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Abstract

Agmatinase (SpeB) catalyzes the hydrolysis of agmatine to produce putrescine, a key step
in bacterial polyamine biosynthesis. Here, we report the crystal structure of SpeB from
Klebsiella pneumoniae (kpSpeB) and characterize its oligomeric and active-site architecture.
SEC-MALS analysis demonstrates that kpSpeB forms a canonical hexamer in solution.
Structural comparison reveals high similarity to Escherichia coli SpeB and other members
of the arginase superfamily, including proclavaminic acid amidino hydrolase (PAH) and
guanidine hydrolase (GdmH). Despite strong conservation of residues coordinating the
binuclear Mn?* center, subtle differences in metal positioning and cavity geometry were
observed. Surface analysis indicates variations in active-site cavity volume among ho-
mologues, with partial occlusion in GdmH due to a bulky tryptophan residue. These
findings suggest that minor adjustments in metal coordination and cavity architecture may
fine-tune substrate selectivity while preserving the conserved catalytic framework of the
arginase superfamily.
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1. Introduction

Polyamines are ubiquitous polycationic molecules that play essential roles in cellular
growth, nucleic acid stabilization, and stress responses across all domains of life [1-3]. In
bacteria, one of the major polyamines, putrescine, is synthesized from agmatine through a
hydrolytic reaction catalyzed by agmatinase (SpeB; EC 3.5.3.11) [4,5]. This enzymatic step
constitutes a key branch of the polyamine biosynthetic pathway and directly links nitrogen
metabolism to cellular growth regulation [6].

Agmatinase belongs to the evolutionarily conserved arginase superfamily, a group
of binuclear metal-dependent hydrolases that catalyze the hydrolysis of guanidinium-
containing substrates to generate urea and corresponding amine products [7,8]. Members
of this superfamily share a characteristic ot/ 3/« structural fold and typically assemble
into oligomeric complexes—most commonly hexamers (trimers of dimers)—with each
monomer harboring an independent binuclear metal-dependent active site [7,9,10]. The
catalytic mechanism involves two closely spaced metal ions—most frequently Mn?*—that
activate a bridging hydroxide for nucleophilic attack on the guanidinium carbon [9,10].
Agmatinase has recently emerged as a potential metabolic target, as inhibition of bacte-
rial agmatinase can directly affect polyamine homeostasis and cellular physiology [11].
Structural studies of canonical arginases and related enzymes, including proclavaminic
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acid amidinohydrolase (PAH), have demonstrated that substrate specificity is largely de-
termined by subtle variations in the architecture of the substrate-binding cavity while
maintaining a highly conserved metal coordination geometry [9,12,13]. PAH, identified
in Streptomyces clavuligerus, is involved in clavulanic acid biosynthesis and represents a
well-characterized member of the arginase superfamily. Recent structural and biochemi-
cal investigations have further expanded the functional diversity within this superfamily.
Notably, the discovery of a Ni**-dependent guanidine hydrolase (GdmH), which has
been identified in Pseudomona aeruginosa and catalyzes the hydrolysis of guanidine and
exhibits distinct substrate specificity through modification of its active-site architecture,
revealed that the modification of metal preference and constriction of the substrate-binding
pocket can dramatically alter substrate specificity while preserving the conserved catalytic
core [14].

Despite the availability of a couple of agmatinase structures from different bacte-
rial species, detailed structural comparisons remain limited due to the lack of structural
information on this enzyme family. In this study, we determined the crystal structure
of SpeB from Klebsiella pneumoniae (kpSpeB) and characterized its oligomeric state and
active-site organization. SEC-MALS analysis revealed that kpSpeB forms a hexamer in
solution, consistent with the canonical assembly observed in arginase-family enzymes.
Structural comparison showed high similarity to Escherichia coli SpeB (ecSpeB) as well as
related arginase superfamily members, including PAH [13] and GdmH [14]. Despite strong
conservation of active-site residues, subtle differences in metal positioning and cavity ar-
chitecture were observed among homologues, suggesting potential structural determinants
of substrate specificity.

