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Discovery of a Ni2+-dependent guanidine 
hydrolase in bacteria

D. Funck1,5, M. Sinn1,5, J. R. Fleming2, M. Stanoppi1, J. Dietrich1, R. López-Igual3, O. Mayans2,4 & 

J. S. Hartig1,4

Nitrogen availability is a growth-limiting factor in many habitats1, and the global 
nitrogen cycle involves prokaryotes and eukaryotes competing for this precious 
resource. Only some bacteria and archaea can fix elementary nitrogen; all other 
organisms depend on the assimilation of mineral or organic nitrogen. The nitrogen- 
rich compound guanidine occurs widely in nature2–4, but its utilization is impeded by 
pronounced resonance stabilization5, and enzymes catalysing hydrolysis of free 
guanidine have not been identified. Here we describe the arginase family protein 
GdmH (Sll1077) from Synechocystis sp. PCC 6803 as a Ni2+-dependent guanidine 
hydrolase. GdmH is highly specific for free guanidine. Its activity depends on two 
accessory proteins that load Ni2+ instead of the typical Mn2+ ions into the active site. 
Crystal structures of GdmH show coordination of the dinuclear metal cluster in a 
geometry typical for arginase family enzymes and allow modelling of the bound 
substrate. A unique amino-terminal extension and a tryptophan residue narrow the 
substrate-binding pocket and identify homologous proteins in further cyanobacteria, 
several other bacterial taxa and heterokont algae as probable guanidine hydrolases. 
This broad distribution suggests notable ecological relevance of guanidine hydrolysis 
in aquatic habitats.

Guanidine, as a strong base, is protonated in aqueous solution and 
occurs as a planar guanidinium cation that is stabilized by a highly sym-
metrical delocalized π-orbital, sometimes referred to as Y-aromaticity5. 
Its salts are widely used in explosives and propellants, as chaotropic 
agents for protein unfolding and as a slow-release nitrogen fertilizer 
in agriculture6. Guanidine was identified more than 150 years ago as a 
thermal decomposition product of guanine7 and low levels have been 
detected in human blood and tissue and a variety of plant and envi-
ronmental samples2–4. Enzymatic conversion of guanidine to urea and 
ammonia by fungi was observed in 1931 but did not receive further 
attention8. The recent discovery of four classes of guanidine-dependent 
riboswitches in bacteria has sparked new interest in the biology of guan-
idine9–13. These specific riboswitches induce guanidine exporters11,14, 
ATP-binding cassette (ABC)-type importers and enzymes involved in 
guanidine catabolism15,16.

In many terrestrial and aquatic habitats, nitrogen is a growth-limiting 
nutrient and utilization of guanidine as a nitrogen source would 
be highly beneficial for many microorganisms. The analysis of 
riboswitch-regulated genes has recently revealed an ATP-dependent 
pathway for the use of guanidine as a nitrogen source for bacterial 
growth that relies on carboxylation and subsequent hydrolysis of car-
boxyguanidine15,16. However, to our knowledge,�enzymes mediating 
the direct hydrolysis of free guanidine to urea and ammonia have not 
been described until now. Urea, which shows similar resonance sta-
bilization to that of guanidine, can be degraded by urea carboxylase 

and subsequent hydrolysis as well as via direct hydrolysis by urease17,18. 
Urease contains two Ni2+ ions in the catalytic centre that position a 
hydroxide ion for nucleophilic attack at urea19. We wondered whether 
a guanidine hydrolase capable of direct hydrolysis of guanidine to urea 
and ammonia exists as well.

When examining further genes under the control of guanidine ribos-
witches, we noted a group of enzymes annotated as arginase family 
proteins (Pfam0049) prevalent in cyanobacteria and other bacteria. 
The arginase or ureohydrolase family is an ancient class of enzymes 
that typically release urea from arginine, agmatine or other substrates 
with a guanidine moiety. The active site of these enzymes consists of a 
cluster of two Mn2+ ions that position a hydroxide ion for nucleophilic 
attack20. The coordination of the two metal ions by four Asp and two His 
residues is highly conserved within this protein family and can be used 
to identify new members. As proteins of the arginase family evolved 
independently in different branches of the tree of life, the prediction 
of substrate specificities of uncharacterized members is difficult21–23.

Here we investigate an arginase family enzyme (Sll1077) controlled 
by a guanidine-I riboswitch in the model cyanobacterium Synechocystis  
sp. PCC6803, for which neither agmatinase nor arginase activity 
was detected22,24. Sll1077 is encoded in an operon together with an 
ABC-type importer (Sll1080–Sll1082) and two putative metal chaper-
ones, annotated as hydrogenase-associated proteins A2 and B2 (Sll1078 
and Sll1079) (Fig.�1a). The related proteins HypA1 and HypB1 mediate 
the GTP-dependent insertion of Ni2+ into the apoprotein of the Ni/Fe 
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hydrogenases in Escherichia coli and Synechocystis, but it has been 
shown that Sll1078 and Sll1079 do not contribute to hydrogenase matu-
ration in Synechocystis25,26. We show that Sll1077 is a specific guanidine 
hydrolase that converts free guanidine into urea and ammonia. Activity 
of the guanidine hydrolase depends on the presence of Sll1078, Sll1079 
and two Ni2+ ions in the active site (Fig.�1). We determined crystal struc-
tures of the guanidine hydrolase that explain the substrate specificity 
of this enzyme. Further, we investigate the distribution of guanidine 
hydrolase genes in the tree of life and show that Synechocystis sp. PCC 
6803 depends on GdmH to use guanidine as the sole nitrogen source 
for growth.

