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Synopsis Rescue efforts for ACS1 proteins in complex with ethyl-AMP yielded the first structure 

from L. pneumophila with a very well-defined ethyl-AMP bound in the active site. 

Abstract The compound ethyl-adenosyl monophosphate ester (ethyl-AMP) has been shown to 

effectively inhibit Acetyl CoA synthase (ACS) enzymes and to facilitate the crystallization of fungal 

ACS enzymes in various contexts. In this study, the addition of ethyl-AMP to a bacterial ACS from 

Legionella pneumophila resulted in successful co-crystal structure determination of a target structure 

which had previously eluded researchers. The ability of ethyl-AMP to inhibit ACS enzymes and to 

facilitate crystallization makes it a valuable tool in structural studies of this class of proteins. 

1. Introduction 

In the 1980s, the respiratory pathogen known as Legionella pneumophila caused numerous outbreaks 

of a severe form of pneumonia called Legionnaire's disease in healthcare centers. Even today, this 

disease continues to have a high mortality rate among vulnerable populations, including the elderly, 

infants, and individuals with underlying health conditions (Chanin and Opal, 2017). While there are 

more than 50 species of Legionella, L. pneumophila is responsible for 80% of cases of Legionnaire's 

disease globally (Chanin and Opal, 2013).  

Enzymes called acetyl-coenzyme A synthetases (ACSs) play a crucial role in the synthesis of acetyl-

CoA, a molecule involved in the tricarboxylic acid (TCA) cycle and are vital for the central carbon 
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and energy metabolism of both prokaryotes and eukaryotes. Inhibiting ACS enzymes has shown 

promise in terms of exhibiting antifungal and anti-tumor activity in eukaryotes, and it is possible that 

similar effects may be observed in bacteria such as L. pneumophila.  

The mission of the Seattle Structural Genomics Center for Infectious Disease (SSGCID, ssgcid.org) is 

the determination of atomic structures of proteins with an important role in human pathogens. 

Pathogens include NIAID Category A-C agents as well as emerging and re-emerging infectious 

disease organisms. In order to increase success rates, crystallization experiments are executed with 

both apo proteins and with known ligands, such as co-factors, substrates, products and inhibitors. 

Since the ACS1 inhibitor ethyl AMP had been successfully used for crystallizing fungal ACS proteins 

(Jezewski et al, 2021), and apo L. pneumophila did not crystallize, we attempted to crystallize L. 

pneumophila ACS1 in the presence of the fungal ACS1 inhibitor. Here, we report the 2.4Å structure 

of L. pneumophila ACS1 in complex with ethyl-AMP. 

2. Materials and methods   

2.1. Macromolecule production  
Cloning of Expression Constructs. 

The gene for L. pneumophila ACS1 was amplified from genomic DNA and cloned into the expression 

vector pBG1861 using ligand-independent 

cloninghttps://www.ncbi.nlm.nih.gov/pmc/articles/PMC6416309/ (Aslanidis et al, 1990). The 

expression vector provides a non-cleavable N-terminal His6-tag (SSGCID target ID LepnA.00629.a, 

SSGCID construct ID LepnA.00629.a.B1, SSGCID batch LepnA.00629.a.B1.PW38314). L. 

pneumophila ACS1 was expressed in E. coli  BL21(DE3) Rosetta Oxfords following standard 

SSGCID protocols as described previously https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6416309/ 

(Choi et al, 2011). Purification was done using Ni-NTA affinity and size exclusion chromatography 

following standard SSGCID protocols (Bryan et al, 2011). The purified protein was concentrated to 

33.45 mg/ml in its final buffer (25 mM HEPES pH 7.0, 500 mM NaCl, 5% glycerol, 2 mM DTT, 

0.025% NaN3), flash frozen in liquid nitrogen and stored at −80 °C. 

 

Table 1 Macromolecule production information 

In the primers, indicate any restriction sites, cleavage sites or introduction of additional residues, e.g. His6-tag, 

as well as modifications, e.g. Se-Met instead of Met. 