2. Materials and Methods
2.1. Protein Expression and Purification

The kpSpeB gene (Accession: WP_369382317.1) was synthesized by Bionics (Dae-
Jeon, Republic of Korea) and cloned into the pET28a expression vector using the Ndel
and Xhol restriction sites. The resulting plasmid was transformed into E. coli BL21(DE3)
cells. A single colony was selected and cultured at 37 °C for 16 h in 10 mL of lysogeny
broth (LB) containing 50 pug/mL of kanamycin. The culture was subsequently inoculated
into 1 L of LB media supplemented with the same antibiotics and grown at 37 °C with
shaking at 220 rpm until the optical density at 600 nm reached approximately 0.7. Protein
expression was induced by adding 0.25 mM isopropyl (3-D-1-thiogalactopyranoside (IPTG),
followed by incubation at 20 °C for 16 h. Cells were harvested by centrifugation and
resuspended in 20 mL lysis buffer (20 mM Tris-HCI, pH 8.0; 500 mM NaCl; and 25 mM
imidazole). The resuspended cells were lysed by sonication on ice in the presence of 1 mM
phenylmethanesulfonyl fluoride (PMSF; Sigma-Aldrich, St. Louis, MO, USA). The lysate
was centrifuged at 10,000 g for 30 min at 4 °C.

The clarified supernatant was incubated with nickel nitrilotriacetic acid (Ni-NTA) resin
(QIAGEN, Hilden, Germany) for 2 h at 4 °C with gentle mixing. The resin was loaded onto
a gravity-flow column and washed with 25 mL washing buffer (20 mM Tris-HCl, pH 8.0;
500 mM NaCl; and 60 mM imidazole). The bound protein was eluted with elution buffer
(Tris-HC, pH 8.0; 500 mM NaCl; and 250 mM imidazole). The eluted protein was further
purified by size-exclusion chromatography (SEC) using an AKTA Explorer system (GE
Healthcare, Chicago, IL, USA) equipped with a Superdex 200 Increase 10/300 GL column
(24 mL; GE Healthcare), pre-equilibrated with SEC buffer (20 mM Tris-HCl, pH 8.0, and
150 mM NaCl). Peak fractions were analyzed by sodium-dodecyl sulfate—polyacrylamide
gel electrophoresis (SDS-PAGE), and fractions containing the target protein were pooled
and concentrated to 9.6 mg/mL.
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2.2. Crystallization and Data Collection

Crystallization of kpSpeB was performed using the hanging-drop vapor diffusion
method at 20 °C. Initial crystallization screening was performed using commercially avail-
able sparse-matrix screening kits (e.g., Wizard screening I, II, and III; Crystal Screen I and
II; and PEG/Ion screens). Protein solution and reservoir solution were mixed at a 1:1
(v/v) ratio to form 2 pL hanging drops and equilibrated against 300 pLL reservoir solution.
Crystals were first obtained from Wizard Screening I (Rigaku, Tokyo, Japan), condition
No. 1 (0.1 M CHES, pH 9.5, and 15% ethanol). Conditions were optimized by varying
precipitant concentration, pH, and salt composition. The optimized crystals appeared after
9 days in a condition containing 1 M potassium sodium tartrate; 0.1 M CHES/sodium
hydroxide, pH 9.5; and 0.2 M lithium sulfate. Crystals were flash-frozen in liquid nitrogen
at —178 °C prior to data collection. X-ray diffraction data were collected at beamline 5C of
the Pohang Accelerator Laboratory (PAL) (Pohang, Republic of Korea). Diffraction data
were indexed, integrated, and scaled using HKL-2000 [15].

2.3. Structure Determination and Analysis

The structure of kpSpeB was determined by molecular replacement using Phaser [16]
implemented in the PHENIX package (Version 2.0) [17]. An AlphaFold3-predicted model
was used as the search model for molecular replacement. Model building and refinement
were carried out using Coot [18] and phenix.refine [17]. The six protomers in the asym-
metric unit were refined independently without applying non-crystallographic symmetry
restraints in PHENIX. Model quality was validated using MolProbity [19], and structural
figures were prepared using PyMOL version 3.1 (Schrodinger, LLC, New York, NY, USA).

