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Abstract

Polyamines are important for regulating biofilms and the exopolysaccharide of the biofilm matrix 

of Bacillus subtilis. Understanding how enzymes can regulate polyamine concentrations is critical 

for learning more about how these processes occur in diverse bacteria. Here, we describe the 

structure and function of another member of the spermidine/spermine acetyltransferases (SSAT) 

found in Bacilli. The SpeG enzyme from B. thuringiensis (BtSpeG) binds polyamines in its 

allosteric site and adopts a dodecameric oligomeric state similar to other SpeG enzymes from 

Gram-negative bacteria. Our kinetic results show the catalytic efficiency of BtSpeG was greater 

than any previously characterized SpeG to date, and in contrast to other SpeG proteins it exhibited 

very similar kinetic properties toward both spermine and spermidine. Similar to the SpeG enzyme 

from E. coli, BtSpeG was able to acetylate spermidine on the N1 and N8 positions. The turnover of 

BtSpeG toward spermine and spermidine was also two to three orders of magnitude greater than 

any other Bacilli SSAT enzyme that has been previously characterized. SpeG proteins from 

Bacilli, including B. cereus, B. thuringiensis and B. anthracis share nearly identical sequences and 

therefore our results likely provide insight into the structure/function relationship across multiple 

Bacillus species.
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Introduction

Polyamines are small aliphatic cations that play major roles in growth, development, and 

pathogenesis and are found across all domains of life [1–4]. In prokaryotes such as Shigella, 

the polyamines spermine and spermidine increase bacterial survival under oxidative stress 

[5], while in Escherichia coli, increased levels of spermidine can be toxic [6]. Polyamines 

can also act as signalling molecules to regulate biofilms in Vibrio cholerae through NspS/

MbaA [7]. Regulation of intracellular polyamine concentrations is largely attributed to 

spermidine/spermine N-acetyltransferases (SSAT), which can partially neutralize polyamine 

charge through the catalytic transfer of an acetyl group from acetyl co-enzyme A (AcCoA) 

to a primary amine on the polyamine. These enzymes belong to the Gcn5-related N-
acetyltransferase (GNAT) superfamily, and while they share a conserved GNAT fold they 

exhibit structural differences.

Many SSAT enzymes have been discovered in bacteria, including BltD, PaiA, and SpeG. All 

of these enzymes have been shown to acetylate polyamines, but currently SpeG is the only 

SSAT enzyme with an allosteric site that binds polyamines [8]. Moreover, the SpeG enzyme 

from Gram-negative bacteria is the only SSAT to form a unique dodecameric assembly, 

which is unusual for polyamine acetyltransferases and other members of the GNAT 

superfamily. It has also been shown that spermine binding to V. cholerae SpeG can alter 

oligomerisation and tighten the overall dodecameric structure of the enzyme [9]. In addition 

to its catabolic function, SpeG has been implicated in a variety of additional roles in 

bacteria. For example, the E. coli SpeG enzyme is critical for acetylating polyamines under 

stressful conditions [6,10] and it can regulate the transcription of the small RNA rprA by 

interacting with the transcription factor RcsB [11]. SpeG can also regulate a variety of genes 

in Salmonella enterica, including those important for type I and III secretion systems, 

flagellar biosynthesis, and histidine biosynthesis, among others [12]. Interestingly, the SpeG 

enzyme is not conserved in all bacteria but in certain cases it can be acquired. For example, 

most strains of the Gram-positive bacterium Staphylococcus aureus do not have the speG 
gene, but the methicillin resistant S. aureus USA 300 strain has recently acquired it via an 

Arginine Catabolic Mobile Element (ACME) [13]. The acquisition of this gene appears to be 

important for its pathogenicity [14,15], and the gene encodes a functional protein capable of 

acetylating polyamines [16].

With the exception of the recently characterized S. aureus SpeG enzyme [16], most of what 

is known about SpeG enzymes stems from studies with Gram-negative bacteria. On the other 

hand, much of the knowledge that exists in regards to other polyamine acetyltransferases 

(e.g. BltD and PaiA) is from Gram-positive B. subtilis.Bacilli are rod-shaped, spore forming 

bacteria that include opportunistic and pathogenic species such as B. cereus (food-born 

pathogen [17,18]), B. thuringiensis (biological insecticide [19,20]) and B. anthracis (air-born 

pathogen [21]). They are also normal residents of the soil and gastrointestinal tract of 
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animals (e.g. B. subtilis). These bacterial species are closely related and have been reported 

to perform horizontal gene transfer [22]. Since biofilms are critical for the life of many 