Source 

organism 

Legionella pneumophila subsp. pneumophila (strain Philadelphia 1 / ATCC 33152 

/ DSM 7513) (strain: Philadelphia 1 / ATCC 33152 / DSM 7513); Uniprot ID 

Q5ZZ84 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6416309/#CR8
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6416309/
http://www.uniprot.org/uniprot/Q5ZZ84
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DNA 

source 

Legionella pneumophila Philadelphia 1 / ATCC 33152 

Forward 

primer 

CTCACCACCACCACCACCATATGCTTCCCGTTCATCTAAAGCAC 

Reverse 

primer 

ATCCTATCTTACTCACTTACCGCTTCAAAATATTTTTCATGAGTT 

Cloning 

vector 

BG1861 

Expression 

vector 

BG1861 

Expression 

host 

BL 21 (DE3) Rosetta Oxfords 

Complete 

amino acid 

sequence of 

the 

construct 

produced 

MAHHHHHHMLPVHLKHPHLTATEEYLSEFW 

SEIAAQTIDWIQPWSITLQGGLHKGDVKWFQ 

GGLLNVSANCLDRHLPHKA NQTAIIWEGDDENQNKTLTFAQLYSEVCKM 

SNVLKSLNVRRGDTVGIYLPMIPEAAIAMLA CARIGAIHTVVFAGFSAHA 

LQQRLIASSCKCLITADAFQRGGKTIPLKK 

QADEASVDLNITKLVVKNSNAPTALNKNKEH 

WWHELKQTVSDQCTPEPMN TEDPLFILYTSGSTGQPKGVVHTTGGYLVQ 

AAYTHQLIFACQDNEVFWCTADVGWITGHSY VVYGPLCNGITTLMFEGIP 

TWPDAARNWRIIDKHQVNVFYTAPTAIRSL 

MRAGDQWLNSSSRSSLRLLGSVGEPINPEAW 

NWYHQKVGQGKCPIVDTWW QTETGAIMISPRASDEVIKPGSARKPIPGI 

VPLLLNEQGHEINGAGEGLLAIKYPWPSMAR 

TIAGDHQRYCNTYLSNGYY ITGDGAKRDEDGDYWITGRIDDVLNVSGHR 

LGTAEIESALVSHPKVAEAGVVGIPHDLKGQ AIFAYVILKQGNKPDAELQ 

TELMERVKDQISAIAKPDVIQFANDLPKTR 

SGKIMRRILRKIACKEVSHIDELGDLTTLAN PQIVEELMKNILKR 

 

2.2. Crystallization  

Crystals of ACS1 from L. pneumophila in complex with adenosine-5'-ethylphosphate (ethyl-AMP) 

were grown by mixing 0.4 µL protein at 20 mg/mL, supplemented with 2mM TCEP and 3mM ethyl 

AMP, with 0.4 µL reservoir of sparse matrix screen JCSG Top96 (Rigaku Reagents), condition B6 

(100mM HEPES free acid / sodium hydroxide pH 7.5, 20% (w/V) PEG 4000, 20% (V/V) 2-

propanol), in MRC2 sitting drop crystallization trays (SwisSci) with 50 µL reservoir volume. The 
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crystals were cryoprotected with a mix of 20% (V/V) ethylene glycol + 3mM compound with the 

reservoir solution. Crystals were then vitrified in liquid nitrogen. 

Table 2 Crystallization  

Method Vapor diffusion, sitting drop 

Plate type MRC2 

Temperature (K) 287 

Protein concentration 20 mg/mL 

Buffer composition of protein 

solution 

25 mM HEPES pH 7.0, 500 mM NaCl, 5% Glycerol, 2 mM DTT, and 0.025% 

Azide 

Composition of reservoir 

solution 

100mM HEPES free acid / sodium hydroxide pH 7.5, 20% (w/v) PEG 

4000, 20% (v/v) 2-propanol 

Volume and ratio of drop 0.4 µL : 0.4 µL  

Volume of reservoir 50 µL 

 

2.3. Data collection and processing  

X-ray diffraction data were collected at the APS beamline 21-ID-F on a Rayonix MX-300 CCD 

detector. Data were processed and reduced with XDS/XSCALE (Kabsch, 2010) to 2.4Å resolution, 

based on standard criteria for SSGCID and its partner center CSGID 

(https://csgid.org/pages/sg_metrics). 

