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ABSTRACT

Infections with Streptococcus pyogenes are among the most important diseases caused by bacteria 
and are responsible for around 500,000 deaths every year. In 2024, macrolide-resistant S. pyogenes 
was added to the WHO’s list of priority pathogens. The non-phosphorylating glyceraldehyde- 
3-phosphate dehydrogenase GapN has been identified as a potential drug target in S. pyogenes. 
SpyGapN is the major NADP-reducing enzyme in these bacteria as they lack the oxidative part of 
the pentose phosphate pathway. In this study, in silico docking of compound libraries to the 
glyceraldehyde 3-phosphate binding pocket of SpyGapN was used to screen for potential com-
petitive inhibitors. Among the candidates identified with this approach, 1,2-dihydroxyethane- 
1,2-disulfonate (glyoxal bisulfite) showed the strongest inhibition of SpyGapN activity in vitro. In 
a complementary approach, crystallographic fragment screening was conducted, which identified 
the ultra-low-molecular-weight compounds pyrimidine-5-amine and 4-hydroxypyridazine target-
ing the cofactor-binding pocket of SpyGapN. Both low-molecular-weight compounds were experi-
mentally confirmed to inhibit the activity of purified SpyGapN. Combinations of glyoxal bisulfite 
with either pyrimidine-5-amine or 4-hydroxypyridazine enhanced the inhibitory effect of 
SpyGapN. Glyoxal bisulfite was able to kill S. pyogenes. This effect was accelerated by combining 
glyoxal bisulfite with 4-hydroxypyridazine. While these findings suggest that inhibition of 
SpyGapN probably contributes to the observed antibacterial activity, the exact mechanism of 
action remains to be confirmed, as the compounds also affect other G3P-converting enzymes. 
Nevertheless, these compounds provide a promising starting point for the development of more 
specific SpyGapN inhibitors.
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Introduction

Streptococcus pyogenes, also referred to as group 
A streptococcus (GAS), annually causes more than 
600 million infections worldwide, resulting in an estimated 
half a million deaths each year [1]. The majority of these 
cases are self-limiting purulent infections of the skin or the 
mucosa of the upper respiratory tract. Severe cases include 
streptococcal toxic shock syndrome and necrotizing fascii-
tis or post-infection sequelae such as acute glomerulone-
phritis or rheumatic heart disease (RHD), which is 
estimated to develop in about 60% of patients subsequent 
to repeated acute rheumatic fever. It has been reported that, 
without secondary prophylaxis or modern medical care, 

approximately 1.5% of patients with RHD die annually, 
making it the most common fatal sequela [1]. More recent 
studies report that globally, RHD itself accounts for 1.6% of 
all cardiovascular disease-related deaths, resulting in 
approximately 300,000 deaths annually [2,3].

Despite this, most S. pyogenes infections are treated 
outside the hospital, with penicillin as the first-line anti-
biotic. Alternatively, macrolide antibiotics are frequently 
prescribed. While S. pyogenes is generally susceptible to 
penicillin, strains with reduced penicillin susceptibility 
caused by specific mutations in the penicillin-binding 
protein PBP2x have been repeatedly isolated from 
patients recently [4–6]. Several nonsynonymous pbp2x
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substitutions have been identified globally in about 2% 
of more than 7000 analyzed S. pyogenes isolates [4], 
including T553K in the United States [6], M593T and 
P601L in Iceland [5], and further unspecified substitu-
tions reported from Japan [7]. These strains may have 
the potential to develop full penicillin resistance [5]. 
Macrolide resistance frequently occurs in S. pyogenes 

and is a matter of increasing concern, especially in 
invasive infections [8,9]. Consequently, macrolide-resis-
tant GAS have recently been added to the WHO 
Bacterial Priority Pathogens List [10].

Various approaches have been pursued to combat 
S. pyogenes infections using means other than tradi-
tional antibiotics. A crucial objective is and has been 
the development of effective vaccines against 
S. pyogenes [11,12]. Especially the highly abundant sur-
face-associated M protein has been tested as a target, 
with vaccines covering up to 30 serologically distin-
guishable variants of the protein [13,14]. Most recently, 
efforts were made to develop mRNA-based vaccines 
covering multiple conserved surface antigens [15]. 
Although promising results have been obtained with 
both protein and mRNA-based approaches, no 
S. pyogenes vaccine has been approved for standard 
use in humans to date [12]. The serological heteroge-
neity of S. pyogenes, with about 270 different sequence 
versions of the M protein gene [16], dozens of different 
pilus types [17,18], and a variable array of other sur-
face-associated structures in combination with the risk 
of autoimmune reactions, renders the development of 
an efficient vaccine a major challenge.

In addition to vaccine development, several potential 
new antimicrobial agents have been investigated that 
target either key virulence or fitness factors of 
S. pyogenes [19–22] or biological processes essential 
for the survival of the bacteria [23,24]. These include 
antisense peptide nucleic acids [25,26] antimicrobial 
peptides [27–29], derivatives of existing drugs [24], 
and newly identified compounds [30]. None of those, 
however, has made it to clinical use yet.

In our approach, we aimed at discovering new anti-
microbial compounds that specifically combat S. pyogenes 

without largely impacting other bacteria. We previously 
identified a glycolytic enzyme, the non-phosphorylating 
glyceraldehyde 3-phosphate (G3P) dehydrogenase GapN, 
as a promising target [31]. The enzyme catalyzes the 
irreversible oxidation of glyceraldehyde 3-phosphate to 
3-phosphoglycerate coupled to the reduction of NADP+ 

to NADPH, as a phosphate-independent alternative to the 
conventional glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH). While the latter exclusively uses NAD+ as 
a co-factor, GapN specifically uses NADP+ [31]. This 
feature renders the enzyme the primary source of 

NADPH in S. pyogenes, as the bacteria lack the oxidative 
part of the pentose phosphate pathway (oxPPP) that 
provides NADPH in most bacteria [32]. In line with 
this, the gapN gene was identified as an essential part of 
the S. pyogenes core genome [33]. In previous work, we 
could show that antisense-based knockdown of gapN 

specifically kills S. pyogenes and other streptococci lacking 
the oxPPP, while streptococci carrying the oxPPP genes 
were not susceptible to the gapN knockdown [31]. We 
determined a high-resolution crystal structure of the apo 
GapN wild-type and active site C284S variant from 
S. pyogenes [PDB entries 7PKJ (wild-type at 2 Å resolu-
tion) and 7PKC (C284S at 1.5 Å resolution)] and com-
pared the wild-type to a homology model of 
a complementary holo-structure including G3P and 
NADP+. After validating this homology model’s ability 
to serve in the identification of inhibitor candidates via 
docking of erythrose-4-phosphate (E4P) [31], we here 
used it as a basis for in silico docking analysis to identify 
potential specific inhibitors of GapN. The results were 
validated against a newly determined 1.4 Å resolution 
crystal structure of a ternary S. pyogenes GapN-NADP+- 
G3P complex. Furthermore, a crystallographic fragment 
screening campaign identified four hits, which were 
located either in the substrate-binding site or in the region 
where the nicotinamide moiety of NADPH is located, and 
these were assessed by computational docking. By com-
bining the results of these two approaches to enzyme 
inhibitor discovery, we identified compounds that syner-
gistically kill S. pyogenes in vitro.

Materials and methods

Bacterial strains and culture conditions

S. pyogenes M49 strain 591 [34] was grown in Todd– 
Hewitt broth supplemented with 1% yeast extract (THY) 
medium at 37°C under a 5% CO2-enriched atmosphere. 
Recombinant Escherichia coli BL21 (DE3) and DH5α 
strains carrying pASK-IBA6 or pASK-IBA7 derivatives 
were grown in Lysogeny Broth (LB) medium containing 
100 mg/l ampicillin at 37°C under ambient air.