Bacilli and it has been shown that spermidine is required for B. subtilis biofilms [23,24] and 

can regulate transcription of exopolysaccharides important for the B. subtilis biofilm matrix 

[25], we chose to study the SpeG enzyme from Bacillus. To our knowledge, B. subtilis does 

not contain a SpeG homolog in its genome, but other Bacillus species such as B. cereus, B. 
anthracis, and B. thuringiensis do and share very high sequence similarity (≥97%; 

Supplemental Materials Figure 1). These three bacteria are considered to be the same 

species [26] and are only differentiated by the plasmids they retain. Therefore, it is highly 

likely SpeG proteins from these organisms will be structurally and functionally similar and 

provide insight into how this protein functions across these pathogens. Here, we specifically 

focused on structurally and functionally characterizing the SpeG enzyme from B. 
thuringiensis (BtSpeG) since its sequence was available at the time we began the study. 

Ultimately, the motivation for our study was to compliment and expand the current 

knowledge of structural and functional properties of SSAT enzymes in Gram-positive 

bacteria.

Materials and Methods

Materials

Spermine tetrahydrochloride, spermidine trihydrochloride, agmatine sulfate, cadaverine 

dihydrochloride, putrescine dihydrochloride, and acetyl-coenzyme A trilithium salt, and 

dansyl chloride were purchased from Millipore Sigma. N1-acetyl spermidine and N8- 

acetylspermidine were purchased from Santa Cruz Biotechnology.

Cloning

The speG gene from Bacillus thuringiensis (NCBI Accession: WP_000076212; UniProt ID: 

A0A0G3E2X5) was codon optimised, synthesised, and cloned into the pMCSG21 vector 

(Genescript, Piscataway, NJ) using the SspI restriction site [27]. This vector encodes an N- 

terminal 6xHis-tag and TEV protease cleavage site for tag removal prior to the start codon of 

the plasmid and is spectinomycin resistant.

Recombinant Protein Expression

For protein crystallization—The plasmid was transformed into E. coli BL21 pLysS 

competent cells using the heat-shock method followed by recombinant protein expression 

using auto-induction methods [28]. After 30 h of incubation at room temperature, cells were 

harvested by centrifugation and resuspended in 50 mM phosphate lysis buffer pH 8.0 

containing 300 mM NaCl and 20 mM imidazole. Cells were further lysed by two repetitive 

freeze-thaw cycles at −20°C and addition of 40 mg of lysozyme and 0.5 mg of DNAse.

For enzyme kinetics assays—The plasmid was transformed into E. coli BL21 (DE3) 

competent cells, which were prepared using the Zymo Research Mix & Go E. coli 
Transformation Kit. A single colony was used to make a glycerol stock and it was stored at - 

80°C until ready to use. Cells were grown, heterologously expressed, and harvested using 
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the procedure described [29] except that 50 μg/mL of spectinomycin was added instead of 

ampicillin in all cultures.

Protein Purification and Crystallisation

The cell debris was pelleted by centrifugation at 12,000 rpm for 30 min and filtered by 

passing through a Millipore 0.45 μm syringe filter. The cleared lysate was then loaded onto a 

pre-equilibrated 5 ml Ni2+ column (HisTrap HP, GE Healthcare). Following a 10-column 

volume wash, the target protein was eluted using an imidazole gradient over five column 

volumes in elution buffer containing 50 mM phosphate buffer pH 8.0, 300 mM NaCl and 

500 mM imidazole. Eluted protein fractions were combined and treated for 12 h with TEV 

protease and further purified by size-exclusion chromatography (Superdex 200pg 26/600 

column, GE Healthcare) using 50mM Tris-buffered saline pH 8.0, 125 mM NaCl. Eluted 

fractions containing the target protein were collected and concentrated using a 10 kDa 

MWCO Amicon ultrafiltration device (Millipore) to 8 mg/ml and stored at −80°C. 

Diffraction quality crystals were formed using the hanging drop vapour diffusion method, 

with each coverslip containing 1.5 μL of protein and 1.5 μL of reservoir solution suspended 

over 300 μL of reservoir solution in 48-well plates. For ligand-bound protein, BtSpeG was 

mixed with a 10-molar excess of spermine and AcCoA than the protein concentration prior 

to screening for crystals. The reservoir solution was comprised of either 0.1M Tris pH 7.5, 

7% PEG 4000 and 0.2 M lithium sulfate for ligand-free protein crystals, or 30% ethanol for 

ligand-bound crystals. Crystals were preserved in a cryoprotectant containing reservoir 

solution incorporating 20% glycerol before being flash-cooled at 100 K in liquid nitrogen.