Table 3 Data collection and processing  

Values for the outer shell are given in parentheses.  

Diffraction source APS beamline 21-ID-F 

Wavelength (Å) 0.97872 

Temperature (K) 100 

Detector Rayonix MX-300 CCD 

Crystal-detector distance (mm) 300mm 

Rotation range per image (°) 1 

Total rotation range (°) 100 

Exposure time per image (s) 1.25 

Space group P41212 

a, b, c (Å) 74.93, 74.93, 228.79 

α, β, γ (°) 90, 90, 90 
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Mosaicity (°) 0.121 

Resolution range (Å) 50–2.40 (2.46–2.40) 

Total No. of reflections 207,2415 (15,561) 

No. of unique reflections 26,436 (1908) 

Completeness (%) 99.5 (100) 

Redundancy 7.8 (8.2) 

〈 I/σ(I)〉 20.74 (4.42)  (see note below #) 

Rr.i.m. 0.069 (0.662) 

Overall B factor from Wilson plot (Å2) 53.1 see note below † 

# If mean I/σ(I) in outer shell is <2.0, please provide an explanation [as a footnote here] and provide resolution 

at which it falls below 2.0. 

† State here if there are any anomalies in the Wilson plot, such as spikes arising from ice rings, etc. 

 

2.4. Structure solution and refinement  

The structure solved by molecular replacement using MoRDa (Vagin, Lebedev, 2015) (PDB ID: 

1PG4 (Gulick et al, 2003)) Iterative manual model building using COOT (Emsley et al, 2010) and 

phenix.refine (Adams et al, 2010) continued until R and Rfree converged. Model quality was 

validated using COOT and MolProbity (Chen et al, 2010) prior to deposition in the Protein Data Bank 

with accession code 7mmz (See Table 4). Diffraction images are available on Integrated Resource for 

Reproducibility in Macromolecular Crystallography (http://www.proteindiffraction.org, (Grabowski 

et al, 2016)  

 

Table 4 Structure solution and refinement  

Values for the outer shell are given in parentheses.  

Resolution range (Å) 45.47–2.40 (2.46–2.40) 

Completeness (%) 99.6 

σ cutoff F > 1.35σ(F) 

No. of reflections, working set 26,362 (1561) 

No. of reflections, test set 2041 (150) 

Final Rcryst 0.188 (0.243) 

Final Rfree 0.225 (0.265) 

Cruickshank DPI 0.220 

http://www.proteindiffraction.org/
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No. of non-H atoms   

 Protein 4214 

 Ligand 29 

 Water 122 

 Total 4365 

R.m.s. deviations   

 Bonds (Å) 0.006 

 Angles (°) 0.757 

Average B factors (Å2)   

 Protein 55.1 

 Ligand 36.8 

 Water 50.0 

Ramachandran plot   

 Most favoured (%)  96.4 

 Allowed (%)  3.6 

 

 

3. Results and discussion  

L. pneumophila ACS crystallizes with one molecule per asymmetric unit. The structure (Figure 2) 

refines well with Rwork=0.188 and Rfree=0.225 and a MolProbity score of 1.20. There is adequate 

density throughout the chain. Only for the N-terminal eleven residues plus His-tag, a disordered loop 

between Lys 542 and Lys 546, and for the C-terminal 52 residues (past Ala 575), the density is too 

weak to build a model with confidence. Clear density allowed for modelling of ethyl-AMP. 