Homology modeling of S. pyogenes GapN

Homology modeling was performed following our 
workflow for modeling the holo-structure of GapN 
from S. pyogenes described previously [31]. Briefly, we 
utilized the SWISS-MODEL webserver [35] and the 
sequence from Eisenberg et al. [31]. The template was 
the holo-structure of GapN from S. mutans solved by 
Cobesi et al. (PBD-ID 1QI1) [36]. The NADP+ and
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G3P ligands were manually inserted by superposition 
onto the template structure in PyMol [37].

Molecular docking

Molecular docking of inhibitor candidates with GLIDE 
[38] was conducted with the same parameters and on 
the homology model-based receptor grid generated in 
[31]. All preparation, docking, and analysis steps were 
performed in the Maestro environment [39] 
(Schrödinger release: 2020r2, Schrödinger, LLC; 
New York, NY, US, 2020). The “PrepWizard” program 
was used to protonate the protein at pH 7.0 ± 4.0, 
assign bond orders, and perform a restrained energy 
minimization with the OPLS2005 force field. The 
receptor grid was centered on the inserted G3P sub-
strate and vdW- and ligand scaling were set to 1.0 and 
0.8 times, respectively. Inhibitor-candidate libraries, e.g. 
generated with the RealSpace navigator software were 
imported into Maestro as two-dimensional sdf, pdb, or 
mol2 files. The compounds were prepared with 
“LigPrep” to assign protonation states using Epik at 
pH 7.0 ± 3.0, and to assign OPLS2005 parameters. If 
no three-dimensional information was available, the 
“ignore chirality” option was selected to generate up 
to 32 possible stereoisomers per compound.

Standard precision docking was performed with 
default parameters set to yield three docking poses per 
ligand. The poses were assessed by docking scores and 
visual inspection, with interesting candidates being 
selected according to (1) a comparable or better dock-
ing score (defined as ≤ −7 kcal/mol) of the highest 
ranked pose than the native G3P substrate, (2) 
a reasonable docking pose without severe clashes and 
plausible molecular interactions, and (3) commercial 
availability of the compound in the identified stereoi-
somer or racemic mixture.

Assessment of the compounds by redocking them to 
the subsequently solved holo-structure of GapN from 
S. pyogenes was conducted identically but with a more 
recent version of Maestro (Schrödinger release 2022r4). 
This approach was validated by redocking G3P to the 
previously used homology model using the more recent 
Schrödinger release (2022r4), which resulted in a very 
similar binding pose (RMSD = 1.1 Å) and a docking 
score of −7.4 kcal/mol. The minor deviation of this 
value from the previously measured docking score of 
−7.6 kcal/mol (Schrödinger 2020) [31] is rather small 
and can likely be attributed to numerical error and/or 
changes in the protein preparation workflow in 
Maestro.

The docking analysis of the compounds identified in 
the fragment screen and the redocking of glyoxal 

bisulfite to the crystallographic holo-structure in the 
presence of R65 and R76 was performed with Maestro 
(Schrödinger release 2024r3). Additional receptor grids 
centered on the NADP+-binding site in the presence 
and absence of docked glyoxal bisulfite and the G3P- 
site in the presence of docked R65 or R76 were 
generated.

Compound library generation

Inhibitor candidate libraries were created by using 
a combination of computational screening tools. The 
ENAMINE RealSpace chemical space was screened 
using the RealSpace Navigator software (BiosolveIT 
GmbH, Sankt Augustin, Germany). Each run was set 
to generate 1000 compounds, including virtual com-
pounds generated from a database of known reactions 
with a chance of successful synthesis ≥80%. 
Compounds generated this way are indicated by the 
prefix “RSN_” followed by the template compound 
(“G3P:” glyceraldehyde-3-phosphate, “SuccA:” succinic 
acid and “Ch:” chloral hydrate) in Supplementary 
table S1.

A previously customized library of negatively 
charged ENAMINE and SPECS compounds for identi-
fication of SARS-CoV2 protease inhibitors ([40], pro-
vided by Dr. Goutam Mukherjee) was prescreened 
using the RASPD+ method [41] with default para-
meters, using all available regression models and no 
customized cutoffs. To filter the results, a customized 
dual-filtering pipeline was written in the R language for 
statistical computing [42], which has been made avail-
able on the RASPD+ GitHub page (https://github.com/ 
HITS-MCM/RASPDplus). Here, only the first filter cri-
terion was applied, namely that a compound must 
score within the best quartile of each regression model’s 
score distribution. The set of input inhibitor-candidates 
was expanded by applying the “virtual libraries” 
machine learning method [43]. Default parameters 
were applied to generate extensive libraries of SMILES 
strings of novel compounds. The inhibitors created in 
this way are indicated by the source “virtual libraries” 
in Supplementary table S1.

Lastly, screening for compounds that can interact 
with both the active site and the vestibule region was 
based on the generation of a virtual probe molecule. 
While screening proposed inhibitors of the SARS-CoV2 
proteases [44] on GapN from S. pyogenes with the aim 
of identifying oxyanion-hole binders, we noticed that 
the compound labetalol bound to the vestibule region 
without entering the active-site (Suplementary Figure 
S1), albeit with a poor docking score of −3.8 kcal/mol. 
In this pose, two arginine-residues, R103 and R283, at
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the entry region to the substrate-binding site coordi-
nate the labetalol hydroxyl group. In order to functio-
nalize this group to bind one of the smaller active-site 
inhibitor candidates by an in silico esterification reac-
tion, we used Maestro [39] to attach a docked pose of 
succinic acid to labetalol, which resulted in contacts 
with both regions of the binding site. Subsequently, 
this compound was used as input for RASPD+ and 
RealSpaceNavigator to generate a chemical compound 
library entitled “library II” in Supplementary Table S1.

Preparation of putative GapN inhibitors

Compounds 8, 9, and 29 were obtained from Merck 
KGaA (Darmstadt, Germany); compounds 11, 12, and 
13 from Molport SIA (Riga, Latvia); and compounds 18 
and 32 from BLD Pharmatech Ltd. (Shanghai, China). 
The remaining 24 compounds were purchased from 
ENAMINE Ltd. (Kyiv, Ukraine). Only for some com-
pounds solubility information was available. However, 
most compounds could be dissolved to a final concen-
tration of 100 mM (1–13) or 200 mM (14–36) in 
10 mM DMSO (Carl Roth GmbH&CoKG, Karlsruhe, 
Deutschland). Compound 6 was dissolved in 20 mM 
DMSO. Compounds 7, 12, 13, 14, 27, 28, and 30 
could not be dissolved in up to 20 mM DMSO and 
were therefore excluded from testing, leaving 25 com-
pounds for screening. Ultra-low-molecular-weight 
compounds R16, R40, R65, and R76 were ordered 
from ENAMINE Ltd. (Kyiv, Ukraine) and dissolved to 
a final concentration of 200 mM in 10 mM DMSO. For 
all experiments, controls containing the respective final 
concentration of DMSO are noted in the respective 
figure legend.

Heterologous expression and purification of GapN 

and GapDH

For heterologous expression of S. cristatus GapN, chro-
mosomal DNA of S. cristatus ATCC 51100 served as 
the template for the PCR amplification of S. cristatus 

gapN gene (primers 5’CCCGAATTCAAGCAATATA 
AGAACTAC-3’ and 5’GGGCCATGGTTATTTCACA 
TCAAAC-3’) with the PhusionTM High Fidelity PCR 
Kit (Thermo Scientific, Waltham, United States). The 
resulting PCR fragment was ligated into the pASK- 
IBA7 vector (IBA GmbH, Göttingen, Germany) system 
via EcoRI and NcoI restriction sites. The correct inser-
tion of the PCR product was confirmed by Sanger 
sequencing. E. coli BL21 (DE3) cells were transformed 
with the recombinant vector pASKIBA7_ScrGapN. For 
the production of S. pyogenes GapN (SpyGapN) and 

S. pyogenes GapDH (SpyGapDH), previously published 
strains were used [31].

The heterologous expression and purification of 
S. cristatus GapN (ScrGapN), SpyGapN and 
SpyGapDH via StreptTactin affinity chromatography 
was carried out as previously described [31]. The pur-
ified SpyGapDH was dialyzed overnight in PBS (pH 
7.4) while SpyGapN and ScrGapN were dialyzed in 
0.1 M citric acid (pH 6.0) to prepare the enzymes for 
subsequent activity assays.