A Ni2+-dependent guanidine hydrolase

The genome of Synechocystis contains a single guanidine-I ribos-
witch in the 5�-untranslated region of an operon comprising six genes 
(sll1077–sll1082) (Fig.�1a). We reasoned that this operon might encode 
a pathway for guanidine utilization, consisting of an ABC-type importer 
(Sll1080–Sll1082) and a guanidine hydrolase (Sll1077, named GdmH, 
for guanidinium hydrolase). GdmH (Sll1077) has a predicted molecular 
mass of 43�kDa and 390 amino acid residues, including a substantially 
extended N-terminal region compared to other arginase family pro-
teins that typically comprise 300–320 amino acids. When recombinant 
GdmH was expressed in E. coli without added transition metal salts, low 
guanidine hydrolase activity was detected in soluble protein extracts, 

which was absent in extracts of E. coli cells carrying an empty vector 
(Fig.�1b, c, d). Addition of Ni2+ to the soluble protein extract or to puri-
fied GdmH marginally increased the activity, whereas Ca2+, Mn2+ or 
other transition metal ions had no significant effect. We reasoned that 
maturation of GdmH might depend on accessory proteins similar to 
ureases or hydrogenases. When the two metal chaperones Sll1078 and 
Sll1079 (named GhaA and GhaB, for guanidine hydrolase-activating 
proteins A and B) were co-expressed with GdmH in E. coli, the solubility 
of GdmH was improved, but extracts from cells grown without transi-
tion metal supplementation showed low guanidine hydrolase activity 
as well. However, in this case, addition of Ni2+ to the soluble protein 
extract strongly increased the guanidine hydrolase activity and the 
activation was slightly more pronounced when GTP was supplied. 
Addition of Ca2+, Mn2+, Fe2+ or Fe3+ had no consistent effects, whereas 
addition of Co2+, Cu2+ or Zn2+ inhibited the activity (Fig.�1b). When either 
GhaA or GhaB was co-expressed alone with GdmH, the activation by 
Ni2+ was much weaker or completely lost, respectively (Extended Data 
Fig.�1a). A combination of Fe2+ and β-mercaptoethanol to prevent the 
oxidation of Fe2+ was also ineffective (Extended Data Fig.�1a). Analysis 
of the metal content of a guanidine hydrolase solution by graphite 
furnace atomic absorption spectroscopy revealed an unexpectedly 
high metal content of 1.9 nickel and 1.0 manganese atoms per GdmH 
subunit. In the crystal structures of GdmH (see below), we can clearly 
assign two metal ions per subunit as expected for an arginase family 
enzyme. It remains an open question whether Mn2+ is also bound in the 
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Fig. 1 | GdmH (Sll1077) is a Ni2+-dependent guanidine hydrolase. a, The 
operon regulated by a guanidine-I riboswitch (RS) in Synechocystis sp. PCC 
6803 comprises the guanidine hydrolase GdmH (Sll1077), two putative 
Ni2+-delivery proteins GhaA (Sll1078) and GhaB (Sll1079), and an ABC-type 
importer. b, Urea production from 10�mM guanidine in extracts of E. coli 
overexpressing GdmH alone (red columns) or together with GhaA and GhaB 
(blue columns). The extracts were supplemented with 10�µM of the indicated 
metal ions and 1�mM GTP�where annotated. Columns represent the average of 
technical triplicates and consistent results were obtained with independent 
preparations. Error bars, s.d. c, 13C-NMR spectra of 13C15N-labelled guanidine 
after incubation overnight with soluble protein extracts from E. coli cells. Only 
the triplet signal of 13C15N-labelled urea was detected when active GdmH 
together with GhaA and GhaB was overexpressed�(blue spectrum), whereas in 

the absence of GdmH, only the quadruplet of 13C15N-labelled guanidine was 
detected�(red spectrum). d, Urea production from 10�mM guanidine or 10�mM 
agmatine in extracts of E. coli cells cultivated in the presence of 0.5�mM NiCl2, 
overexpressing GdmH, GhaA and GhaB or carrying an empty plasmid, or by 
affinity-purified GdmH. Both y axes indicate urea production rate in nmol s−1 mg−1, 
but a different scale is applied on the left to accommodate the higher  
specific activity of the purified enzyme.�Columns represent the average of  
n�=�3 independent preparations; error bars, s.d. e, Coomassie-stained 
denaturing polyacrylamide gel with soluble protein extract from cells 
expressing GdmH, GhaA and GhaB and purified GdmH. Positions of molecular 
weight markers, GdmH, GhaB and GhaA are indicated. The picture is 
representative for more than ten independent enzyme preparations. For gel 
source data, see Supplementary Fig.�1a.
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Ni2+-containing active site. We conclude that GdmH is a Ni2+-dependent 
guanidine hydrolase and depends on GhaA and GhaB for activation 
by Ni2+ insertion.

Characterization of GdmH

When GdmH, GhaA and GhaB were co-expressed in E. coli in medium 
containing 0.5�mM NiCl2, similar specific activities for guanidine 
hydrolase and agmatinase were detected in soluble protein extracts 
(Fig.�1d). However, the agmatinase activity was also present in extracts 
of bacteria carrying the empty vector and was completely lost when 
GdmH was purified by affinity chromatography. GhaA and GhaB were 
not co-purified with GdmH and thus seem to be required only for 
GdmH activation and not for activity (Fig.�1e). 13C-NMR�analysis of 
13C15N-labelled guanidine incubated with the bacterial extracts or puri-
fied GdmH confirmed the quantitative conversion to 13C15N-labelled 
urea (Fig.�1c and Extended Data Fig.�1b). A coupled enzymatic assay 
with glutamate dehydrogenase confirmed that ammonium was the 
second product of the hydrolysis of guanidine by GdmH (Extended 
Data Fig.�1c).