ACS proteins consist of two domains, the N-terminal ATP-binding domain and the C-terminal 

domain. The latter undergoes a very significant rotation between the two reaction steps, the 

adenylation reaction (AD-conf) and the thioesterification reaction (TE-conf) (Jezewski et al, 

2021)(Gulick, 2009). L. pneumophila ACS shares the same two domain fold as other bacterial or 

fungal ACS in complex with adenosine-phosphate and analogs with overall RMDS of around 1Å 

RMSD per PDBeFOLD analysis (Krissinel and Henrick, 2004). As seen in other adenosine-ligand 

bound ACS structures (Jezewski et al, 2021),the CTD has undergone a 140-degree rotation upon the 

binding event of ATP as outlined in our previous paper (Jezewski et al, 2021).The hypothesis is that 
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binding to ethyl-AMP locks into this intermediate conformation which allows it to crystallize more 

readily. 

As anticipated from the multiple sequence alignment with fungal ACS (Figure 1), the residues of L. 

pneumophila ACS that interact with ethyl-AMP are conserved, see Figure 3. The sequence identity 

between L. pneumophila ACS and previously crystallized fungal ACS constructs is rather moderate 

(~45%). However, the residues that interact with the inhibitor ethyl AMP in the fungal structures are 

highly conserved in the L. pneumophila protein as well, see Figure 2. We therefore attempted to 

crystallize L. pneumophila ACS1, which had not crystallized as apo protein, in the presence of ethyl 

AMP. Our hypothesis was confirmed: L. pneumophila ACS1 crystallized in complex with the fungal 

ACS1 inhibitor and engages in very similar interactions with the compound as fungal ACS1. The 

homology extends to Trp 392, a conserved Trp residue which has shown to impact substrate 

specificity via the so called Trp wall (Jezewski et al, 2021). 

Our results demonstrate that ethyl-AMP has facilitated the crystallization of ACS from 

L. pneumophila. This might make ethyl-AMP a valuable tool for structural biology of other ACSs. 

Moreover, this study exemplifies that next to co-factors, substrates and products, inhibitors of 

homologs with moderate sequence identity can be a very helpful tool. 
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Figures: 

 

out_01.html

 
Figure 1. MSA generated using the MUSCLE algorithm (Edgar, 2021) of L. Pneumonia construct 
referenced against fungal ACSs previously crystallized with ethyl-AMP (Brown, 1998). 
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Figure 2: Structure of L. pneumophila ACS. Red indicates the CTD, Orange is the NTD, Dark green 

is the NT-Ext domain, cyan is the hinge region, lime green is the ATP-binding loop, yellow is bound 

ethyl-AMP. (Jezewski et al, 2021) 

 
Figure 3  

Sidechain interactions between (2a) L. pneumophila ACS and ethyl-AMP and (2b) Cryptococcus 

neoformans ACS (7KNO) and ethyl-AMP are highly conserved (Stierand et al, 2006) (Fricker et al, 

2004). 
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Further information from SSGCID 

Uniprot ID Q5ZZ84 - Legionella pneumophila subsp. pneumophila (strain Philadelphia 1 / ATCC 

33152 / DSM 7513) - Acetyl-coenzyme A synthetase 

Cloning vector:  BG1861 
 
LepnA.00629.a.B1.GE41429 
harvested on: 4/5/2017 
sequenced on: 4/27/2017 
expected MW: 71kDa 
observed MW: 71kDa 
MW ratio: 1 
antibiotic marker: ampicillin 
expression colonies count: Good (10-50) 
total expression level: Moderate Expression 
soluble expression level: Moderate Expression 
expression host: BL 21 (DE3) Rosetta 
 
Purification 
 
LepnA.00629.a.B1.PW38314 
purified on: 7/17/2017 
concentration: 33.45mg/ml 
observed molecular weight: 69kDa 
expression level: High Expression 
protein purification buffer: 25 mM HEPES pH 7.0, 500 mM NaCl, 5% Glycerol, 2 mM DTT, and 
0.025% Azide 
expression host: BL 21 (DE3) Rosetta 
vial count (approx.): 2 
vial volume: 200µl 
 

Final Buffer 

25 mM HEPES pH 7.0, 500 mM NaCl, 5% Glycerol, 2 mM DTT, and 0.025% Azide 

 

 

http://www.uniprot.org/uniprot/Q5ZZ84