Measurement of GapN and GapDH activity

The specific GapN and GapDH activity was measured 
as described elsewhere [45] with some modifications. 
To account for the high pH sensitivity of SpyGapN 
(Supplementary Figure S2), the assay mixture was 
based on 200 mM Tricine buffer (pH 8.5) and con-
tained 0.5 mM dithiothreitol, 10 mM NADP+ (Carl 
Roth GmbH&CoKG, Karlsruhe, Deutschland), 2 mM 
DL-glyceraldehyde 3-phosphate (DL-G3P) (Sigma- 
Aldrich GmbH, Taufkirchen, Deutschland), 10 mM 
citric acid (pH 6.0), and 50 nM purified protein. The 
reaction was started by adding DL-G3P. The reduction 
of NADP+ to NADPH was detected by measuring the 
absorption at 340 nm in a spectrophotometer for 
15 min. To measure the GapDH activity, the assay 
mixture contained 200 mM Tricine buffer (pH 8.5), 
0.5 mM dithiothreitol, 10 mM NAD+ (Sigma-Aldrich 
GmbH, Taufkirchen, Deutschland), 10 mM 
Na2HPO4

2- (pH 8.5), 2 mM DL-G3P, 2.5% (v/v) PBS 
(pH 7.4), and 50 nM purified protein. The reaction was 
started by adding DL-G3P. The reduction of NAD+ to 
NADH was detected by measuring the absorption at 
340 nm using a SpectraMax 380 Plus microplate reader 
for up to 30 min. As controls, the assays were carried 
out without the addition of protein sample and without 
the addition of DL-G3P, respectively. Enzyme activity 
was calculated using the Lambert–Beer equation and 
expressed in units per milligram of total protein (U/ 
mg), where one unit is defined as the formation of 
1 µmol NADPH or NADH per minute.

Time-kill assay

For compounds providing a decrease in SpyGapN 
enzyme activity by ≥ 50%, time-kill kinetics of 
S. pyogenes M49 591 were monitored. For this, overnight 
cultures of S. pyogenes were diluted in 200 mM Tricine 
saline buffer (137 mM NaCl, 4.7 mM KCl, 200 mM 
Tricine, pH 8.0) with 20% (v/v) BHI to 105 CFU/ml. 
To assess bacterial susceptibility, the compounds were 
mixed 1:9 with bacterial suspensions of the respective
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strains and incubated for 24 h at 37°C rotating at 7 rpm. 
Subsequently, viable counts were determined by plating 
serial dilutions after 2, 4, 6, 8, and 24 h on THY agar 
plates.

Crystallization and structure determination

Since the wild-type structure (PDB entry 7PKJ) dis-
played additional electron density at the active site 
C284, potentially due to a covalent modification with 
an unidentified molecule, the C284S variant was used 
for the crystallographic studies. For co-crystallization, 
this variant was mixed at a concentration of 8 mg/mL 
in PBS with 0.5 mM G3P at 4°C. Afterward, 1 mM 
NADP+ was added. The final crystals were derived 
from a fine screening campaign in 0.01 M PBS buffer 
pH 7.4, 0.160–0.185 M (NH4)3-citrate and 18–21% 
(w/v) polyethylene glycerol 3350 by mixing 1 µL of 
protein sample with 1 µL of mother liquor in hang-
ing-drop vapor diffusion experiments conducted at 
20°C. After 75 days, crystals were obtained, which 
were transferred into a cryoprotective solution with 
0.5 mM G3P and 1 mM NADP+. As a cryo-protectant, 
25% (v/v) glycerol was added.

Crystals for fragment soaking experiments were pre-
pared by hanging-drop vapor diffusion at 20°C. Again, 
the C284S mutant was used at a concentration of 2.5  
mg/mL in 0.02 M HEPES buffer pH 8.5 containing 
0.125 M NaCl. The corresponding mother liquor con-
sisted of 0.1 M BisTris buffer pH 6.7, 0.2 M Li2SO4 and 
polyethylene glycol 3350 (21–22 % (W/V)). Native crys-
tals were obtained by mixing 2 µL of protein solution 
with 1 µL mother liquor. After 4–8 days, crystals 
formed, which were used for soaking experiments. For 
soaking, the solutions were prepared with the same 
concentrations as the mother liquor and, depending 
on the behavior of the crystals during the test soaking 
experiments, additionally 1 M R16, 0.5 M R40, and R65 
or 0.333 M R76 were added for 10 s. Afterward, the 
crystals were washed in mother liquor and transferred 
to mother liquor supplemented with 25% (v/v) glycerol 
as cryoprotectant.

Diffraction data for GapN with G3P and NADP+ 

were collected at DESY (EMBL, Hamburg, Germany) 
on beamline P13 of the PETRA III storage ring with an 
Eiger 16 M detector (Dectris) at a wavelength of 
λ = 0.976 Å. Datasets with the fragments were collected 
at beamline ID30B (ESRF-EBS, Grenoble, France) with 
an Eiger2x9M detector (Dectris) at a wavelength of 
λ = 0.976 Å (R16), beamline BL14.1 at BESSY 
(Helmholtz-Zentrum, Berlin, Germany) with 
a Pilatus3 S 6 M detector (Dectris) at a wavelength of 
λ = 0.918 Å (R40, R65), and DESY (EMBL, Hamburg, 

Germany) on beamline P13 of the PETRA III storage 
ring with an Eiger 16 M detector (Dectris) at 
a wavelength of λ = 0.689 Å (R76). The temperature 
during data collection was always 100 K. Data were 
processed with the program X-Ray detector software 

(XDS) [46] for indexing, integrating, and scaling as 
well as Staraniso [47] for taking anisotropic diffraction 
into account. The structure of the GapN-NADP+-G3P 
complex was solved by molecular replacement with the 
program Phaser (CCP4) with the already existing struc-
ture of GapN C284S from S. pyogenes (PDB entry: 
7PKC) as search model. FreeR flags were generated 
with the program FreeRflag (CCP4) [48], and initial 
refinement was done with Refmac5 (CCP4) [49], fol-
lowed by manual model building in Coot [50]. Further 
refinement steps were done with Phenix.refine [51] and 
the resulting structure was evaluated with MolProbity 
[52]. For the fragments, the refinement was directly 
initiated by model building in Coot and completed as 
described above.

Statistical analysis

The number of biological replicates (n) and the tests 
used to determine statistical significance for each data 
set are indicated in the respective figure captions. 
Statistical analyses were performed using GraphPad 
Prism 10 software.

Results

In silico screening identifies potential GapN 

inhibitors

A virtual screening pipeline based on the native sub-
strate of GapN, G3P, as well as diverse known inhibi-
tors of related proteins, including mitochondrial 
aldehyde dehydrogenase (inhibitor: chloral hydrate) 
and mitochondrial succinate-semialdehyde dehydro-
genase, was used to generate a selection of candidate 
inhibitors. Since no crystallographic structure of GapN 
from S. pyogenes was available at the time, we used our 
previously published homology model [31] based on 
GapN from S. mutans (PDB-ID: 1Q1) [36] as the target 
for molecular docking. Several compound collections 
were constructed by a combination of library screening 
and generation of novel compounds. We used 
a selection of various discovery and generative tools 
in different combinations yielding a library of com-
pounds which were screened by docking (see 
“Materials and methods” for details). Briefly, potential 
inhibitors were identified through three different 
means: (1) chemical space screening with the
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ENAMINE REALSpace Navigator Software (BiosolveIT 
GmbH, Sankt Augustin, Germany), (2) screening of 
a previously pre-selected database of ENAMINE and 
SPECS compounds [40] and prescreening using the 
RASPD+ tool [41], and (3) generation of novel com-
pounds using the “virtual libraries” machine learning 
method [43]. Intermediate results from one method 
were used as input for the other methods in diverse 
combinations. Out of a total of 95,805 docked com-
pounds, 100 fulfilled the criterion of a docking score <  
7 kcal/mol and passed visual inspection of the docking 
pose. An overview of the position of the binding site 
within the protein is given in Figure 1.

