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Abstract 

The large subunit of all [NiF e]-h ydrogenases in bacteria and ar c haea has a heterobimetallic NiFe(CN) 2 CO cofactor coordinated by four 
cysteine residues. The iron ion has two cyanides and a carbon monoxide as diatomic ligands. Six ancillary Hyp (ABCDEF) proteins 
ar e necessar y for anaer obic synthesis of this cofactor, while under oxic conditions at least one further pr otein, HypX, is r equir ed for 
CO synthesis. The Fe(CN) 2 CO moiety of the cofactor is synthesized on a separate HypCD scaffold complex. Nickel is inserted into the 
apo-large subunit only after Fe(CN) 2 CO has been introduced. Recent biochemical and structural studies hav e significantl y adv anced 

our understanding of cofactor biosynthesis for these important metalloenzymes. Despite these gains in mechanistic insight, many 
questions still remain, the most pressing of which is the origin of the CO ligand in anaerobic microorganisms. This minire vie w provides 
an overview of the current status of this resear c h field and highlights recent advances and unresolved issues. 

Ke yw ords: carbamo yl phosphate, carbon monoxide, cyanide, hydrogenase, hydrogenase, iron, nickel 

Gr aphical abstr act 

Anaerobic biosynthesis of the NiFe(CN) 2 CO-cofactor r equir es six Hyp proteins. The metals are delivered by nickel and iron transport 
systems to the Hyp machinery. The metabolic origin of the tw o cy anide ligands to the Fe ion is carbamoyl phosphate. The source of 
the CO ligand is unr esolv ed (?), although studies on aerobic cofactor biosynthesis suggest it might originate from C1 metabolism. 
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Introduction 

[NiFe]-hydr ogenases ar e found in numer ous bacterial and ar- 
chaeal species [ 1 , 2 ]. While these enzymes, when isolated, are 
ca pable of r e v ersible conv ersion of dihydr ogen (H 2 ) into protons 
and electrons, in most microorganisms, they exhibit catalytic bias,
often functioning in H 2 oxidation to provide reducing po w er for 
anaer obic r espir ation or pyridine nucleotide reduction [ 1 , 3 , 4 ].
Of course, ther e ar e important exceptions exemplified by the H 2 - 
evolving formate hydrogenlyase complex, which is found in both 

bacteria and archaea [ 5–7 ], allowing the release of excess reducing 
equiv alents accum ulated during fermentativ e pr ocesses in the 
form of the membrane-permeable gaseous product, H 2 . 

Catalytic activity of [NiFe]-hydrogenases is conferred by a 
NiFe(CN) 2 CO cofactor in the active site of the large subunit of 
these enzymes [ 4 ]. The cofactor in all [NiFe]-hydrogenases anal- 
ysed to date has a nearly identical structur e (Ni:Fe:CN:CO r a- 
tio is 1:1:2:1) and coordination environment within the active 
Recei v ed: Mar c h 28, 2025. Accepted: May 23, 2025 
© The Author(s) 2025. Published by Oxford Uni v ersity Pr ess. This is an Open Access
License ( https://creativecommons.org/licenses/by/4.0/ ), which permits unrestricted
work is pr operl y cited. 
ite (Fig. 1 a). It is ligated by four conserved cysteine residues,
ccasionally with a selenocysteine substituting for one of the cys-
eine r esidues, whic h coordinate the nic kel ion; two of these cys-
eine residues also form bridging ligands to the iron ion [ 4 , 8 ].
he iron ion of the bimetallic cofactor carries one carbonyl and
w o c y anide ligands and these function to tune the redox state
f the iron ion and it has been hypothsized that this allows the
ickel to bind and heterolytically cleave H 2 [ 4 , 9 ]. This buried and
hielded active site provides an environment for efficient activa- 
ion of H 2 by the cofactor. Consequently, specific pathways are
 equir ed within the large subunit to allow access of the gaseous
ubstr ate/pr oduct to or from the cofactor, for pr oton tr ansfer, and
or electr on tr ansfer to the c hain of ir on–sulfur clusters found in
he small subunit [ 10 ]. Considerable advances have been made
n these areas of hydrogenase research in recent years and these
re summarized in excellent reviews [ 4 , 11 ] and so these facets of
NiFe]-hydrogenases will not be cov er ed further here. 
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Figure 1. Ov ervie w of the structure and biosynthesis of the [NiFe]-cofactor. (a) Coordination of the NiFe(CN) 2 CO cofactor in the large subunit (HycE) of 
Esc heric hia coli hydrogenase 3. The cysteine residues that coordinate the cofactor are indicated and this structural representation was guided by PDB 
accession 7Z0S [ 7 ]. (b) Ov ervie w of the hyp genes and the function of their encoded products in [NiFe]-cofactor biosynthesis. The biochemical functions 
of the r espectiv e gene products are indicated. Note that the organization of the hypA-F genes is re presentati ve for E. coli and the hypX gene is found in 
Cupriavidus necator . 
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Rather, the focus of this minir e vie w will be on recent advances
hat have been made in the study of the biosynthesis of the
NiFe]-cofactor and its subsequent insertion into the a po-activ e
ite of the catalytic subunit. The two advances made in the mid-
o-late 1990s that pr ov ed to be instrumental in significantly ad-
ancing the field of [NiFe]-cofactor research were the elucidation
f the first crystal structure of a [NiFe]-hydrogenase [ 8 ] and the
dentification by infr ar ed (IR) spectr oscopy of the carbonyl and
 y anide ligands associated with the cofactor [ 9 ]. The findings of
hese studies immediately suggested the likely functions of the
roteins encoded by a set of genes, termed hyp for ‘ hy drogenase
 leiotr opy’ (Fig. 1 b), whic h ar e fr equentl y found in the neighbour-
ood of hydrogenase structural genes, and which, upon muta-
ion, result in loss of all, or nearly all, hydrogenase function in
he micr oor ganism [ 12–17 ]. Consequent upon the discov ery of the
iatomic ligands attached to the Fe ion, several research groups
sing different model bacteria made rapid progress in assign-