Protein Purification for Enzyme Kinetics Assays

Protein was purified using nickel affinity chromatography and the polyhistidine tag was 

cleaved as described [30] (Supplemental Materials Figure 2) since the polyhistidine tag can 

affect enzymatic activity of SpeG homologs from other species (eg Vibrio cholerae SpeG 

homolog ). After TEV cleavage, a buffer exchange was performed (10 mM Tris-HCl pH 8.3 

and 500 mM NaCl) because beta-mercaptoethanol interferes with the enzyme kinetics assay. 

Protein was concentrated to 6 mg/ml using 10K MWCO Amicon Ultra centrifugation 

devices (Millipore) and stored in small aliquots at −80°C until ready to use. The protein 

concentration was calculated using Beer’s Law after measuring the absorbance 

spectrophotometrically at A280nm with a Nanodrop Spectrophotometer (Thermo Fisher 

Scientific). The concentration was calculated based on the molecular weight of the monomer 

without affinity tag and TEV cleavage site (20.5 kDa) and extinction coefficient of 23,380 M
−1cm-1.

Data Collection, Structure Determination and Refinement

X-ray diffraction data were collected using the MX2 crystallography beamline (Eiger X 

16M detector) at the Australian Synchrotron [31]. A dataset with a total of 360° of data was 

collected, resulting in 3600 images from 0.1° oscillations. The Eiger data was converted to 

cbf files using the eiger2cbf [32], indexed and integrated in iMosflm [33], and scaled and 

merged in AIMLESS [34]. Data was phased by molecular replacement using Phaser [35] 

and the E. coil SpeG protein structure was used as a search model (PDB ID: 3WR7). Model 

rebuilding was performed using Coot [36–38] and refined using Refmac5 [39–41] and 
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Phenix [42]. Validation of the structures was performed in Phenix. The DALI server was 

used to search for structural homologues [43]. Structures of the ligand-free and ligand-bound 

BtSpeG protein were deposited into the Protein Data Bank with accession codes 6VFM and 

6VFN, respectively.

Steady-State Enzyme Kinetics

We assayed the BtSpeG enzyme for activity toward spermine and spermidine in clear 

polystyrene 96-well microplates using a discontinuous colorimetric assay [44]. Substrate 

saturation curves were performed toward spermine and spermidine using the following 

procedure. A 100X enzyme stock solution was prepared in 4 mM polyamine, 90 mM Bicine 

pH 7.8, 100 mM NaCl, and 0.1% BSA. Enzyme was added to buffered polyamine solutions 

and plated at 40 μL per well. The reactions were initated with 10μL of AcCoA and allowed 

to proceed for 5 min at 37 °C. Each 50 μL reaction contained a final concentration of 70 mM 

Bicine pH 7.8, 20 mM NaCl, 0.02% BSA, 1 mM AcCoA, varying concentrations of 

polyamine (0–4 mM), and enzyme. The enzyme concentration in each reaction was 4 nM for 

spermine and 8.5 nM for spermidine. Fifty microliters of a solution containing 6 M 

guanidine hydrochloride and 0.1 M Tris-HCl pH 8.0 was used to stop the reactions and then 

200 μl of Ellman’s reagent solution (0.2 mM DTNB, 0.1 M Tris-HCl pH 8.0, and 1 mM 

EDTA) was added. The absorbance was measured at 415 nm. At least two replicates were 

performed for each experiment. A calibration curve was constructed using L-cysteine as a 

sulfhydryl standard. Data were fitted to the Michaelis Menten equation using non-linear 

regression in GraphPad Prism 8.1. We also screened the BtSpeG enzyme for activity toward 

additional polyamine substrates, including cadaverine, putrescine, and agmatine. These 

reactions contained 4 mM polyamine, 1 mM AcCoA, 50 mM Bicine 7.8, and 20 mM NaCl, 

and the reaction was initiated with 0.3 μM enzyme.

Polyamine derivatization and analysis by LC/MS

Polyamines were derivatized based on the procedure outlined by Tapuhi et al. [45]. 25 μL of 

the reaction was removed and mixed with an equal volume of 1 M guanidine hydrochloride 

to stop the reaction. Next, 200 μL of 0.2 M sodium tetraborate (pH 9.3) was added followed 

by 250 μL of 1.5 mg/mL dansyl chloride solution in acetonitrile. The samples were vortexed 

and incubated for 30 min at 60°C, briefly centrifuged and the supernatant was transferred to 