We found that optimal binding to the active site of 
GapN requires the presence of negatively charged 
(acidic) or highly polar groups at both ends of 
a linear C3-C5 scaffold, which in some compounds 
was part of a larger cyclopropane or cyclopentane 
ring. If positioned linearly within the active site 
between the NADP+ cofactor and the entry region, 
these groups optimally exploit both the oxyanion 
hole, formed by C284 and N154, as well as the highly 
basic entry region, formed by R103, R283, and R437, 
which coordinates the phosphate moiety of G3P in 
the homology model. Additional polar groups 
between the two ends help to stabilize the pose 
through hydrogen-bonds with the polar residues 
Y155 and T285. Thus, succinic acid proved to be 
the most effective template for the identification of 
such compounds due to its optimal fit and remark-
ably simple chemical nature.

In comparison, binding to the vestibule region, in 
addition to the active site, required a polar link to 
a polycyclic, amphiphilic moiety, most often either an 
ester or an amide linkage. Binding of the outer moiety 
to the surface of the vestibule region is mostly stabilized 
by nonspecific hydrophobic interactions. We found 
that most of the compounds that bind to both regions 
with reasonable docking scores are based on a sulfonic 
acid amide scaffold with a highly polar group pointing 
into the binding site and a polyheterocyclic group in 
the vestibule.

Of the 100 identified compounds with docking 
scores ≤ −7 kcal/mol and reasonable docking poses, 32 
were available for purchase. These 32 compounds were 
selected for in vitro testing where it was found that only 
25 compounds displayed sufficient solubility for experi-
mental testing (Suplementary Table S1). Interestingly, 
out of these, only compound four fulfilled the criterion 
of a docking score ≤ −7 kcal/mol with both its (R)- and 
(S)-stereoisomers. As the initial library generation pro-
cedure did not consider stereochemistry, all possible 
stereoisomers were docked. As most experimentally 
tested compounds were present as racemic mixtures, 
a direct comparison between docking and experiment 
was not possible in all cases.

Glyoxal bisulfite inhibits GapN activity

The 25 putative GapN inhibitors were analyzed for 
their effects on the activity of purified SpyGapN. For 
this purpose, 8 mM of the compounds were added to

Figure 1. Overview of the crystallographic holo-structure of SpyGapN. The monomer with both G3P and NADP+ bound is colored 
magenta, G3P and NADP+ are displayed in green “sticks” representation. The two binding sites are located in the center of the 
globular domain with the openings for either ligand being located at opposite faces (as indicated in the “top view” panel). The inset 
highlights the active site with important residues depicted in stick representation. The two sites merge at the oxyanion hole formed 
by the main chain N-atoms of N154 and S284 (mutated from cysteine in the wild-type enzyme).
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the standard GapN activity assay mixture, leading to a 
fourfold molar excess of each compound over the nat-
ural substrate G3P. E4P, a metabolite of the nonoxida-
tive part of the pentose phosphate pathway that was 
previously identified to inhibit SpyGapN [31,53], was 
used as a control. A dose-dependent inhibition of 
SpyGapN was determined for 0.05–2 mM E4P 
(Supplementary Figure S3A) with more than 85% 
reduction of SpyGapN activity at 2 mM.

Significant inhibition of SpyGapN was only achieved 
by two of the compounds tested, namely compound 26 
(glyoxal bisulfite) and compound 32 ((ethoxyoxydopho-
sphanyl) formate), which led to a reduction in activity of 
approximately 50% and 25%, respectively (Figure 2). The 
remaining compounds derived from the in silico screen-
ing did not reduce the SpyGapN activity significantly in 
the tested concentration. Compounds 1 ((2-(hydroxya-
mino)-2-oxoethyl) phosphonic acid) and 25 (2-hydroxy-
glutarate) even caused an apparent increase in SpyGapN 
activity. It remains unclear if this is a consequence of these 
compounds acting as alternative substrates or if they act 
as allosteric modulators of SpyGapN by an unknown 

mechanism. For glyoxal bisulfite, which proved to be the 
most promising SpyGapN-inhibiting compound, the dose 
dependence of inhibition was examined by measuring 
SpyGapN activity in the presence of 2–20 mM (Figure 3 
(A)), resulting in a decrease in SpyGapN activity of more 
than 90% at the highest concentration compared to the 
untreated control.

Next, we investigated whether glyoxal bisulfite affects 
G3P-binding enzymes in general or specifically inhibits 
SpyGapN. To this end, the activity of purified SpyGapDH 
and Streptococcus cristatus GapN (ScrGapN) was measured 
in the presence of 8 mM glyoxal bisulfite (Figure 3(B)). It 
was found that the compound also had inhibitory effects on 
these two enzymes. It impaired the activity of SpyGapDH to 
a similar extent as to SpyGapN and reduced the activity of 
ScrGapN even more efficiently by about 70%. The PPP 
intermediate E4P was used as a control and did not sig-
nificantly reduce SpyGapDH activity (Supplementary 
Figure S3B).

Since glyoxal bisulfite is predicted to compete with 
G3P for the G3P binding site, the impact of the com-
pound on Michaelis–Menten kinetics of SpyGapN for

Figure 2. Influence of potential inhibitors on SpyGapN activity. (A) specific activities measured in the presence of 8 mM inhibitor are 
shown relative to the specific activity of the control (1 mM DMSO) without inhibiting compound. Erythrose 4-phosphate (E4P) was 
used as a control inhibitor. Inhibitor numbers match the numbers given in Supplementary table S1. Dashed line indicates 75 % 
enzyme activity compared to the untreated control, which was set as the cutoff for further analysis of the inhibitors. Mean values 
and standard deviations; n = 3; *p < 0.05, ***p < 0.001, ****p < 0.0001 vs. control (one-way ANOVA followed by Dunnett’s multiple 
comparisons test). (B) Docking poses of compound 26 (glyoxal bisulfite) and (C) compound 32 (ethoxyoxydophosphanyl)formate 
identified to have a significant inhibitory effect. The structures are colored by atom-type with the carbons in green for the 
nicotinamide of NAD+, magenta for the protein residues in the binding site, and blue for the docked compounds. Polar interactions 
are shown by black dashed lines. The compound index is given beneath each pose.
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G3P was investigated. For this purpose, SpyGapN activity 
was measured in the absence and in the presence of 8 mM 
glyoxal bisulfite and G3P concentrations ranging from 0.5 
to 15 mM (Figure 3(C)). In the presence of glyoxal bisul-
fite, the maximum reaction rate (Vmax) decreased by 
about 20% and the Michaelis constant (Km) for G3P 
increased about 20-fold from 0.3 to 5.4 mM.

Crystal structure of the ternary GapN-NADP+-G3P 

complex

To obtain a structure showing the cofactor nicotinamide 
adenine dinucleotide phosphate (NADP) and its substrate 
G3P in complex with GapN, a search for different crystal-
lization conditions was conducted since the presence of 
sulfate molecules in the published crystallization 

conditions was considered to be incompatible with the 
binding of the cofactor and the substrate. After the identi-
fication of novel crystallization conditions (see “Materials 
and methods”), a structure of the GapN C284S variant in 
complex with NADP+ and G3P (PDB entry 9RAZ) was 
derived at a resolution of 1.3 Å (Figure 4(A-–C)). Data 
collection and refinement statistics are summarized in 
Tables 1 and 2. Surprisingly, this structure only showed 
binding of the cofactor to two monomers of the tetramer. 
This half occupancy was observed for both tetramers pre-
sent in the asymmetric unit, resulting in four monomers 
containing NADP+ and four monomers being present in 
the apo-state. The cofactor-containing subunits also 
showed electron density for the substrate; however, the 
electron density was often fragmented and G3P was there-
fore modeled in only one of the eight subunits.