2.4. SEC-Multi Angle Light Scattering (MALS) Analysis

The absolute molar mass of kpSpeB was determined by SEC-MALS. Protein samples
were loaded onto a Superdex 200 10/300 gel filtration column (GE Healthcare) equilibrated
with purification buffer (20 mM Tris-HCl, pH 8.0, and 150 mM NaCl) at room temperature.
The chromatography system (AKTA Explorer) (GE Healthcare) was connected to a DAWN-
TREOS MALS detector (Wyatt Technology, Santa Barbara, CA, USA). The molecular mass
was calculated using ASTRA software Version 6 (Wyatt Technology).

3. Results
3.1. The Overall Structure and Oligomeric State of kpSpeB

SpeB is an agmatinase that catalyzes the hydrolysis of agmatine into putrescine and
urea, constituting a key step in the polyamine biosynthetic pathway (Figure 1a). A full-
length SpeB (residues 1-306, molecular weight 38.6 kDa) from K. pneumoniae (hereafter
called kpSpeB) was purified through a quick two-step chromatography (affinity chromatog-
raphy followed by SEC) to study the structure. In the SEC profile, kpSpeB was eluted at
approximately 13 mL over y-globulin (158 kDa), indicating that kpSpeB may exist in a
hexameric form within the solution (Figure 1b,c). During SEC, a single symmetric peak was
observed, and SDS-PAGE analysis of the corresponding fractions confirmed that the peak
contained highly purified kpSpeB (Figure 1d). The purified target protein was successfully
crystallized, and the 2.77 A crystal structure was determined through the MR phasing
method, using the predicted structure from AlphaFold3 as a search model. The final struc-
tural model was refined to Rwork = 26.40% and Rfree = 29.22%. Table 1 summarizes the

crystallographic and refinement statistics.
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Figure 1. Biochemical characterization and overall structure of kpSpeB: (a) Schematic representation
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B-factor (A2

of the catalytic reaction of agmatinase (SpeB), which hydrolyzes agmatine to produce putrescine
and urea. (b) Size-exclusion chromatography (SEC) profile of purified kpSpeB, showing a single
symmetric peak corresponding to a homogeneous protein population. (c) The elution volume line
fitting in SEC versus the size marker and the kpSpeB molecular weight logarithm. The red point on the
fitting line indicates the elution volume. (d) SDS-PAGE analysis of the peak fractions obtained from
SEC, confirming the high purity of kpSpeB. M denotes the molecular weight marker, and B indicates
the sample before injection. The black bar above the gel corresponds to the peak fractions indicated
by the black bar in the SEC profile (b) and represents the samples loaded for SDS-PAGE. (e) Cartoon
representation of the kpSpeB hexamer in the crystallographic asymmetric unit. Six protomers form a
hexamer composed of two stacked trimers arranged in a two-layer architecture (side view). (f) Overall
structure of the kpSpeB hexamer shown in different orientations (top and bottom views), with each
protomer colored individually. (g) Elution profile used for SEC-MALS analysis, indicating the region
used for molecular mass calculation (red line). (h) Cartoon representation of a kpSpeB monomer
highlighting the overall fold and the location of the binuclear Mn?* ions in the active site. The
rainbow color scheme represents the protein from the N-terminus (blue) to the C-terminus (red).
The box on the right shows the 2fo-fc electron density map around the ion, contoured at a 1o cutoff.
(i) B-factor distribution mapped onto the kpSpeB structure, colored from blue (low) to red (high),
showing that the active-site region is relatively rigid while several surrounding loops exhibit higher
flexibility. The active site is highlighted by a blue dotted circle.

The crystallographic asymmetric unit (ASU) contains six identical kpSpeB molecules,
forming a hexameric assembly composed of two stacked trimers arranged in a two-layer
architecture (Figure le,f). Although SpeB is generally known to function as a hexamer, we
performed SEC coupled with multi-angle light scattering (SEC-MALS) to independently
confirm its stoichiometry in solution. The SEC-MALS analysis revealed a molecular mass
of approximately 241.8 kDa (Figure 1g). Given that the calculated molecular weight of
a kpSpeB monomer is 38.6 kDa, the theoretical mass of a hexamer is 231.6 kDa. The
experimentally determined molecular weight is in close agreement with the predicted
hexameric mass, indicating that kpSpeB exists as a hexamer in solution. These results
further demonstrate that the biologically relevant assembly corresponds to the hexamer
formed by the six protomers observed in the ASU.
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Table 1. Data collection and refinement statistics.