The guanidine hydrolase activity of GdmH had a sharp optimum at pH�9.5 
to 10. With 10�mM substrate, the specific activity at pH�10 was 3.6-fold  
higher than that at pH�8 (Fig.�2a). Kinetic analysis showed that GdmH 
has, at pH�8, a Michaelis constant (KM) of 7.81�mM for guanidine and a kcat 
of 3.83�s−1 (Fig.�2b and Extended Data Table�1). At pH�10, GdmH hydro-
lysed guanidine more efficiently with a KM of 1.11�mM, and a kcat of 7.95�s−1. 
At pH�8, GdmH also catalysed the release of urea from methylguanidine 
but with significantly reduced specific activity compared with that 
for guanidine (Fig.�2b). We did not detect hydrolysis of guanidinoac-
etate, guanidinopropionate, guanidinobutyrate, agmatine, arginine or  
creatine by GdmH (Fig.�1d and data not shown). GdmH was highly 
resistant to thermal inactivation and showed an apparent temperature 

optimum at 55–65�°C (Fig.�2c). Evaluation of the linear range in an Arrhe-
nius plot enabled us to determine the activation energy for guanidine 
hydrolysis by GdmH as 56.1�kJ�mol−1 (Fig.�2d).

Crystal structures of GdmH

To identify the molecular determinants of the high substrate specificity in 
GdmH, we determined its atomic structure using X-ray crystallography.  
Two structures from independent crystal forms were obtained at reso-
lutions of 1.42�Å (7ESR) and 1.9�Å (7OI1), respectively (Extended Data 
Table�2). Both structures showed hexamers as the biological assembly of 
GdmH with virtually identical subunits exhibiting the typical three-layer 
alpha–beta–alpha fold of the arginase superfamily27 (Fig.�3a, b). The 60 
N-terminal amino acids are unique in GdmH in comparison with typical 
arginases and agmatinases. They adopt a helix–loop–helix fold with an 
overall L shape that packs against a neighbouring subunit, close to the 
entrance of its active site and partly occluding it (Fig.�3b). The active 
site of GdmH contains two metal ions coordinated by four Asp (D199, 
D203, D291 and D293) and two His (H174 and H201) residues (Fig.�3c, d).  
The 1.9�Å structure displayed a molecule of cacodylate from the crys-
tallization medium coordinated to the two metal ions in the active site 
(Fig.�3c), whereas this position was occupied with an ethylene glycol 
molecule from the vitrification solution in the 1.42�Å structure (data 
not shown). On the basis of the Ni dependency of GdmH activity and 
the dominant presence of nickel in protein preparations as revealed by 
graphite furnace atomic absorption spectroscopy, we have modelled 
the crystal structure with two Ni2+ ions in the active site. The position 
and orientation of the Ni2+-coordinating amino acids closely coincide 
with those of corresponding amino acids in Mn2+-containing arginases 
and guanidinobutyrases (Fig.�3d). We used computational docking to 
determine the most likely position of guanidine in the crystal structure, 
which resulted in a model in which�guanidine is bound by cation–π�inter-
actions with H214 and W305, and�two of the guanidine amino groups are 
oriented towards the two metal ions (Fig.�3e). The modelled position 
of guanidine coincides with the side face of the tetrahedral cacodylate 
molecule oriented towards H214 in the crystal structure, which may 
reflect the position of the tetrahedral reaction intermediate formed 
after nucleophilic attack of the catalytic hydroxide. A His equivalent 
to H214 is conserved in arginases, in which it has been proposed to 
serve as a proton donor to initiate the cleavage of the tetrahedral reac-
tion intermediate28. To reveal the structural elements determining the 
observed substrate specificity, we compared the crystal structure of 
GdmH with those of arginases. The latter enzymes exhibit an open, 
solvent-exposed active site that is accessible from the protein surface 
through a cavity. Structures containing inhibitory arginine analogues 
or the product ornithine show that several amino acids along this cav-
ity contribute to substrate binding in addition to the His that stacks 
with the guanidine group23,29. The substrate-binding cavity is com-
pletely occluded in GdmH by two elements: the side chain of W305; 
and a short α-helix including its connecting loop (N242-R253). W305 
protrudes into the substrate-binding cavity, filling it and preventing 
the binding of guanidine-containing compounds with extended side 
chains (Fig.�3f). It is held in place by a hydrogen bond with T97 and a 
through-water interaction with H61 of the neighbouring subunit, both 
diminishing the rotameric freedom of W305. Substitution of Ala for 
W305 or T97 completely abolished the activity of recombinant GdmH, 
and a H61A substitution strongly reduced the specific activity and the 
KM of GdmH for guanidine (Extended Data Fig.�1e). None of the protein 
variants produced detectable amounts of urea from other guanidine 
compounds (methylguanidine, guanidinobutyrate, guanidinopropion-
ate, agmatine and arginine; data not shown). The N-terminal sequence 
extension of GdmH also constrains the active site of the neighbour-
ing subunit by influencing the positioning of the α-helix that caps the 
substrate-binding cavity. This α-helix is 8 and 2�Å closer to the active site 
in GdmH compared with Pseudomonas aeruginosa guanidinobutyrase 
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Fig. 2 | Kinetic and energetic properties of GdmH. Urea production by 
recombinant, affinity-purified GdmH was used to characterize the enzyme.  
a, Urea production from 10�mM guanidine at different pH values in a mixed 
buffer system containing HEPES, CHES and CAPS. The data are from a single 
experiment, and measurements with individual buffers and independent 
enzyme preparations gave consistent results. b, Urea production at different 
substrate concentrations (c) was measured at 25�°C at either pH�8 or pH�10 to 
determine Michaelis constant KM, catalytic efficiency (kcat) and substrate 
preference of GdmH. Black lines represent the least-squares fit to the 
Michaelis–Menten equation. Data are from single, representative experiments 
(see Extended Data Table�1 for averaged kinetic parameters from independent 
enzyme preparations). c, Temperature dependence of urea production from 
10�mM guanidine at pH�8. d, The linear fit in the Arrhenius plot was used to 
determine the activation energy for guanidine hydrolysis catalysed by GdmH.
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(3NIO) (Extended Data Fig.�2) and rat arginase (1D3V), respectively. 
The loop that connects it to one of the core β-sheets frames W305 to 
completely close the entrance to the active site.