Figure 3. Effect of glyoxal bisulfite on GapN activity. (A) dose dependency of the effect of glyoxal bisulfite on SpyGapN activity and 
(B) effect of 8 mM glyoxal bisulfite on SpyGapN, ScrGapN, and SpyGapDH. Specific activities measured at the indicated inhibitor 
concentrations are shown relative to the specific activity of the control (1 mM DMSO) without inhibiting compound. ****p < 0.0001 
vs. control (one-way ANOVA followed by Dunnett’s multiple comparisons test). (C) Michaelis–Menten kinetics for G3P of SpyGapN in 
the absence and in the presence of 8 mM glyoxal bisulfite. *p < 0.01 vs. control (two-tailed Student’s t-test). Mean values and 
standard deviations of n = 3 biological replicates.
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Figure 4. Structural features of the ternary GapN-G3P-NAPD+ complex. (A) Fo-Fc difference electron density map (green mesh) 
contoured at three times the RMS deviation after omitting NADP+ (blue C-atoms) and G3P (green C-atoms) from the model with 
interacting residues (magenta C-atoms). (B) Superimposition of monomer F with G3P and NADP+ (green) and monomer D (apo-state 
in orange) from the GapN-G3P-NADP+ complex as well as monomer a (gray) from the GapN apo-structure (PDB entry 7PKC). (C) 
Zoom-in into the cofactor binding site comparing the structures of monomer F (green) and monomer D (orange) from the GapN- 
G3P-NAPD+ complex highlighting the Rossmann fold. (D) Schematic diagram of the interactions between GapN (chain F) and NADP+. 
Legend: pink circle without frame color: polar amino acid; pink circle with red frame: acidic amino acid; pink circle with blue frame: 
basic amino acid; green circle: hydrophobic amino acid; blue arrow: backbone acceptor/donor; green arrow: sidechain acceptor/ 
donor; red dashes: solvent contact. (E) Schematic diagram of the interactions between GapN (chain F) and G3P. Interaction types are 
indicated as described in (D).
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NADP+ is bound in a pocket formed by the 
Rossmann fold (residues 7–13 and 144–251) and 
the catalytic domain (residues 252–448), with the 
adenosyl moiety being placed on top of the β-sheet 
of the Rossmann fold and bound between two α- 
helices. The nicotinamide moiety reaches into the 
catalytic domain, which is coordinating the cofactor 
through residues of the loops. NADP+ is exclusively 
ligated by a single monomer with no residues being 
contributed from an adjacent subunit (Figure 4(D)). 
A figure schematically summarizing the interactions 
was generated with MOE (Molecular Operating 
Environment, 2023 Chemical Computing Group 
ULC, 910–1010 Sherbrooke St. W., Montreal, QC 
H3A 2R7) [27]. NADP+ forms polar interactions 
with residues 151, 153, 177, 180, 215, 231, and 251 
from the Rossmann fold and the active site residues 
284, 377, and 437. Interactions can be observed 
between L251 and S284, replacing the active site 

cysteine, to the nicotinamide moiety, E377 to the 
2’-OH and 3’-OH groups of the ribose, S231 and 
F153 to one of the phosphates in the pyrophosphate 
linker, S151 and T180 to the ribose of the adenosine 
as well as K177, T180, and G210, which coordinate 
the phosphate group attached to the adenosine 
ribose. Finally, D215 is coordinating the adenosyl 
group with its side chain.

Despite the presence of 0.5 mM G3P, satisfactory 
electron density for the G3P substrate (Figure 4(A)) 
could only be observed for one chain (chain F) out 
of all eight subunits, with residual densities being 
present in three additional subunits (chains A, B, 
and E). The G3P in the F-chain was modeled with 
two conformations, which almost coincide at the 
position of the phosphate group and diverge most 
prominently at the aldehyde function at the opposite 
end of the molecule. The subunits displaying density 
for G3P are the same subunits in which the NADP+

Table 1. Crystallographic data collection statistics.
C284S NADP++G3P Fragment R16 Fragment R40 Fragment R65 Fragment R76

Beamline PETRA III P13 ID30B BL14.1 BL14.1 PETRA III P13
Space group P1 P1 P1 P1 P1
Unit cell dimensions a, b, 

c (Å), α, β, γ (°)
97.15 97.44 100.71 

77.06 78.19 68.92
98.52 99.58 104.16 

77.66 75.94 67.67
97.15 97.15 100.70 

76.94 77.99 68.28
97.76 98.95 103.03 

78.04 75.63 67.01
97.56 98.97 103.23 

77.68 75.95 67.49
Wavelength (Å) 0.9763 0.9763 0.9184 0.918400 0.689
Resolution limits (Å) 48.62–1.38 47.74–1.61 46.58–1.57 44.22–1.77 47.29–1.44
Total/unique reflections 1,849,387/528,737 1,443,277/437,149 1,586,722/430,858 1,131,463/310,076 1,871,493/497,136
Spherical data 

completeness (%)
76.39 (19.08) 70.57 (4.11) 82.24 (16.59) 67.54 (8.30) 50.50 (6.70)

Elliptical data 
completeness (%)

91.92 (62.41) 91.6 (64.0) 90.2 (60.0) 87.4 (57.8) 85.0 (53.1)

CC1/2 0.9978 (0.4970) 0.998 (0.485) 0.999 (0.599) 0.993 (0.238) 0.999 (0.740)
aRmerge 0.054 (0.811) 0.075 (1.035) 0.070 (0.857) 0.1738 (2.187) 0.060 (0.530)
bRpim 0.033 (0.518) 0.048 (0.686) 0.042 (0.5044) 0.105 (1.315) 0.036 (0.321)
c< I/sigI> 10.33 (1.53) 10.20 (1.12) 12.46 (1.50) 6.64 (0.61) 9.5 (1.7)
Diffraction limits (Å) 1.44 1.38 1.59 1.55 1.82 1.75 1.67 1.63 1.57 1.77 2.27 1.81 1.50 1.93 1.82

aRmerge= ΣhklΣi |Ii - <I> |/ΣhklΣiIi where Ii is the ith measurement and <I > is the weighted mean of all measurements of I. 
bRpim = Σhkl1/(N-1) ½ Σi| Ii(hkl) – I(hkl) |/ΣhklΣiI(hkl), where N is the redundancy of the data and I(hkl) the average intensity. 
c<I /σI > indicates the average of the intensity divided by its standard deviation. 
Numbers in parentheses refer to the respective highest resolution shell (1.48–1.38 Å, 1.67–1.61 Å, 1.63–1.57 Å, 1.83–1.77 Å, and 1.55–1.5 Å, respectively). 