HPLC vials. The samples were then analysed using an Agilent 1290II UPLC system 

connected to Agilent 6530 Q-TOF mass spectrometer. The chromatographic separation was 

performed using a Phenomenex Kinetex F5 core-shell column (2.6 μm particle size, 100 Å 

pore size, 3.0 × 50 mm). Buffer A contained water with 0.1% v/v trifluoroacetic acid and 

buffer B contained acetonitrile with 0.1% v/v trifluoroacetic acid (both of HPLC grade 

purchased from Thermo-Fisher Scientific). The percentage of buffer B in the mobile phase 

was varied linearly from 2 to 98% over 6.6 min following a 0.2 min initial hold at 2% buffer 

B with the total analysis time of 8.5 min. A total of 5 μL of standards or samples were 

injected using an autosampler. The absorbance at 293 nm was monitored using a UV diode- 

array detector. The mass spectrometer was operated in a positive ionization, single-stage 

TOF mode and was equipped with a Dual AJS electrospray ionization source.

Tsimbalyuk et al. Page 5

J Struct Biol. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Results and Discussion

Structure of ligand-free SpeG from B. thuringiensis

BtSpeG was heterologously expressed in E. coli and purified to greater than 95% purity (see 

Methods for details). Diamond shaped protein crystals of BtSpeG (ligand-free) grew in a 

solution containing 0.1M Tris pH 7.5, 7% PEG 4000 and 0.2 M lithium sulfate after 2 days, 

and diffracted to 2.7 Å resolution (Figure 1). The diffraction data were indexed in the space 

group P63 2 2, and two molecules were placed in the asymmetric unit (Figure 1). Following 

rebuilding and refinement, a final model was obtained with Rcryst and Rfree of 0.23 and 

0.27, respectively and good stereochemistry (Table 1).

The two protomers in the asymmetric unit were highly similar, exhibiting an r.m.s.d of 0.13 

Å, and we therefore limit discussion to molecule A in our model. The SpeG protomer is 

comprised of seven β-strands with two (β4 and β5) forming a V-shape groove, characteristic 

of GNAT structures (Figure. 1). The β-strands are arranged as two-interconnected β-sheets 

in a mixed arrangement. These sheets are surrounded by 4 α-helices, with α1 and α2 on one 

side, and α3 and α4 on the opposite side. Motif C, the least conserved motif and absent in 

certain GNATs, is present at the N-terminus and is comprised of α1 and β1 [46]. Motif D, 

comprised of β2 and β3, interacts with motif C and forms a rigid domain that represents the 

first half of the SpeG protomer. β4 and α3 comprise the well characterized motif A involved 

in acetyl-CoA binding and harbors the highly conserved residues QGYGYA typical of 

GNATs and the R/Q-G-X-G-X-G/A motif [47,48,55]. The V-like shape formed by a β-bulge 

on β4 and β5 is another distinctive characteristic of GNAT proteins [46,49]. The last motif, 

motif B is also highly conserved among different SpeG proteins and is comprised of β5 and 

α4, with the latter forming extensive interactions with AcCoA.

To expand our understanding of interactions and possible biological assembly of SpeG 

protomers we used PISA [50] software to analyse the BtSpeG structure. The analysis 

predicted a biological unit comprised of a dodecameric assembly (Figure 2), which has been 

previously observed in other SpeG homologs. In the BtSpeG assembly, each protomer 

interacts with its two other protomers located on one hexameric ring (type-I interface) 

(Figure 2). The strongest interaction was formed between monomers of the opposite 

hexamer (type-II interface). A minor interface also exists where a protomer binds with the 

adjacent protomer to the type-II interface. These interfaces are summarised in Table 2

Structure of SpeG with spermine

To better understand how BtSpeG recognizes its substrates and whether or not it undergoes 

any possible conformational changes to accommodate ligand binding, we also determined its 

structure by co-crystallizing the BtSpeG protein in the presence of spermine and acetyl-

CoA. Crystals formed in 30% ethanol diffracted to a resolution of 2.6 Å and were indexed in 

the space group P2121 (Table 1). In this space group, all twelve molecules comprising the 

dodecameric biological unit were present in the asymmetric unit (Figure 2). Each protomer 

was highly similar in structure, with the greatest r.m.s.d of 0.1 Å between any monomer. 

Comparison with the ligand free protomer also revealed a highly similar protomer with an 

r.m.s.d of 0.614 Å. The greatest differences were observed in the loop region from residues 
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25–38 to accommodate ligand binding (Figure 3). Using PISA [50] we also compared the 

interfaces between the ligand-free and ligand-bound structures. We observed similar 

interactions between these two structures, including all types of interfaces analysed in the 

ligand-free structure (Supplemental Materials Table 1). In the BtSpeG liganded structure, 

there were twelve individual spermine molecules observed in the dodecamer within the 

allosteric sites of the protein. The backbone oxygens of residues His49, Ile50 and Asp52 of 

one chain form hydrogen bonds with N12 of spermine. Gln53 of the same chain, and Glu41 of 

another chain hydrogen bond with N8. Gln33 of the same chain as Glu41 binds with N1 of 

spermine (Fig. 3). These residues have been previously established to be important for 

polyamine interactions in this site [8], with the exception of Gln53. The fact that both Glu41 

and Gln53 form hydrogen bonds with the N10 of spermine is a newly observed interaction 

between polyamine and the allosteric site of SpeG.