GdmH and the arginase superfamily

To investigate the distribution of guanidine hydrolases in differ-
ent organisms and their relation to other arginase family proteins, 
we searched for similar protein sequences. From more than 15,000 
sequences in the UniRef90 database30 with at least 27% identity to 
N-terminally truncated GdmH, 500 representatives were selected 
to generate a multiple-sequence alignment (Supplementary Data�1).  
We added individual sequences of biochemically characterized 

enzymes to distinguish different branches in the similarity tree derived 
from the optimized alignment (Extended Data Fig.�3 and Supplemen-
tary Data�2). Most of the 500 sequences are of bacterial origin, but 
archaeal, fungal, plant and animal branches are also present in the tree.  
The best-characterized arginases from bacteria and animals were below 
the identity threshold used during the similarity search. GdmH is part 
of a well-separated branch containing 11 bacterial sequences and 1 
from a diatom. All sequences in this branch contain a Trp residue in 
the position corresponding to W305 of GdmH, whereas in all other 
sequences, different residues occupy this position. Of the�more than 
15,000 sequences, the 194 most similar ones contained such a Trp, 
identifying them as putative guanidine hydrolases. Furthermore, 
T97 and the extended N�terminus including H61 are highly conserved 

a b

dc

H201
H201

H174

H174

D203

D203
D199D199

E336

H214

W305

D293

D293

D291

H174

D203

D199

W305 H214

H201

D293

D291

Gd

e

D291

CAC

* * * * *

* * * *

g *

3

W305

ABH

f

H214

D203

H201
D199

D293

D291 H174

9
7

1
0
6

1
7
1

1
7
4

1
7
9

1
9
7

1
9
9

2
0
1

2
0
3

2
1
4

2
3
1

2
3
8

2
3
9

2
8
9

2
9

1

2
9

3

2
4

4

3
0

5

3
1

7

3
3

0

3
3

8

3
4

2

Fig. 3 | Structural characterization of GdmH. a, Full view of the GdmH 
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W305 are shown as sticks. The ordered water between H61 and W305 is 
shown�as red sphere. c, GdmH active site of 7OI1 with the bound cacodylate ion 
(CAC). Dashed black lines indicate metal coordination. d, Comparison of Ni2+ 
coordination in GdmH (sky�blue) with Mn2+�(yellow and grey spheres) 

coordination in human arginase (3GMZ, yellow) and P. aeruginosa 
guanidinobutyrase (3NIO, grey). The position of the water/OH− coordinated by 
the manganese ions in arginase and guanidinobutyrase is occupied by an atom 
of the cacodylate molecule in GdmH. e, Model of the substrate guanidine 
docked into the active site of GdmH. f, GdmH active site aligned with Rattus 
norvegicus arginase (1D3V), with the bound inhibitor 2(S)-amino-
6-boronohexonic acid (ABH) of arginase shown as sticks with transparent 
surface. W305 from GdmH clashes with the inhibitor. g, Sequence logo derived 
from the consensus sequence of GdmH and the 194 most similar sequences in 
the UniRef90 database. The numbering corresponds to the positions in GdmH 
and single letters indicate 100% conservation. The metal-binding residues are 
marked by blue asterisks, and the residues involved in substrate binding and 
catalysis are marked by yellow asterisks.



519

among these proteins, indicating that the fixed position of W305 is 
indeed functionally relevant. Many of these putative guanidine hydro-
lase sequences are from cyanobacteria, and their genes are preceded 
by guanidine-I riboswitches and followed by homologues of ghaA 
and ghaB, suggesting that they are also Ni2+-dependent enzymes.  
The remaining sequences were from other bacteria or from heterokont 
algae, whereas no fungal or archaeal sequences were among the puta-
tive homologues of GdmH. We used the consensus sequence of these 
194 sequences and GdmH to define a sequence motif that can be used 
to identify probable guanidine hydrolases in genome annotations 
(Fig.�3g and Supplementary Data�3).

GdmH mediates guanidine assimilation

The presence of GdmH together with a putative guanidine uptake sys-
tem should allow Synechocystis to use guanidine instead of nitrate as a 
nitrogen source for growth. With 5�mM guanidine as the only nitrogen 

compound in the medium, Synechocystis was able to grow and did not 
show chlorosis, in contrast to nitrogen-starved cells (Fig.�4a). Depend-
ing on the age of the pre-culture, growth with guanidine as a nitrogen 
source was preceded by a lag phase and occurred simultaneously with 
the decline in guanidine concentration in the medium (Fig.�4b). Exter-
nal guanidine was virtually undetectable when the cells entered the 
stationary phase. At 1�mM guanidine as the starting concentration,  
the cells did not show a chlorotic response as in the absence of nitro-
gen, but growth of the cells was dependent on the initial cell density 
and the light intensity (Fig.�4a and data not shown). When the coding 
sequence of gdmH was disrupted with a kanamycin-resistance cassette, 
fully segregated cultures were no longer able to grow with guanidine as 
the sole nitrogen source, whereas growth with NaNO3 as the nitrogen 
source was unaffected (Fig.�4c). The genome of Synechocystis does 
not contain homologues to the recently characterized guanidine car-
boxylase and carboxyguanidine deiminase15,16, indicating that GdmH 
exclusively mediates the utilization of guanidine.

Discussion

The activity of the guanidine hydrolase GdmH represents a method 
for the assimilation of guanidine in bacteria and adds a new mem-
ber to the small group of Ni-dependent enzymes31. During revision 
of our manuscript, Wang et�al. also demonstrated that�SLL1077 has 
guanidine hydrolase activity, independently confirming our finding32.  
The reaction product ammonium can be assimilated directly, whereas 
the utilization of urea depends on urease, another Ni2+-dependent 
enzyme, or urea carboxylase and allophanate hydrolase. We recently 
demonstrated that certain bacteria relying on urease are dependent on 
Ni2+ supplementation for growth with urea as the sole nitrogen source, 
whereas bacteria using urea carboxylase do not15. In a similar manner, 
the availability of Ni2+ or the capability of maintaining its homeosta-
sis may be decisive for the preference for guanidine hydrolase or the 
ATP-dependent guanidine carboxylase and carboxyguanidine deimi-
nase for the use of guanidine as a nitrogen source.