Data Collection

Space group P1

Unit cell parametera, b, c (A)

a,b,c(A) a=77.63,b=78.63,c="79.07

a, B,y (%) a =105.349, f = 110.048, y = 98.04

Resolution range (A)1
Total reflections

29.28-2.77 (2.85-2.77)
146,593 (14,896)

Unique reflections 40,538 (4055)
Multiplicity 3.6 (3.7)
Completeness (%) ! 97.11 (96.87)
Mean I/o(I) ! 7.15 (1.88)
Rmerge (%) 1 15.93 (0.6566)
Wilson B-factor (A2) 44.16
Refinement
Resolution range (A) 29.28-2.77
Reflections 40,498
Ryork (%) 26.40
Riree (%) 29.22
No. of molecules in the asymmetric unit 6
No. of non-hydrogen atoms 13,518
Macromolecules 13,439
Ligands 12
Solvent 67
Average B-factor values (A2) 45.99
Macromolecules 46.01
Ligands 42.93
Solvent 42.67
Ramachandran plot:
favored /allowed /outliers (%) 98.72/1.28/0.00
Rotamer outliers (%) 1.05
Clash score 15.69
RMSD bonds (A)/angles (°) 0.005/1.02

1 Outermost resolution shell values are in parentheses. 2 Rmerge = Zpp X HI(h); — <I(h)>1 /2y, Z; I(h);, where I(h) is
the observed reflection h intensity, and <I(/)> is the average intensity from multiple measurements.

The overall monomeric structure of kpSpeB conveyed the canonical structural fold
of agmatinase, containing a central ot/3 domain with 9 a-helices around an inner 8 f3-
sheets (Figure 1h). The RMSD between the crystal structure and the AlphaFold3 model
was calculated based on Cx atoms and was found to be 0.5 A, indicating a high level
of structural similarity. SpeB is a metal-dependent enzyme that requires two Mn?* ions
at its active site for catalytic activity [9,12]. In our kpSpeB structure, we observed clear
electron density corresponding to two metal ions in the active-site region. Based on the
coordination geometry and comparison with previously characterized SpeB structures,
these densities were assigned as Mn?* ions (Figure 1h). No Mn?* was intentionally added
during purification or crystallization; therefore, the observed metal ions are likely derived
from trace amounts present in the expression system. B-factor analysis showed that kpSpeB
overall exhibits relatively low B-factor values (average 44 A2), especially near the active
site, indicating a rigid structural framework. However, several loops surrounding the
catalytic center display higher B-factor values, suggesting that these regions possess greater
conformational flexibility (Figure 1i).
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3.2. Structural Comparison of kpSpeB with Other Structural Isoforms

Structural homology analysis using the DALI server revealed that SpeB structures
from Escherichia coli (ecSpeB, PDB ID: 7LBA) [9] and Burkholderia thailandensis (btSpeB, PDB
ID: 4DZ4) [10] are the closest structural homologues of kpSpeB, with Z-scores of 54.7 and
46.4, respectively (Figure 2a). These correspond to the two SpeB structures reported to
date, and their high structural similarity to kpSpeB is consistent with their classification
within the same agmatinase family. In addition, members of the arginase superfamily,
including PAH (PDB ID: 1GQ6) [13] and guanidine hydrolase (PDB ID: 7ESR) [14], were also
identified as structurally related proteins (Figure 2a). Both ecSpeB and btSpeB were also
reported to form hexameric assemblies [9,10,12], similar to kpSpeB, and their hexameric
architectures are highly similar to that observed in kpSpeB (Figure 2b). The amino acid
sequence identity between kpSpeB and ecSpeB is very high (~95%), whereas btSpeB shares
a more moderate sequence identity of approximately 45% (Figure 2a). Consistent with
this sequence similarity, pairwise structural superposition showed that kpSpeB is almost
identical to ecSpeB, with an RMSD of approximately 0.3 A (Figure 2a,c). RMSD values
were calculated using Cx atoms only. In contrast, superposition with btSpeB resulted
in an RMSD of 1.4 A, indicating slightly greater structural divergence. For PAH and
guanidine hydrolase, the sequence identities with kpSpeB are approximately 36% and
27%, respectively. Structural comparisons revealed RMSD values of 1.5 A for PAH and
2.1 A for guanidine hydrolase (Figure 2a,c). Despite the moderate level of sequence
conservation, these results highlight the strong structural conservation among members of
the arginase family.