Although we co-crystallized the protein in the presence of both reactants of the enzymatic 

reaction (AcCoA and spermine) no density for AcCoA/CoA or spermine/acetyl-spermine 

was observed in the BtSpeG liganded structure. In addition to crystallising BtSpeG with 

spermine, we also attempted crystallisation with spermidine. However, crystals formed in 

the presence of spermidine did not reveal any density that could support ligand binding. It is 

common to not observe all ligands in structures even when they are included in the 

cocrystallization solution. In some cases this can be attributed to lower binding affinities of 

different ligands or protein conformational changes that must occur to accommodate specific 

ligands. Moreover, during catalysis the enzyme would favour release of products unless the 

concentrations of these in solution were significantly higher than the Kd for these 

compounds in the active site. It also may be possible that AcCoA/CoA binding was not 

observed due to crystallographic packing that interferes with the putative AcCoA/CoA 

binding site.

Comparison with other SpeG homologs

Whilst we observed significant variation in the crystallographic asymmetric units between 

ligand-bound and ligand-free crystals, it is highly likely that the dodecameric structure we 

observed in the spermine bound form represents the biological assembly. This structure was 

also observed in the ligand-free form of the enzyme by expansion of the asymmetric unit, 

and related SpeG homologs also exhibit a similar dodecameric structure. To compare 

BtSpeG against other closely related structures, we performed a DALI search to investigate 

the most structurally similar proteins. The greatest structural similarity was observed for 

SpeG proteins from Yersinia pestis (PDB code 5WIF), V. cholerae (PDB code 4JJX), 

Coxiella burnetti (PDB code 3TTH) and E. coli (PDB code 3WR7) with sequence identity of 

68% and r.m.s.d. of 0.413, 57% and 0.542, 64% and 0.583, and 71% and 0.690, respectively. 

Interfaces within our structure and predicted biological assemblies compared to other SpeG 

proteins were similar (Supplemental Materials Figure 3). Additionally, the AcCoA 

binding site was structurally conserved within these proteins and the only significant 

difference between apo and liganded structures was the positioning of the allosteric loop 

(residues 25–38 BtSpeG; Figure 3). This is a common characteristic of SpeG to 

accommodate the polyamine in the allosteric site, as described previously [8].
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To elucidate whether any additional conformational changes occurred in the BtSpeG 

structure compared to other previously crystallized SpeG homologs, the BtSpeG protein was 

compared to the V. cholerae (VcSpeG) enzyme since many structures in different liganded 

states have been determined. Specifically, the VcSpeG structure (PDB code 4R87) that 

contains both non-acetylated spermine in the allosteric site and CoA in the active site, and 

the VcSpeG structure (PDB code 6E1X) with acetylated spermine in the active site and non-

acetylated in the allosteric site were compared (Figure 4). No significant structural variation 

was been observed in any region of the molecule, and the allosteric and active sites of all 

three SpeG molecules showed highly conserved morphology.

BtSpeG kinetic activity

We investigated the kinetic activity of the BtSpeG enzyme toward spermine and spermidine 

since previously characterized SpeG enzymes acetylate them. During our preliminary 

experiments we observed a hysteretic behaviour of the BtSpeG enzyme. For example, when 

we initiated the reaction with enzyme there was a significant lag present at the beginning of 

time course experiments (Figure 5A). However, when we preincubated the enzyme with 

polyamine prior to initiating the reaction, the lag was removed and the reaction progress 

curve was linear at the beginning of the time course (Figure 5B). By pre-incubating BtSpeG 

with polyamine, we both removed the lag and used less enzyme in the reaction by one order 

of magnitude compared to no preincubation. While the cause of the lag was not further 

investigated, we suspect a relatively slow conformational change upon binding polyamine 

may be a contributing factor. For example, other SpeG enzymes from Gram-negative 

bacteria have been reported to form several oligomeric states [8] and the slow transition 

between these states upon polyamine binding may be the source of the hysteretic behaviour 

observed. Additional experiments are currently underway in our laboratory to further 

investigate this matter.