Most characterized enzymes in the arginase superfamily contain two 
Mn2+ ions in the active site to position the hydroxide ion for nucleophilic 
attack at the carbon atom of the guanidine group. Notable exceptions 
are the Co2+-preferring arginase of Helicobacter pylori and the guani-
dinobutyrases of Aspergillus niger and Arthrobacter sp. KUJ 8602 that 
depend on Zn2+ ions33–35. For the arginase of Bacillus anthracis, Mn2+ 
was proposed as the native metal cofactor, but the isolated enzyme 
was more active when Mn2+ was replaced by Ni2+ (refs.�28,36). In mam-
malian arginases, an exchange of Mn2+ with other metal ions lowered 
the activity of the enzymes significantly37.

Owing to its symmetric nature, free guanidinium is more resonance 
stabilized compared with substituted guanidines such as arginine5 and 
the hydrolysis reaction needs to overcome an increased activation 
energy barrier to form a tetrahedral reaction intermediate. This stabi-
lization found both in urea and guanidine could be the reason why the 
alternative pathways for their catabolism start with energy-intensive 
carboxylation reactions that transform both compounds into sub-
strates that are more easily hydrolysed. The more demanding direct 
hydrolysis of urea and guanidine could explain why urease and guani-
dine hydrolase are both dependent on the scarcely available Ni2+ that 
also has a low threshold for toxicity38. The oxygen-evolving complex 
of photosystem II and many other important proteins in cyanobac-
teria, including the agmatinase SpeB, depend on Mn2+ (refs. �22,39,40). 
The Ni2+ concentration in the cytosol has to be kept extremely low to 
avoid poisoning of Mn2+-dependent enzymes with Ni2+, and the paral-
lel existence of Mn2+- and Ni2+-dependent enzymes requires highly 
specific loading systems. The two co-expressed proteins GhaA and 
GhaB share sequence similarity with the GTP-dependent Ni chaper-
ones HypA and HypB that load bacterial Ni/Fe hydrogenases with Ni2+ 
(ref.�25). It seems plausible that guanidine hydrolase activity always 
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Fig. 4 | Growth of Synechocystis sp. PCC 6803 with guanidine as the sole 

source of nitrogen. a, Synechocystis cells were inoculated at OD730�=�0.4 in 
synthetic BG11 medium that contained only the nitrogen compound indicated. 
All cultures were supplemented with NaCl to a final Na+ concentration of 15�mM 
and were incubated for 18�days with constant agitation at a light intensity of 
30�µmol�m−2�s−1. b, Time-dependent guanidine utilization and concurrent 
growth of Synechocystis. Guanidine concentrations in the growth medium were 
determined using recombinant GdmH. c, Growth of a ∆gdmH mutant in 
comparison to wild-type cells. Either 15�mM NaNO3 or 5�mM guanidine HCl was 
supplied as the sole nitrogen source. In b, c, average values of n�=�3 independent 
cultures are shown; error bars, s.d.
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requires the presence of Ni chaperones because homologues of GhaA 
and GhaB are very often found encoded in the same operon succeed-
ing GdmH. The mechanism of Ni2+ insertion by GhaA and GhaB needs 
further investigation; similarly, the exact mechanism of Ni/Fe hydro-
genase activation by HypA and HypB is a matter of ongoing research 
and extra factors seem to be required for efficient activation25.  
The dinuclear metal cluster of GdmH shows the same coordination 
by conserved Asp and His residues as other arginase family enzymes 
but differs in the nature of the metal ions. The metal dependency of 
the enzyme activity and the atomic absorption spectroscopy analysis 
presented in this work are compatible with two Ni2+ ions in the active 
site, but we cannot exclude a mixed composition of Ni2+ and Mn2+. 
The observed dependence of guanidine hydrolysis on Ni2+, which is 
a slightly softer Lewis acid than Mn2+, could potentially be explained 
by an increased reactivity of the attacking hydroxide ion, a slightly 
different geometry of the active site or increased interactions with 
the tetrahedral intermediate.

The urease-catalysed hydrolysis of urea has been estimated to be 
3�×�1015 times faster than the spontaneous reaction41. Experimental data 
on the spontaneous hydrolysis rate of the extremely stable guanidine 
are not available, but for methylguanidine, which is expected to be 
slightly more prone to spontaneous hydrolysis, a rate of 5.6�×�10−13�s−1 
was reported42. Taking into account the rates measured in this work, 
GdmH accelerates the hydrolysis of guanidine by at least a factor 
of 1012 to 1013 depending on the pH of the assay solution. The high 
pH optimum is a common feature of ureohydrolases and was pro-
posed to reflect minor structural changes of the active site and that 
a hydroxide ion needs to be coordinated between the two metal ions 
and the substrate to initiate the reaction43. Although the cytosol of 
Synechocystis is unlikely to reach pH�10, the pH dependence of GdmH 
may still be physiologically relevant, because even a slight alkaliniza-
tion (for example, by increased photosynthetic activity) will activate 
guanidine hydrolysis at any fixed concentration. The acceleration of 
GdmH-mediated over spontaneous guanidine hydrolysis is similar 
to the ones reported for the hydrolysis of arginine and agmatine by 
other members of the arginase protein family, even though the reso-
nance stabilization is presumably higher in free guanidine than in the 
guanidine derivatives42. Accordingly, we determined the activation 
energy of the enzymatic guanidine hydrolysis as 56.1�kJ�mol−1, com-
pared with 145.2�kJ�mol−1 reported for the uncatalysed hydrolysis of 
methylguanidine42.