It is well established that SpeB, as well as other members of the arginase family,
requires two Mn?* ions at the active site for catalytic activity [9,10,12,13]. The residues
responsible for coordinating these metal ions have been well characterized. In the case of
ecSpeB, residues H126, D149, D151, D153, D230, and D232 have been reported to coordinate
the two Mn?* ions [9]. Analysis of the metal-binding site in kpSpeB revealed that these
six metal-coordinating residues are completely conserved and adopt similar positions to
coordinate the Mn?* ions (Figure 2d). In addition, previous structural studies of ecSpeB
identified five residues—H151, D153, H163, T244, and E274—as critical components of
the catalytic center [9]. These residues form the active-site architecture and are essential
for enzymatic activity. Notably, all of these residues are also fully conserved in kpSpeB
(Figure 2e). Taken together, these observations strongly suggest that kpSpeB shares the same
metal-coordination scheme and catalytic mechanism as ecSpeB. Although the environments
of the ion-binding site and the active site are highly similar, the positions of the two metal
ions are not completely identical. In kpSpeB, the distance between the two Mn?* ions
is slightly larger than that observed in ecSpeB (Figure 2d,e). Structural comparison of
the kpSpeB active site with that of PAH showed that all metal-coordinating residues and
catalytic residues are fully conserved. Nevertheless, the exact positions of the metal ions
are not identical (Figure 2f). Notably, among the conserved metal-binding residues, the side
chains of H146 (equivalent to H151 in kpSpeB) and H160 (equivalent to H163 in kpSpeB) are
positioned farther from the two metal ions than in kpSpeB (Figure 2f). Finally, comparison
of the kpSpeB active site with that of GdAmH revealed that most of the metal-coordinating
residues and catalytic residues are conserved (Figure 2g). However, the most notable
difference is that T244 in kpSpeB is replaced by W307 in GdmH. In addition, the side
chains of H203 and H216 are positioned farther from the metal ions compared with those
in kpSpeB, suggesting a weaker involvement in metal coordination.
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Figure 2. Structural comparison of kpSpeB with homologous proteins from the arginase family:
(a) Structural homology analysis of kpSpeB obtained from the DALI server, showing the closest
structural homologues and their corresponding Z-scores and RMSD values. (b) Overall structural
superposition of hexameric kpSpeB (cyan) with hexameric ecSpeB (magenta; PDB ID: 7LBA). (¢) Struc-
tural comparison of kpSpeB (cyan) with representative structural homologues, including ecSpeB, PAH,
and guanidine hydrolase (GdmH), highlighting the conserved overall fold among arginase-family
proteins. (d,e) Close-up views of the active-site region showing the coordination of the binuclear Mn?*
ions in kpSpeB (cyan) and ecSpeB (magenta). Active-site-forming and ion-coordinating residues are
labeled. Residues forming the active site are indicated by boxes, and those involved in both active-site
formation and metal-ion coordination are highlighted with red boxes. (f) Structural comparison of the
kpSpeB active site with PAH (green), showing conserved catalytic residues and Mn?*-coordinating
residues. (g) Structural comparison between kpSpeB (cyan) and GdmH (yellow). The bulky side
chain of W307 in GdmH, which replaces T244 in kpSpeB, is indicated by *. (h) Surface representations
of kpSpeB, ecSpeB, PAH, and GdmH illustrating the presence of an opening leading to the catalytic
pocket (indicated by arrows).

Inspection of the surface representations of SpeB and other members of the arginase
family revealed the presence of a hole-like opening surrounding the active site (Figure 2h).
In both SpeB structures, the diameter of this opening is approximately 5.8 A, whereas in
PAH, the opening is slightly larger, measuring about 6.2 A. In contrast, the corresponding
region in GdmH appears to be blocked. This obstruction is caused by the bulky side
chain of W307, which replaces T244 in kpSpeB. In the case of PAH, the larger hole size
compared with SpeB can be explained by the positions of H203 and H216, whose side
chains are located farther from the metal ions, thereby creating a wider opening around the
active-site region.