To further characterize the properties of the BtSpeG enzyme, we screened it for activity from 

pH 7–9 in Bicine buffer. We determined the optimal pH for measuring BtSpeG enzymatic 

activity was 7.8 (Figure 5C). Next, we performed substrate saturation curves toward 

spermine and spermidine at this pH. We found the turnover of the BtSpeG enzyme was 

higher by approximately 2-fold toward spermine compared to spermidine, but the catalytic 

efficiency for both polyamines was the same order of magnitude (Figure 5D; Table 3). The 

apparent affinity of the enzyme for both polyamines was quite similar, and to our knowledge 

no other SpeG enzyme has exhibited this characteristic. All previously characterized SpeG 

enzymes show a significantly higher (by one order of magnitude) apparent affinity for 

spermine compared to spermidine. To determine whether BtSpeG could acetylate other 

polyamines, we also screened it for activity towards agmatine, putrescine, and cadaverine. 

Under the described reaction conditions, we found BtSpeG could acetylate agmatine (5.6 

μmol/min*mg) and cadaverine (2.4 μmol/min*mg), but did not acetylate putrescine. This 

activity was two orders of magnitude lower than that observed for both spermine and 

spermidine, which indicates spermine and spermidine are the preferential substrates of 

BtSpeG (Figure 5D).
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Unlike spermine, primary amino groups of spermidine are non-equivalent (aminopropyl and 

aminobutyl) which leaves room for the possibility that SSAT enzymes could exhibit a 

preference for either N1 or N8 positions of spermidine or acetylate them at different rates. 

Therefore, we tested whether the BtSpeG enzyme could acetylate one or both positions of 

spermidine using LC/MS. We found the enzyme formed both N1 and N8 acetylspermidine in 

nearly equimolar ratios under the described reaction conditions (Figure 5). From these data, 

it appears the enzyme exhibits no preference in aminopropyl or aminobutyl acetylation of 

spermidine and is in line with other previously reported studies on the SpeG enzyme from E. 
coli [10,51]. However, it is possible that the rates of formation of acetylated products at 

different substrate concentrations may differ and will require further studies to elucidate 

whether this is indeed the case.

Comparison of BtSpeG kinetic activity with other SpeG acetyltransferases

SpeG enzymes from Gram-negative bacteria have been investigated for decades, but their 

homologs in Gram-positive bacteria have only recently been explored. For example, the only 

other Gram-positive bacterium SpeG that has been kinetically characterized is from 

Staphylococcus aureus USA300 [16]. This enzyme had a similar apparent affinity (Km) for 

spermine (0.295 mM) compared to BtSpeG (0.162 mM), but S. aureus SpeG showed a one 

order of magnitude lower apparent affinity for spermidine (1.33 mM) compared to BtSpeG 

(0.127 mM). Additionally, the turnover number was one to two orders of magnitude lower 

for S. aureus SpeG (2.48 s−1 for spermidine and 3.52 s−1 for spermine) than BtSpeG (153 s
−1 for spermine and 70.6 s−1 for spermidine). Not all bacteria are able to produce or uptake 

the same polyamines, and polyamine concentrations can vary across different species. In B. 
megaterium, spermidine was shown to be the predominant polyamine during all stages of 

growth and its concentration increased 2–2.5-fold when cells were dormant or in stationary 

phase compared to during log phase [52]. This was also true for other Bacilli, including B. 
cereus T and B. subtilis SB-133. It was also shown that B. megaterium could uptake high 

concentrations of exogenous polyamines spermine and spermidine, and spermine could 

completely replace spermidine during sporulation. Therefore, the higher apparent affinity of 

BtSpeG for spermidine compared to other SpeG enzymes may be due to the fact that 

spermidine is the predominant polyamine in this organism.

Redundancy of polyamine acetyltransferases in Bacilli

Interestingly, there are three different types of SSATs that have now been described in 

Bacilli: SpeG, BltD, and PaiA [53,54]. The sequence similarity between SpeG, BltD, and 

PaiA proteins from different Bacilli is very low, and SpeG is the only one that has an 

allosteric site that binds polyamines. Each of these proteins acetylates both spermine and 

spermidine, but with different efficiencies. For example, PaiA acetylated spermine, 

spermidine, and aminopropylcadaverine, but its catalytic efficiency for spermine was one 

order of magnitude higher than the other two polyamines and still one order of magnitude 

lower than that observed for BtSpeG. The apparent affinity (Km) of PaiA for these 

polyamines was 0.076 and 0.323 mM for spermine and spermidine, respectively but the 

turnover was significantly impaired (two to three orders of magnitude lower) compared to 

BtSpeG. Similar to PaiA, BltD acetylated spermine and spermidine and exhibited a higher 

apparent affinity for spermine than spermidine (0.067 and 0.200 mM, respectively). The 
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apparent Vmax was one order of magnitude lower for spermine and two orders of magnitude 

lower for spermidine compared to PaiA.