Synechocystis is incapable of nitrogen fixation and is naturally found 
in freshwater habitats, where the competition for nitrogen is usually 
tough. The preferred nitrogen source is nitrate, but Synechocystis can 
also assimilate ammonium, nitrite, urea and amino acids44. In this study, 
we demonstrated that guanidine can also be used as a nitrogen source 
by Synechocystis, which may provide a selective advantage over other 
bacteria or eukaryotic algae. The KM of 7.81�mM for guanidine hydrolysis 
by GdmH at physiological pH seems high for the efficient utilization of 
guanidine. Yet, the KM of human arginase 1 is also reported to be in the 
low millimolar range and even increases towards the pH optimum43. Still 
the enzyme effectively catalyses the release of large amounts of urea for 
excretion, although it probably never operates near its maximal capacity.  
Furthermore, in aqueous solution the virtually unlimited supply of 
hydroxide ions results in complete hydrolysis of even small amounts of 
guanidine over time. Hence, even low concentrations of guanidine will 
get catabolized completely over time (Figs.�1c, 4b and Extended Data 
Fig.�1b). Moreover, the activity of the ABC transporter co-encoded in 
the GdmH operon could result in the accumulation of higher intracel-
lular guanidine concentrations. The operon containing the guanidine 
hydrolase, the Ni2+ chaperones and an ABC transporter is under the 
control of both a guanidine riboswitch and the global nitrogen regulator 
NtcA (ref.�11,45). Only a few rarely occurring metabolic reactions have so 
far been described to produce guanidine46,47. However, the widespread 
distribution of guanidine riboswitches and guanidine carboxylases 

in bacteria and of guanidine hydrolases in bacteria, stramenopiles 
and possibly fungi suggests that so far unknown sources of guanidine 
should exist in nature.
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Methods

Synechocystis cells and growth conditions

Synechocystis sp. PCC 6803 strain GT was obtained from K. Forch-
hammer, strain N1 (ATCC 27184) was obtained from the culture collec-
tion of the Institute of Plant Biochemistry and Photosynthesis (IBVF, 
Sevilla) and the construction of a sll1077- mutant is described in ref.�24.  
The cells were cultivated in synthetic BG11 medium (Sigma C3061; ref.�48) 
or nitrogen-free BG11, in which 17�mM NaNO3 was replaced by NaCl, in 
Erlenmeyer flasks or test tubes at 23�°C and a light intensity of 20 to 
100�µmol�m−2�s−1 with constant agitation in ambient CO2 concentration. 
The ability of the cells to use different nitrogen sources for growth was 
tested by following the OD730 of the cultures over at least three weeks.

Cloning, expression and purification of GdmH

The coding sequences of gdmH (sll1077), ghaA (sll1078) and ghaB 
(sll1079) were amplified from genomic DNA and inserted by Gibson 
assembly into a pET24 derivative to obtain versions of Sll1077 with 
either a 6xHis-tag or a Strep-tag at the N�terminus followed by TEV 
cleavage sites. The expression constructs for sll1077 without sll1078 
or sll1079 and for single codon mutations of GdmH were generated by 
PCR amplification of the vector backbone together with the desired 
genes and recircularization of the PCR product. For recombinant pro-
tein expression, E. coli BL21(λDE3) gold (Invitrogen) cells were trans-
formed with the expression constructs, grown at 37�°C to an OD600 
of 0.6, transferred to 18�°C and induced overnight with 1�mM IPTG. 
The cells were collected by centrifugation, resuspended in enzyme 
buffer (50�mM Tris-HCl pH�8, 100�mM NaCl) supplemented with  
1× EDTA-free cOmplete protease inhibitor (Roche) and lysed by ultra-
sonication (Branson). After centrifugation at 12,000g for 20�min at 
4�°C, the soluble protein fraction was incubated with His-bind NiNTA 
resin (Qiagen) for 30�min at 4�°C. The resin was loaded into gravity flow 
columns and washed sequentially with enzyme buffer supplemented 
with 20�mM or 50�mM imidazole. The His-tagged GdmH was eluted in 
enzyme buffer supplemented with 300�mM imidazole and desalted 
into enzyme buffer by passage through PD miniTrap G25 columns 
(GE Lifesciences). For the Strep-tagged GdmH, lysis buffer contain-
ing 100�mM HEPES, pH�8 and 150�mM NaCl was used. The cleared lysate 
was loaded onto a 1�ml Strep-Tactin Superflow column (iba), washed 
with lysis buffer and eluted with 2.5�mM desthiobiotin in lysis buffer. 
For crystallization, affinity-purified GdmH was incubated with 1�mg 
TEV protease at 4�°C for 16�h for His6-tag removal. Tag and protease 
were removed using subtractive metal affinity chromatography and 
the buffer was exchanged to 50�mM Tris-HCl pH�8.0, 100�mM NaCl 
using a PD miniTrap G25 column (GE Healthcare). Next, the sample was 
subjected to size-exclusion chromatography on a Superdex S200 16/60 
column (GE Healthcare) equilibrated in enzyme buffer. The resulting 
sample was concentrated to 23�mg�ml−1 by centrifugal ultrafiltration 
using an Amicon Ultra tube (Millipore) and stored at 4�°C until further 
use. For metal analysis, Strep-tagged GdmH was purified, desalted and 
concentrated to 14.3�mg�ml−1 by ultrafiltration. Graphite furnace atomic 
absorption spectroscopy was performed by Currenta.

Guanidine hydrolase activity assays

For the standard guanidine hydrolase activity assay, crude bacte-
rial extracts or 0.05–0.8�µg of the purified enzyme was incubated at 
25–30�°C with 10�mM guanidine in a buffer containing 133�mM Tris-HCl, 
pH�8, 1�mM NiCl2 and 1�mM Na maleate for 20 to 60�min in a total volume 
of 150�µl. The amount of enzyme was adjusted to avoid consumption 
of more than 5% of the substrate, and the reaction was terminated by 
the addition of 100�µl 87% (v/v) acetic acid. Under these conditions, 
GdmH mediated a linear production of urea for at least 1�h (Extended 
Data Fig.�1f). For the kinetic analyses, guanidine concentration, buffer 
and pH, temperature, and the supplied transition metal ions were modi-
fied as indicated in the respective figure legends. Urea released by 

guanidinase activity was determined colorimetrically as described pre-
viously49. In brief, 50�µl of enzyme assay was mixed with 100�µl of colour 
reagent (62�mM butanedionmonoxime, 3.6�mM thiosemicarbazide) 
and 150�µl acid reagent (120�µM FeCl3 and 10�mM phosphoric acid in 
20% (w/v) sulfuric acid) and incubated for 10�min at 96�°C. Samples with 
known concentrations of urea were treated in the same way and the 
OD at 520�nm was used to establish a calibration curve. With an excess  
of purified enzyme (~10�µg per 50�µl reaction) and prolonged incuba-
tion times, the same assay was also used to determine the concentration 
of guanidine in the culture medium.