4. Discussion

In this study, we report the crystal structure of agmatinase (SpeB) from Klebsiella
pneumoniae (kpSpeB) and characterize its oligomeric state and active-site architecture.
SEC-MALS analysis demonstrates that kpSpeB exists as a hexamer in solution, consistent
with the canonical oligomeric organization of arginase-family enzymes. Structural compar-
ison using the DALI server revealed high similarity to E. coli SpeB (95% sequence identity)
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as well as more distantly related homologues, including PAH and guanidine hydrolase.
Remarkably, although the active-site residues coordinating the binuclear metal center are
fully conserved, subtle differences in Mn?* positioning were observed between kpSpeB
and ecSpeB. Comparison with PAH (36% sequence identity) further showed complete
conservation of nine residues involved in active-site formation and metal coordination,
despite overall sequence divergence. In contrast, guanidine hydrolase contains a bulky
tryptophan residue at the position corresponding to T244 in kpSpeB, a substitution known
to restrict substrate access and confer specificity toward free guanidine.

Structural surface analysis revealed a distinct cavity at the active site of kpSpeB. This
cavity is larger in PAH, whereas in GdmH it is partially occluded by the tryptophan side
chain. These observations suggest that subtle differences in cavity volume—potentially
influenced by minor variations in metal positioning and surrounding residues—may fine-
tune substrate selectivity within the arginase superfamily. The observation that kpSpeB
exhibits a cavity size intermediate between PAH and GdmH further supports the idea that
small structural adjustments around the catalytic pocket modulate substrate accessibility
without altering the conserved catalytic machinery.

Interestingly, the distance between the two Mn?* ions in kpSpeB is slightly larger than
that observed in ecSpeB. Because the binuclear metal center plays a critical role in activating
the nucleophilic hydroxide during catalysis, even small variations in metal positioning may
influence catalytic efficiency or substrate binding geometry. Such micro-variations have
been reported in other arginase-family enzymes and are thought to reflect subtle adapta-
tions to different physiological substrates while maintaining the same catalytic framework.

From an evolutionary perspective, the strong structural conservation observed across
SpeB, PAH, and GdmH highlights the robustness of the arginase-family fold. Despite
sequence divergence, the «/ 3/« scaffold and the binuclear metal center remain highly
preserved. Functional diversification within this family therefore appears to arise primarily
from local modifications surrounding the substrate-binding pocket rather than from large-
scale rearrangements of the catalytic core. In particular, the substitution of T244 by W307
in GdmH represents a striking example of how a single bulky residue can reshape the
substrate-access channel and alter enzyme specificity.

The biological significance of agmatinase is particularly relevant in pathogenic bac-
teria such as K. pneumonige. Polyamine biosynthesis plays important roles in bacterial
growth, stress adaptation, and virulence regulation. The structural information obtained
here therefore provides a framework for understanding how agmatinase contributes to
metabolic adaptation in this clinically important pathogen. Furthermore, because enzymes
of the polyamine biosynthetic pathway are increasingly considered potential antimicrobial
targets, the kpSpeB structure reported in this study may serve as a valuable template for
future inhibitor design. Thus, structural insights into kpSpeB may contribute to a better
understanding of metabolic adaptation mechanisms in K. pneumoniae and support the
development of novel antimicrobial strategies targeting polyamine metabolism.

Together, our findings provide new structural insight into agmatinase architecture
and highlight how minimal but strategically positioned variations in metal coordination
and cavity geometry may drive functional diversification within the arginase superfamily.
These results emphasize that substrate selectivity in this enzyme family is governed not
by major alterations of the catalytic machinery but rather by fine structural tuning of
the active-site environment. Although functional validation, such as enzymatic activity
or thermostability analysis, was not performed in this study, such experiments will be
important to further elucidate the biochemical properties of kpSpeB, particularly in the
context of the environmental adaptability of K. pneumoniae.
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