Conclusions

Our results show that the SpeG enzyme from the Gram-positive bacterium Bacillus adopts a 

similar dodecameric structure to those of previously characterized SpeG enzymes from 

Gram-negative bacteria. Moreover, we have shown that the structure and kinetic activity of 

the Bacillus SpeG enzyme deviates significantly from other Bacillus SSAT enzymes that 

have been characterized previously. The catalytic efficiency of BtSpeG for both spermine 

and spermidine is much higher when compared to other Bacillus polyamine 

acetyltransferases PaiA and BltD. The fact that BtSpeG has an allosteric site that binds 

polyamines and it exhibits structural differences compared to PaiA (no structure of BltD has 

been determined) may contribute to its overall ability to more efficiently acetylate 

polyamines and regulate various cellular processes in some Bacilli.
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Figure 1. 
A, Diamond shaped SpeG crystals in ligand-free form were obtained in Tris pH 7.5, PEG 

4000, and 0.2 M lithium sulfate. B, SpeG crystals grown in the presence of spermine and 

30% ethanol produced small irregular crystals. Small single crystals could be mounted in the 

loop. C, Tertiary structure of BtSpeG monomer in cartoon format. Secondary structures 

including β-strands, α-helices, and connecting loops colored in purple, cyan and orange 

respectively. The BtSpeG protomer is comprised of a 7-stranded anti-parallel sheet, with the 

exception of parallel strands β5 and β6, wrapped around 4-α -helices. D, The secondary 

structure elements represent the N-acetyltransferase sequence motifs C (β1-α1), D (β2—

β3), A (β4-α3) and B (β5-α4) highlighted in colored boxes in blue, green, red and brown, 

respectively. The least conserved secondary structure elements Motif C, β-strand 6 and β7 

and helix α2, can be absent in some GNAT proteins. Topology of BtSpeG and associated 

primary sequence is presented in cartoon form. E, A dimer was present in the asymmetric 

unit of BtSpeG in ligand-free form. A spermine molecule positioned in the allosteric site is 

shown in stick mode (red), and modelled AcCoA molecule (yellow) is shown in the active 

site (yellow).
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Figure 2. Dodecamer of BtSpeG produces three binding interfaces.
A, Biological unit of BtSpeG is composed of a dimer of hexamers with D6 symmetry. 

Larger letters correspond to the monomers on the top face of the hexamer and the smaller 

letters correspond to monomers on the bottom face of the hexamer. Three interfaces mediate 

assembly of the dodecameric biological unit with two hexamers stacked on top of each other 

with D6 symmetry. B, schematic representation of dodecameric assembly of BtSpeG. C, 

Schematic representation of the four monomers that produce the 3 binding interfaces 

involved in biological unit assembly with schematic representation. The type I interface is 

between neighboring monomers of the same hexamer (A/B) and (A/ F). The type II interface 

is formed between monomers (A/ G) of opposing hexamers. The type III interface is formed 

between diagonal adjacent partners of the opposing hexamers.
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Figure 3. Spermine interactions with BtSpeG.
A, Schematic representation of detailed interaction between spermine and BtSpeG dimer. 

Hydrogen bonds are represented by dotted lines. B, graphical representation of bond formed 

between spermine and two monomers of BtSpeG molecule, monomer A in green and B in 

cyan. Spermine binds in the allosteric site between two monomers that form a type I 

interface of the structure. C, Superimposition of flexible loop region residues 25–38 of 

BtSpeG in ligand-bound (green) and ligand-free (magenta) state. Movement of the flexible 

loop is necessary in order to accommodate the spermine molecule in the allosteric site to 

avoid a clash. D, Dodecameric assembly of BtSpeG biological unit (cyan) with twelve 

spermine molecules in the allosteric site (purple) and putative active site with twelve AcCoA 

molecules (yellow and green).
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Figure 4. Structural alignment of BtSpeG (6VFN), VcSPeG (4R87) and VcSpeG (6E1X).
A, Structural alignment of GNAT dimer of BtSpeG (6VFN) in light cyan, VcSpeG (4R87) in 

light green and VcSpeG (6E1X) in light magenta revealed no significant structural 

differences. B, Enlarged view of active site alignment with visible acetylated spermine (ac-

seprmine) in red from VcSpeG (6E1X) shows no significant differences. C, Zoomed in view 

of allosteric site with spermine molecule (red) of three SpeG protomers shows nearly 

identical configuration. D, Close view of highly conserved active site with a CoA molecule 