To quantify the release of ammonium from guanidine, a coupled 
enzyme assay with GdmH and glutamate dehydrogenase (Carl Roth, 
number 6052.1) was adapted from van Anken and Schiphorst50. GdmH 
(1.2 µg per reaction)�was incubated at room temperature in the presence 
of varying guanidine concentrations in a buffer containing 100�mM 
Tris-HCl, pH�8, 50�mM NaCl, 300�µM NADH, 5�mM α-ketoglutarate, 1�mM 
ADP, 2�U�ml−1 glutamate dehydrogenase and 500�µM NiCl2 in a total vol-
ume of 150�µl. The OD at 340�nm was continuously measured in a 96-well 
plate (TECAN Spark reader). The slope of NADH oxidation in the steady 
state was used to calculate the specific activity of ammonium production 
by GdmH. Nonlinear fitting of the data to Michaelis–Menten kinetics 
(ν�=�(Vmax [S])/(KM�+�[S]), in which Vmax is the maximum reaction rate and 
[S] is the substrate concentration) was performed with GraphPad Prism6.

13C-NMR spectroscopy

GdmH assays were set up as described previously with 10�mM 
13C15N-labelled guanidine (Sigma-Aldrich, number 607312). The reac-
tions were allowed to proceed overnight at room temperature. NMR 
spectra were recorded in water on JEOL Lambda 400 and Bruker Avance 
III 400 spectrometers. As a reference for the measurement process and 
for the interpretation of spectra, sealed capillaries containing C6D6 or 
DMSO-d6 were inserted in each NMR tube. Chemical shifts are reported 
as dimensionless δ values in parts per million and the spectra are refer-
enced relative to the 13C signal of the deuterated solvent contained in 
the capillaries (C6D6, 128.06�ppm; DMSO-d6: 39.520�ppm).

Crystallographic structure elucidation

Recombinant GdmH was crystalized by the vapour diffusion method 
at 20�°C on 96�well Intelliplates (Art Robbins Instruments) using sitting 
drops (400�nl total drop volume) containing equal volumes of protein 
(23�mg�ml−1) and reservoir solutions. Crystals grew from two mother 
liquor conditions: (A) 0.06�M (0.3�M magnesium chloride hexahydrate; 
0.3�M calcium chloride dehydrate), 0.1�M (1�M HEPES; MOPS) pH 7.5, 
30% (v/v) (40% [v/v] ethylene glycol; 20% [w/v] PEG 8000) as defined 
in condition A6 of the Morpheus crystallization screen (Molecular 
Dimensions); and (B) 0.2�M magnesium chloride, 0.1�M sodium caco-
dylate pH�6.5, 50% (v/v) PEG 200.

For X-ray data collection, crystals were cryoprotected with mother 
liquor supplemented with 30% (v/v) ethylene glycol before vitrification 
in liquid N2 (condition A) or vitrified by directly flash freezing in liquid 
N2 (condition B). X-ray diffraction data were collected on beamline 
X06SA at the Swiss Light Source synchrotron (Villigen, CH) from a 
single crystal of type (A) or (B) under cryo-conditions (100�K) using  
a wavelength of 1.0�Å. Diffraction data were processed using the  
XDS/XSCALE suite51 and phasing was by molecular replacement in 
PHASER (ref.�52). First, molecular replacement was conducted on 
crystals from condition (A) that belonged to space group R32 and had 
one molecular copy in the asymmetric unit. For this, PDB entry 3NIO  
(37% sequence identity) was used as a search model. Initial automated 
model building used the warpNtrace routine within ARP/wARP (ref. �53). 
Subsequent manual model building was performed in COOT (ref.�54) and 
model refinement (including TLS) used PHENIX (ref.�55). The refined 
GdmH model so obtained was then used to phase crystals grown in con-
dition (B), which exhibited C2 symmetry and had three molecular copies 
in the asymmetric unit. Model building was carried out in COOT and 



refinement was performed in PHENIX including non-crystallographic 
symmetry (NCS) restraints and a TLS group per molecular copy. Model 
quality from both (A) and (B) crystal types was assessed using MolPro-
bity56 and visual inspection against electron density maps in COOT. 
Ramachandran outlier residues were located in well-structured parts 
of the crystallographic models and validated to be in excellent agree-
ment with the experimental, high-resolution electron density maps. 
The structures of the four molecular copies of GdmH calculated in this 
work were virtually identical (RMSDNCS�=�0.07�Å and RMSDintercrys-
tal�=�0.126�Å). Anomalous scatterers in both crystal types were validated 
using anomalous difference Fourier electron density maps that used 
phases calculated from the refined crystallographic models (αcalc). X-ray 
diffraction data and model statistics are given in Extended Data Table�2.

Modelling of guanidine-bound GdmH

The structure of GdmH (crystal type (B); molecular copy (A)) and its 
associated ions were parametrized using Chimera UCSF Dock Prep, 
which added hydrogens and charges calculated using ANTECHAMBER 
(ref.�57) applying the AMBER ff14SB forcefield58 for standard residues 
and Gasteiger for other residues59. Parametrized guanidine (entry 
ZINC000008101126 in the compound database ZINC15; https://
zinc.docking.org/) was docked into GdmH using AutoDock Vina 1.1.2 
(ref.�60). Merging of nonpolar hydrogen atoms and electron lone pairs 
was set to true. Waters and non-standard residues were included in the 
docking parameters. Hydrogen bonds were considered. Nine binding 
modes were tested, with an exhaustiveness of eight and a maximum 
energy difference of 3�kcal�mol−1. The three top models of guanidine 
docked to GdmH were basically identical (RMSD1,2�=�0.007�Å and 
RMSD1,3�=�0.018�Å) and shared AutoDock scores of −4.4.