Table 2. Crystallographic refinement statistics.
C284S NADP++G3P Apo R16 Apo R40 Apo R65 Apo R76

PDB entry 9 RAZ 9RB1 9RAS 9RAU 9RAV
Resolution limits (Å) 48.62–1.38 47.74–1.61 46.58–1.57 44.22–1.77 47.24–1.5
aRwork 0.1541 (0.2594) 0.1572 (0.2745) 0.1548 (0.2187) 0.1770 (0.2404) 0.1911 (0.3926)
bRfree 0.1792 (0.2900) 0.1932 (0.3197) 0.1913 (0.2744) 0.1801 (0.2283) 0.1916 (0.3854)
Coordinate error (Å) 0.13 0.14 0.17 0.21 0.17
rms deviations in
Bond lengths (Å) 0.006 0.005 0.005 0.004 0.008
Bond angles (°) 0.743 0.72 0.75 0.60 0.71
Dihedral angles (°) 12.33 12.63 12.61 12.69 12.08
Planar groups (Å) 0.008 0.006 0.007 0.007 0.007
cRamachandran statistics (%) 97.46/2.46/0.08 97.43/2.57/0.00 97.80/2.20/0.00 97.30/2.67/0.03 97.59/2.41/0.00
Clashscore 2.38 2.08 3.32 2.02 2.92
Number of atoms 33,909 33,371 34,456 31,879 33,308

aRwork = Σhkl ||Fo| - |Fc||/Σhkl|Fo| where Fo and Fc are the observed and calculated structure factor amplitudes. Numbers in parentheses refer to the respective 
highest resolution shell (1.48–1.38 Å, 1.67–1.61 Å, 1.63–1.57 Å, 1.83–1.77 Å, and 1.55–1.5 Å). 

bRfree same as R for 2.52%, 5.00%, 5.00%, 5.00%, and 4.85% of the data randomly omitted from the refinement. 
cRamachandran statistics were calculated with MolProbity in PHENIX. 
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cofactor could be visualized; however, the quality of 
the electron density precluded model building of 
G3P in these chains. The phosphate group of G3P 
appears to serve as an anchor point, in agreement 
with its virtually unchanged position in the two 
conformations of G3P. This fixation of the phos-
phate group appears to be due to its multiple inter-
actions with the guanidinium groups of R103 and 
R283. In addition, the side chain of T285 and the 
backbone nitrogen of R437 engage in hydrogen 
bonds with the phosphate group (Figure 4(E)). As 
stated above, S284 was substituted for the active site 
C284 and, during catalysis, a covalent bond would 
be formed between the substrate and the SH-group 
of C284.

Docking poses to the homology model and to 

the crystallographic structure are comparable

Our in silico screening pipeline was based on 
a homology-model [8] (template: PDB-ID 1QI1 [36]), 
constructed before the crystal structure of the ternary 
GapN-NADP+-G3P complex (PDB entry 7PKJ) from 
S. pyogenes became available. Despite a different con-
formation of R283 and a 180° rotation of the nicotina-
mide-ring of the NADPH-cofactor, we observed 
a qualitatively high agreement in both the pose of 
G3P (Supplementary Figure S4) and the docking scores 
of the 32 compounds (Supplementary Table S1). To 
assess the effects of the structural differences on the 
docking of the substrate G3P, we separately introduced 
the NADPH-rotation and the different conformation of 
R283 into the crystallographic structure. In both cases, 
the docking scores of −8.5 (NADPH-rotation) and −8.6  
kcal/mol (altered R283 conformation) (best poses) were 
within 0.2 kcal/mol of the value for the unaltered struc-
ture (−8.7 kcal/mol). Additionally, the generated dock-
ing poses remained remarkably similar to the pose of 
G3P docked to the unaltered structure.

Crystallographic fragment screening identified four 

hits within functionally relevant regions of GapN

In parallel to the virtual screening approach, 
a crystallographic fragment screening campaign was 
conducted to identify first starting points for the devel-
opment of GapN inhibitors. For screening, the metho-
dology reported by O’Reilly et al. [54] was chosen. This 
library consists of 80 chemically diverse, ultra-low- 
molecular-weight compounds (5–7 heavy atoms) that 
were used in high-concentration aqueous soaks up to 1  
M, which resulted in four unambiguous hits.

The ultra-low-molecular-weight compound R16 
(2-cyanoacetamide, PDB entry 9RB1) is coordinated 
via its amide NH2-moiety to the backbone of T285 
and a sulfate ion (Figure 5(A,E)), while its carbonyl 
group interacts via a water-bridged hydrogen bond 
with S284 and N154 and the nitrile group forms 
a hydrogen bond to R437. By interacting with the 
aforementioned amino acids, the fragment adopts 
a slightly bent conformation at the β-carbon with 
a torsion angle of 31.7° ± 4.3°. This fragment is present 
with full occupancy in all subunits of both tetramers 
based on its average B-factor being very similar to those 
of the surrounding atoms.

The ultra-low-molecular-weight compound R40 
(imidazoline-2,4-dione, PDB entry 9RAS) was identi-
fied three times in four subunits (Figure 5(B,F)) occu-
pying distinct pockets within the binding site, while it 
was present twice in the remaining four monomers. In 
the following, we will describe the location of all three 
copies of compound R40. The first site is located in the 
substrate-binding pocket where it is coordinated by 
residues R103 and R283, where the phosphate group 
of G3P was found in the substrate-bound ternary com-
plex. Additionally, the backbone nitrogen of G438 
coordinates the compound via a polar interaction. 
The second binding site partly overlaps with the posi-
tion of the nicotinamide moiety in the ternary complex, 
and the compound engages in hydrogen bonds with 
residue R437. A water molecule bridges the interaction 
with the third binding site connecting the hydroxyl/ 
carbonyl group (enol-keto tautomerization) of the com-
pound. The third binding site almost coincides with the 
position of the ribose attached to the nicotinamide ring. 
In this location, the compound interacts via ππ stacking 
interactions with F379 and a hydrogen bond to E377.

The ultra-low-molecular-weight compound R65 
(pyrimidine-5-amine, PDB entry 9RAU)) is stabilized 
by a BisTris molecule, a remnant of the buffer solution 
(Figure 5(C,G)). Interestingly, the buffer molecule 
could only be visualized in the presence of compound 
R65. The compound engages in a hydrogen bond with 
the side chain of E377 and a water molecule, which, in 
turn, engages in hydrogen bonds with the main-chain 
oxygens of G230 and L251. Furthermore, the com-
pound is stabilized by ππ stacking interactions with 
F379, as described before for the third copy of com-
pound R40.

Finally, the ultra-low-molecular-weight compound 
R76 (4-hydroxypyridazine, PDB entry 9RAV) binds in 
the same manner as the third copy of compound R40 as 
well as compound R65 to the pocket where the nicoti-
namide of NADP+ is located, engaging in a hydrogen 
bond with E377 and ππstacking interactions with F379.
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Figure 5. GapN structures with compounds identified in the fragment screen. (A–D) Fo-Fc difference electron density maps (green 
mesh) contoured at three times the RMS deviation after omitting R16 (A), R40 (B), R65 (C), and R76 (D) from the model surrounded 
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In contrast to the other ultra-low-molecular-weight 
compounds, there is an additional water-mediated con-
tact from the hydroxyl-group of compound R76 to the 
side-chain oxygen of N154 (Figure 5(D,H)).

All four ultra-low-molecular-weight compounds were 
successfully computationally docked to the G3P-bound 
holo structure in very similar poses to their crystallographic 
structures (Supplementary Figure S5) despite yielding less 
favorable docking scores than G3P or the inhibitor-candi-
dates due to their smaller size and lower number of inter-
actions (Table 3). For R40, only the location of the R40_1 
copy was successfully replicated. The compounds docking 
to the active site displayed a more specific binding mode 
close to the crystallographic pose, whereas docking of R65 
and R76, which are located in the NADP+ site in the crystal 
structures, also yielded off-site poses located in different 
regions of the binding site (Table 3).

The six binding sites derived from the four hits were all 
located in pharmacologically relevant regions, namely the 
pockets where the substrate G3P and the cofactor are 
bound as identified in the 1.4 Å structure (PDB entry 
9RAZ) of the ternary complex reported in this manuscript 
(Figure 6). The active site is divided into two subsites in 
such a way that the cofactor binds to the enzyme from one 
side, with its nicotinamide ring being inserted into a funnel, 
which connects the two sites, while the substrate 
approaches the active site from the opposite direction via 
the vestibule. Three of the six binding sites are located on 
the cofactor side; specifically, they all closely overlap with 
each other and bind where the nicotinamide ribose is 
located. On the opposite side, the compounds do not coin-
cide, with the two copies of R40 either overlapping with the 
phosphate of G3P or the aldehyde function of G3P and the 
amide of nicotinamide and R16 being located in between 
the two R40 sites.

