacodynamic 
outcomes in our model enzyme, L. mesenteroides G6PD. Ortho-substituents that provided strong 
imine stabilization and engaged in neighbouring group participation produced high imine yields 
at faster rates. The reactivity of tested aryl aldehydes correlated in turn with inhibitory potency 
against G6PD. However, the reversibility of this inhibition appeared to be driven by other 
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factors, such as the binding pocket microenvironment, rather than the ortho-substituent. Overall, 
this work provides an electrophile-first framework for advancing the design of novel, lysine-
targeting covalent inhibitors, and highlights the apparent tunability of these warheads, which 
may be exploited to target a wide array of enzymes. 
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