Metal analysis of GdmH by graphite furnace atomic absorption 

spectroscopy

A 100�µl volume of purified GdmH (14.3�mg�ml−1) was subjected to 
graphite furnace atomic absorption spectroscopy for quantitative 
elemental analysis. Experiments and analysis were performed by Cur-
renta Analytik following DIN ISO 17025 standards.

Similarity searches and sequence comparison

Amino acids 60–390 of GdmH (excluding the major part of the extended 
N�terminus) were used to search for similar sequences in the UniRef90 
database with the ConSurf webserver using either the HMMER (Supple-
mentary Data�1)�or the PSI-BLAST (Supplementary Data 3)�algorithms61. 
The multi-sequence alignments produced by ConSurf �with the HMMER 
algorithm was manually curated in BioEdit, and all positions that were 
empty in more than 30% of the sequences were discarded�(Supplementary 
Data 2). PhyML (ref.�62) was used through the NGPhylogeny.fr webserver63 
to calculate a neighbour-joining similarity tree that was visualized with 
the iTOL webserver64. The sequence logo for the consensus sequence 
of guanidine hydrolases was generated with the WebLogo online tool65.

Reporting summary

Further information on research design is available in the�Nature 
Research Reporting Summary linked to this paper.
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Extended Data Fig. 1 | Additional characterization GdmH. a: Activation of 
GdmH expressed in the absence of added metal ions and either co-expressed 
with GhaA and GhaB or with either of the accessory proteins alone by Ni2+ or Fe2+.  
The orange columns represent the activity in a mixture of the latter two 
extracts. Where indicated, 1�mM β-mercaptoethanol (β-MSH) was additionally 
included. Columns represent the average of n�=�3 technical replicates, error 
bars indicate s.d. The entire experiment was repeated with independent 
bacterial extracts, which yielded slightly different absolute values for specific 
activities but virtually identical results for the relative values. b: 13C-NMR 
spectra of 13C15N-guanidine after incubation over night with purified GdmH 
(overexpressed together with GhaA and GhaB). Exclusively the triplet signal of 
13C15N-urea was detected after incubation with purified GdmH, whereas after 
incubation with GdmH partially inactivated by heat treatment, both the 
quadruplet of 13C15N-guanidine and the triplet signal of 13C15N-urea were 
detected. c: Coupled enzymatic assay of GdmH with glutamate dehydrogenase 
(GDH). NADH gets oxidized by GDH during reductive amination of 
α-ketoglutarate with ammonia released from guanidine by GdmH. 
Michaelis-constant KM, maximal specific activity Amax, and catalytic constant 

kcat were determined using different guanidine concentrations. Data points 
represent the average of n�=�3 technical replicates and the black line represents 
the least-square fit to the Michaelis-Menten equation. Error bars represent s.d. 
The whole experiment was repeated with an independent enzyme preparation, 
which gave consistent results. d: Influence of Na-cacodylate on the activity of 
GdmH with 10�mM guanidine as substrate. A cacodylate molecule occupied the 
active site in one of the crystal structures but even a tenfold excess of 
cacodylate had no influence on GdmH activity. Columns represent the average 
of n�=�3 independent enzyme preparations, error bars indicate s.d. e: Effect of 
point mutations on the activity and KM of purified, recombinant GdmH.  
The black lines represent the least square fits to the Michaelis-Menten equation 
of single experiments. The entire analysis was repeated with independent 
enzyme preparations with consistent results. The inset shows a 
Coomassie-stained gel with the purified GdmH variants and the positions of 
molecular weight markers. For gel source data, see Supplementary Fig.�1b. 
 f: Time-dependence of urea production by GdmH in the presence of 10�mM 
guanidine. Note that almost half of the substrate was hydrolyzed after 3 days of 
incubation.



Extended Data Fig. 2 | Additional images of the GdmH structure. a: Top view 
of the GdmH hexamer with one subunit in surface display (bright yellow) and 
two subunits as ribbons below a transparent surface (orange and sky blue).  
The extended N-terminus of the orange subunit is highlighted by saturated 
color. b: Comparison of the GdmH capping helix (blue) with the same helix 

from the most similar protein with a high resolution structure, 
guanidinobutyrase from Pseudomonas aeruginosa (grey with capping helix in 
yellow, PDB entry 3NIO). Although the overall fold is well conserved between 
both enzymes, the position of the highlighted α-helix is shifted towards the 
active site.



Extended Data Fig. 3 | Relation of GdmH to other proteins from the arginase 

superfamily. Unrooted neighbor-joining tree of 509 representatives of 
>15000 UniRef90 sequences with at least 27% identity to residues 60–390 of 
GdmH, selected and aligned with the ConSurf webserver61. Accession numbers 
of all sequences are given in Supplementary Data�2. The branches are colored 

according to the taxonomic group: Black: bacteria; cyan: archaea; bright green: 
fungi; green: plants; brown: stramenopile; magenta: animals. Branches 
containing selected enzymes with biochemically confirmed function are 
highlighted and demonstrate that very dissimilar sequences can have the same 
enzymatic activity in different taxa.



Extended Data Table 1 | Kinetic properties of Synechocystis guanidine hydrolase GdmH

aaverage of 3 independent enzyme preparations. 
baverage of 2 independent enzyme preparations.



Extended Data Table 2 | X-ray diffraction data collection and refinement statistics

aValues in parentheses are for highest-resolution shell; bCa2+ was present in the crystallization solution cEDO: Ethylene glycol; dCAC: cacodylic acid.