Pyrimidine-5-amine and 4-hydroxypyridazine 

increase SpyGapN inhibition and antibacterial 

effects of glyoxal bisulfite

The inhibitory potential of R16, R40, R65, and R76 on 
SpyGapN was assessed in SpyGapN activity assays. 
Given their ultra-low molecular weight, 40 mM of 
each compound was used in the assay (Figure 7(A)). 
While R40 significantly increased SpyGapN activity, 
R65 and R76 caused a significant inhibition of the 
enzyme by about 42% and 16%, respectively. R16 did 

not cause a change in SpyGapN activity, which agrees 
with its best docking score being the least favorable out 
of the studied compounds and its average docking 
score being the second least favorable (Table 3).

As R65 and R76 were found within the NADP+ bind-
ing pocket of SpyGapN, their impact on Michaelis– 
Menten kinetics of SpyGapN for NADP+ was analyzed. 
SpyGapN activity was measured in the absence and in the 
presence of 40 mM pyrimidine-5-amine (R65) or 
4-hydroxypyridazine (R76), respectively, with NADP+ 

concentrations ranging from 0.025 to 2 mM (Figure 7 
(B)). In the presence of R65, the maximum reaction rate 
(Vmax) decreased by about 50%, and the Michaelis con-
stant (Km) for NADP+ was significantly decreased by 
approximately 30%. The presence of R76 reduced the 
maximum reaction rate (Vmax) by about 20%, while the 
Michaelis constant (Km) for NADP+ remained unaffected.

Next, combinations of glyoxal bisulfite with pyri-
midine-5-amine (R65) and 4-hydroxypyridazine (R76) 
were tested in SypGapN activity assays to assess 
potential combinatory effects. Combining 8 mM 
glyoxal bisulfite with 8 mM or 40 mM of either com-
pound resulted in a further decrease in SpyGapN 
activity by 10–15% compared to glyoxal bisulfite 
alone (Figure 8). In both cases, this effect was dose 
dependent. With the Bliss independence model 
[55,56], the combination index of 8 mM glyoxal bisul-
fite and 40 mM pyrimidine-5-amine (R65) was calcu-
lated to be 1.03, indicating an additive effect. For the 
combination of 8 mM glyoxal bisulfite with 40 mM 
4-hydroxypyridazine (R76), the combination index 
was calculated to be 0.9, indicating a slightly synergis-
tic effect. Combinations of 4-hydroxypyridazine (R76) 
with the natural inhibitor E4P did not increase the 
inhibitory effect of the latter, while 40 mM of pyrimi-
dine-5-amine (R65) added to the inhibitory effect of 
E4P (Supplementary Figure S3C).

To investigate the basis of these effects, we redocked 
glyoxal bisulfite to receptor grids based on the highest- 
scoring poses of pyrimidine-5-amine (R65) or 4-hydroxy-
pyridazine (R76) bound to the NADP+ binding site. The 
inclusion of pyrimidine-5-amine (R65) permitted glyoxal 
bisulfite to dock to the active-site with a slightly improved 
docking score of −7.9 kcal/mol, showing that the two com-
pounds can bind to GapN simultaneously. Likewise, the 
presence of 4-hydroxypyridazine (R76) permitted glyoxal 
bisulfite to dock with a docking score of −7.8 kcal/mol. To

by the respective interacting residues (C-atoms in light blue). Please note that S284 in (A) adopts two alternate conformations. (E–H) 
Schematic diagram of the interactions between GapN and fragments R16 (E), from left to right R40_1, R40_2, R40_3 (F), R65 (G), and 
R76 (H). Legend: pink circle without frame color: polar amino acid; pink circle with red frame: acidic amino acid; pink circle with blue 
frame: basic amino acid; green circle: hydrophobic amino acid; blue arrow: backbone acceptor/donor; green arrow: sidechain 
acceptor/donor; red dashes: solvent contact.
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assess why only 4-hydroxypyridazine (R76) displays 
a synergistic effect in the presence of glyoxal bisulfite, we 
redocked both ultra-low-molecular-weight compounds to 
glyoxal bisulfite-bound GapN finding that, in its presence, 

both adopt multiple energetically similar docking poses 
that interact with the active-site residues C284 and N154 
differently, likely leading to coordinated reorientations of 
the side chains and inhibitors within the binding-site that

Figure 6. GapN structure with compounds targeting either the substrate or cofactor binding sites. Surface representation of 
GapN (chain F) in gray zoomed into the active site cleft with the fragments in stick representation (light blue C-atoms) as well as the 
substrate G3P with its two alternate conformations (cyan C-atoms) and the NADP+ cofactor (green C-atoms) in ball-and-stick 
representation. The non-C-atoms are colored as follows, oxygen in red, nitrogen in blue, and phosphorous in orange.

Figure 7. Influence of R65 and R76 on SpyGapN activity. (A) Effect of 40 mM of the respective fragment on the SpyGapN activity. 
Specific activities measured are shown relative to the specific activity of the control (1 mM DMSO) without inhibiting compound. 
Compound identifiers correspond to those given in Table 1. (B) Michaelis–Menten kinetics for NADP of SpyGapN in the absence and 
in the presence of R65 or R76 at a concentration of 40 mM. Mean values and standard deviations of n = 3 biological replicates. *p <  
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. control (one-way ANOVA followed by Dunnett’s multiple comparisons test).

Table 3. List of chemical fragments reported in this study and average in silico docking score over multiple poses forming identical 
interactions.

No. Compound

SMILES- 
string 

(neglecting stereochemistry)

Glide SP score  
highest/average 

[kcal/mol] On-site docking grid position
Off-site poses  

(% of total poses)

16 2-Cyanoacetamide O = C(N)CC#N −4.4/-3.9 ± 0.4 Active site 0
40 Imidazoline-2,4-dione O = C1NC(C = N1) = O −6.1/-5.0 ± 0.7 Active site 0
65 Pyrimidine-5-amine NC1 = CN = CN = C1 −4.8/-4.5 ± 0.2 NAD+-binding site 40
76 4-Hydroxypyridazine OC1 = CC = NN = C1 −4.7/-3.3 ± 1.2 NAD+-binding site 44
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affect binding and catalytic activity. The corresponding 
docking poses are displayed in Supplementary Figure S6.

Finally, bactericidal effects of glyoxal bisulfite alone or in 
combination with pyrimidine-5-amine (R65) or 4-hydro-
xypyridazine (R76) toward S. pyogenes were investigated in 
time-kill assays (Figure 9). E4P was not included in this 
assay, as it can be metabolized by S. pyogenes. For this 
purpose, 105 CFU/ml of the bacteria were incubated with 
10 mM and 20 mM of glyoxal bisulfite for 24 h, and the 
viable counts were determined in 2 h intervals between 
0–8 h, at 16 h and at 24 h. At each time point, an untreated 
control was monitored for comparison. At both concentra-
tions tested, glyoxal bisulfite completely eradicated 
S. pyogenes within 24 h (Supplementary Figure S7). The 
combination of 10 mM glyoxal bisulfite with 10 mM 
4-hydroxypyridazine (R76) additionally accelerated the 
killing of the bacteria, while the combination with 10 mM 

pyrimidine-5-amine (R65) did not increase the killing effi-
ciency of glyoxal bisulfite (Figure 9).

Discussion

The in silico screening for SpyGapN inhibitors competing 
with G3P was initially conducted with a homology model 
based on the S. mutans GapN structure [31,36,57]. The 32 
compounds that were selected from this screening showed 
better docking scores than the natural substrate G3P in 
both the original homology model and the subsequently 
derived X-ray crystal structure. Docking of the 32 com-
pounds agrees well between the homology model and the 
X-ray crystal structure. The slight differences in the docking 
scores appear to be a consequence of many small differ-
ences between the two structures and cannot be traced back 
solely to the different conformations of NADPH or R283.