(orange) shows no significant structural differences.
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Figure 5. Kinetic characterization of BtSpeG.
A, Reaction time course at RT, no preincubation of enzyme with spermine. BtSpeG enzyme 

concentration was 150 nM and the reaction contained 70 mM Bicine pH 7.8, 20 mM NaCl, 4 

mM spermine, and 1 mM AcCoA. B, Reaction time course at RT, with preincubation of 

enzyme with spermine. BtSpeG enzyme concentration was 17.5 nM. C, Activity of BtSpeG 

pre-incubated with spermine as a function of pH of Bicine buffer. Each reaction contained 

70 mM Bicine buffer at different pH values, 20 mM NaCl, 4 mM spermine, and 1 mM 

AcCoA and reactions were performed for 5 min at 37°C. Enzyme was preincubated with 

spermine. D, Substrate saturation curves of BtSpeG toward spermine (black triangles) and 

spermidine (red circles). Enzyme was preincubated with either spermine or spermidine 

depending upon which polyamine was being assayed. 4 nM enzyme was used for spermine 

saturation curves and 8.5 nM enzyme was used for spermidine saturation curves. All 

reactions were performed in duplicate and the average and standard deviation of at least two 

biological replicates are shown. E, Identification of products of enzymatic acetylation of 

spermidine by LC/MS. Products of the 5 min reaction containing 11.8 nM BtSpeG, 4 mM 

spermidine, and 1 mM AcCoA at 22 deg C (Bt SpeG +spd) are compared to 200 uM 

solutions of N1 and N8 acetylspermidine standards. The bottom trace is the ion 

chromatogram for the fully dansylated acetylspermidine extracted using a 20 ppm window.
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Table 1.

Data collection and refinement statistics BtSpeG. Statistics for the highest-resolution shell are shown in 

parentheses.

BtSpeG BtSpeG with spermine

Resolution range 8.86 – 2.80 (2.80 – 2.67) 29.87 – 2.5 (2.59 – 2.5)

Space group P 63 2 2 P 1 21 1

Unit cell 159.72 159.72 106.46 90 90 120 100.65 125.60 101.02 90 106.50 90

Total reflections 589520 488797

Unique reflections 23127 (3001) 83267 (4568)

Multiplicity 25.5 (27.1) 5.9 (6)

Completeness (%) 99.00 (99.56) 99.92 (100.00)

Mean I/sigma(I) 3.2 1.9

Wilson B-factor 42.09 39.53

R-merge 0.315 (1.476) 0.114 (0.901)

R-meas 0.325 (1.529) 0.139 (1.106)

R-pim 0.089 (0.411) 0.079 (0.633)

CC1/2 0.998 (0.734) 0.995 (0.662)

Reflections in refinement 23031 (2261) 83235 (8299)

Reflections for R-free 1170 (106) 4214 (370)

R-work 0.2748 (0.3997) 0.2259 (0.3008)

R-free 0.2962 (0.4301) 0.2522 (0.3377)

Non-hydrogen atoms 2842 16935

 macromolecules 2842 16767

 ligands - 168

Protein residues 334 2004

RMS(bonds) 0.004 0.003

RMS(angles) 0.66 0.57

Ramachandran

 favored 97.27 97.07

 allowed (%) 2.73 2.93

 outliers (%) 0.00 0.00

Rotomer outliers (%) 0.33 0.45

Clashscore 3.24 6.51

Average B-factor 45.32 42.93

 macromolecules 45.32 42.98

 ligands - 37.39
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Table 2.

Interface details for BtSpeG. Interface surface area, number of hydrogen bonds and salt bridges at the 

interfaces I/II/III. Detailed bond information can be found in the Supplementary section.

Interaction Interface

Type I Type II Type III

Hydrogen bonds 6 12 2

Salt bridges 7–8 12 0

Buried surface area Å2 680 895 312
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Table 3.

BtSpeG kinetic parameters calculated from substrate saturations curves for different polyamines. All reactions 

were performed for 5 min at 37°C and enzyme was preincubated with polyamine prior to performing kinetics. 

Parameters were calculated from fitting the Michaelis Menten equation to data as described in Materials and 

Methods.

Substrate KM (mM) kcat (s−1) kcat/KM (M−1s−1)

Spermine
a 0.162 ± 0.011 153 ± 3 9.46×105

Spermidine
a 0.127 ± 0.008 70.6 ± 1.2 5.57×105

a
Data were collected from 0–4 mM polyamine but only data from 0–2 mM are plotted and fitted because curves reached complete saturation at 

concentrations of polyamines less than 4 mM. No substrate inhibition was observed at higher concentrations of polyamine.
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