Figure 8. Influence of glyoxal bisulfite in combination with compounds R65 (A) or R76 (B) on SpyGapN enzyme activity. Fragment 
numbers correspond to those given in Table 1. Specific activities measured at the indicated fragment or inhibitor concentration are 
shown relative to the specific activity of the control (1 mM DMSO) without inhibiting compound. Mean values and standard 
deviations of n = 3 biological replicates. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 (one-way ANOVA followed by Dunnett’s 
multiple comparisons test).

Figure 9. Killing kinetics of S. pyogenes M49 strain 591 for glyoxal bisulfite and fragments R65 and R76 alone or in combination. All 
samples were diluted to an initial bacterial concentration of 105 CFU/ml in BHI/Tricine buffer allowing survival but no growth, and 
viability was monitored over 24 h at 37°C. As control, bacteria were incubated with 1 mM DMSO. Mean values and standard 
deviations of n ≥ 3 biological replicates. Statistical analysis shown in Supplementary table S2.
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Out of the 25 soluble candidates that were tested 
in vitro, only two compounds—glyoxal bisulfite and 
(ethoxyoxydophosphanyl)formate—had a significant 
inhibitory effect on SpyGapN activity. This indicates 
that docking scores showed little to no correlation to 
inhibition. This is not surprising given the relatively 
small number of compounds that have been screened, 
which were selected from the virtually screened com-
pounds not primarily according to docking score but 
according to commercial availability. Furthermore, 
docking procedures generally provide more reliable 
poses (having been validated for predicting structures) 
than predictions of binding affinity, particularly for 
compounds binding with low affinity. More in-depth 
computational screening, e.g. by molecular dynamics- 
based methods, would vastly increase the computa-
tional load, without a guarantee of yielding improved 
results. They would thus only be applicable to screening 
smaller compound libraries, whereas our screening 
campaign mostly focused on commercial availability 
and chemical diversity under the constraints of 
a relatively narrow binding site and a chemically simple 
substrate. Thus, we emphasized coverage of chemical 
space over accuracy by using docking rather than 
slower computational methods.

Only glyoxal bisulfite reduced the SpyGapN activity 
by more than 50%. Glyoxal bisulfite is structurally 
similar to succinic acid. The charged oxygen molecules 
of the hydroxyl and sulfo groups of glyoxal bisulfite 
mediate the binding in the oxyanion hole in the G3P 
binding pocket formed by C284 and N154 and interact 
with R103, R283, and R437 that form the basic entrance 
region of the binding pocket.

Glyoxal bisulfite was able to efficiently eradicate 
S. pyogenes in time-kill assays. We previously showed 
that antisense inhibition of SpyGapN is killing 
S. pyogenes and other species lacking the oxidative 
part of the pentose phosphate pathway [31]. However, 
with the current lack of specificity of glyoxal bisulfite it 
is likely that its antibacterial effect against S. pyogenes is 
attributed to inhibition of both SpyGapN and 
SpyGapDH. To date, no antimicrobial effects or ther-
apeutic applications are described for glyoxal bisulfite. 
However, it has been described to inhibit phosphoenol-
pyruvate carboxylase, an enzyme involved in carbon 
fixation in plants and some bacteria [58]. Looking 
more broadly, compounds with structural similarities 
to succinic acid, such as mercaptosuccinic acid and 
meso-tartrate, are already used in medical applications. 
Metal-complexes of mercaptosuccinic acid are used as 
antirheumatic therapeutics [59] as they confer anti- 
inflammatory effects [60,61] but can also induce oxida-
tive stress by inhibiting glutathione peroxidase [62,63]. 

Antimicrobial effects against Staphylococcus aureus and 
Bacillus subtilis have been described for these com-
plexes [64]. Meso-tartrate is approved by the 
European Medicines Agency as a therapeutic agent for 
stress incontinence [65]. In Acinetobacter baumannii, 
meso-tartrate was identified as an inhibitor of the 
essential UDP-N-acetylglucosamine acyltransferase 
[66]. It was shown to have antimicrobial effects against 
several other bacteria, e.g. S. mutans [67], E. coli, 
Listeria monocytogenes, Salmonella typhimurium, and 
Campylobacter spp. [68]. The antimicrobial effect was 
speculated to be caused by a decrease in the cytosolic 
pH upon meso-tartrate treatment [69].

Pyrimidine-5-amine (R65) and 4-hydroxypyridazine 
(R76), both occupying the NADP+ binding pocket of 
SpyGapN, were able to increase the inhibitory effect of 
glyoxal bisulfite on SpyGapN activity and the latter 
accelerated its killing effect on S. pyogenes.

To the best of our knowledge, no antimicrobial 
effects have been described elsewhere for pyrimidine- 
5-amine or 4-hydroxypyridazine yet. However, gener-
ally pyridazine-derivatives have pharmacological rele-
vance as they have been described, among others, as 
inhibitors of a pro-apoptotic protein kinase [70], as 
inhibitors of platelet aggregation [71] or as acetylcholi-
nesterase inhibitors [72]. Aminopyrimidine derivatives 
include diaminopyrimidines such as Trimetoprim, 
a well-established dihydrofolate reductase inhibitor 
used as an antibacterial drug [73].

Given the low molecular weights and their classifica-
tion as fragments, pyrimidine-5-amine and 4-hydroxy-
pyridazine can be considered building blocks for the 
development of compounds with specific SpyGapN 
inhibition, as both appear to block the NADP-binding 
pocket. Docking of the compounds identified in the 
fragment screen to the crystal structure of SpyGapN 
was in good agreement with the measured crystallo-
graphic poses. This further validates the in silico 

approach and proves that computational design of inhi-
bitor candidates based on the fragments is possible. 
Furthermore, in silico analysis showed that glyoxal 
bisulfite and pyrimidine-5-amine or 4-hydroxypyrida-
zine can dock simultaneously and could be connected 
to improve additive or synergistic effects by generating 
a compound that occupies both the substrate and the 
cofactor binding site. The approach of covalently con-
necting different fragments within a protein binding- 
site, e.g. by click-chemistry, has already been demon-
strated to work [74]. This could also increase the spe-
cificity of the resulting compound for SpyGapN. 
Another approach to solving the specificity problem 
could be chemical modifications of glyoxal bisulfite 
that allow the compound to additionally bind to
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a cavity in the vestibule region of the SpyGapN sub-
strate-binding site that is not present in SpyGapDH.

Although glyoxal bisulfite caused the strongest inhi-
bition of SpyGapN among the compounds tested here, 
it was still a less effective in vitro inhibitor of SpyGapN 
than the known GapN inhibitor E4P, which was used as 
a control. However, as an intermediate product of the 
non-oxidative part of the pentose phosphate pathway, 
E4P can be metabolized by S. pyogenes [75,76]. 
Nevertheless, E4P is another promising candidate due 
to its strong inhibitory effect and its higher specificity 
for SpyGapN compared to glyoxal bisulfite. 
Modifications would be required for E4P to prevent 
conversion by transaldolase or transketolase while 
maintaining high affinity for the G3P binding site of 
SpyGapN.

Previous efforts to develop new ways to combat 
S. pyogenes infections have primarily focused on vac-
cine development [11–18] or interference with viru-
lence pathways or more general major metabolic 
pathways [19–30]. In this context, our study broadens 
the spectrum of possible intervention strategies by 
focusing on GapN, an enzyme dispensable or absent 
in most bacteria but central for NADPH generation in 
S. pyogenes. By exploring GapN inhibition and identify-
ing candidate inhibitors through structure-based 
approaches, we introduce a complementary route for 
limiting S. pyogenes viability and pathogenic capacity, 
expanding the repertoire of potential metabolic targets 
for future therapeutic development.
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