ng functions to the Hyp proteins required for cofactor synthe-
is and hydrogenase maturation [ 13–17 ]. This progress mainly re-
ulted from their own accumulated findings over many years in
hich they generated and analysed mutants that had been either

pecificall y selected, scr eened for, or constructed by in-fr ame gene
eletion, along with the detailed phenotypic c har acterization of
he m utants [r e vie wed in ( 3 , 18–20 )]. The k e y findings of those
tudies identified a series of steps involved in the maturation pro-
ess and these will be briefly r eca pitulated, together with a de-
cription of more recent findings, which also highlight several still
pen questions in this important field of metallopr otein bioc hem-
stry. 

tep 1: Fe(CN) 2 CO synthesis 

arbamo yl phosphate, carbamo yl: HypE ligase, and 

arbamoyl dehydratase 
t was the hydr ogenase-negativ e phenotype of a pyrA mutant of
almonella typhimurium LT2 (now S. enterica Typhimurium) isolated
y the group of Erica Barrett in the early 1980s [ 21 ] that inspired
he idea to determine whether carbamoyl phosphate (CP) might
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Figure 2. Structur al pr ediction of the holo-HypCD complex of E. coli . (a) AlphaFold3 simulation of the E. coli HypCD complex. The ipTM and pTM scores 
of the prediction are 0.78 and 0.81, respectively. AlphaFill was used to add the [4F e–4S]-cluster. T he F e(CN) 2 CO group was ad ded man ually. (b) 
Sc hematic r epr esentation of the pr oposed coor dination of the Fe(CN) 2 CO moiety b y the E. coli HypCD complex. 
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be the source of the diatomic ligands of the [NiFe]-cofactor [ 22 ]; 
it was later realized that pyrA is carB , encoding the β-subunit of 
CP synthetase [ 23 ]. CP’s involvement in cofactor biosynthesis was 
clearl y demonstr ated in studies done by the Böc k gr oup [ 24 , 25 ],
with the unexpected outcome that CP was the metabolic source 
of only the two cyanide ligands, but not that of the carbonyl lig- 
and [ 26–28 ]. As will be discussed below, the metabolic origin of the 
CO ligand during anaerobic hydrogenase maturation is still unre- 
solved. 

Analysis of the primary sequence of HypF (carbamoyl: HypE 
ligase) identified the presence of a C -terminal O -carbamoyl trans- 
ferase domain, as well as a putative acyl-transferase domain 

[ 29 ]. Subsequent c har acterization of purified HypF identified CP 
and adenosine triphosphate (ATP) as substrates [ 24 ]. The specific 
interaction between HypF and HypE led to the proposal and 

subsequent demonstration that HypF indeed has a carbamoyl 
tr ansfer ase activity. The HypF enzyme has been proposed to 
gener ate initiall y carbamoyl-AMP as activ ated intermediate,
whic h concomitantl y stabilizes carbamate, and then uses this 
as substrate for the S -carbamoylation of the C -terminal cysteine 
residue of HypE, generating a thiocarboxamide modification 

[ 25 , 30 ]. HypE (carbamoyl dehydratase) then dehydrates the 
thiocarboxamide in an ATP-dependent reaction that generates a 
thioc y anate moiety attached to the cysteine . T he cyan yl gr oup is 
then ready for reductive transfer to the iron ion that is proposed 

to be coordinated by a HypC-HypD scaffold complex [ 30 ]. 

The HypCD scaffold complex synthesizes Fe(CN) 2 CO 

The first indication that the iron component of the cofactor might 
be synthesized on a separate scaffold, and not directly in the ac- 
tive site of the hydrogenase large subunit, was suggested when the 
a po-lar ge subunit of the E. coli hydrogenase 3 was unexpectedly 
isolated in association with the small matur ation pr otein, HypC 

[ 31 ]. On the basis of that finding, HypC was suggested to have a 
‘c ha per one-lik e’ function, deli vering a component of the cofac- 
tor after its synthesis. Subsequent analyses identified that HypC 

also interacts with the [4Fe–4S] cluster-containing protein, HypD, 
forming a scaffold complex [ 32 ]. This centr al pr otein-pr otein in- 
teraction, occurring during [NiFe]-cofactor biogenesis, was shown 

to be commonly found during hydrogenase maturation in other 
micr oor ganisms [ 33 , 34 ] and ultimately led to the clear demon- 
tration for hydrogenase maturation in C. necator (formerly Ralsto- 
ia eutropha ) [ 35 ] and E. coli [ 36 ] that the Fe(CN) 2 CO moiety of the
ofactor is assembled on this HypCD scaffold complex (Fig. 2 ). 

While the core of the scaffold complex is HypD bound to HypC,
r its homologues [ 29 , 37 ], early studies sho w ed that the car-
amoyl dehydr atase, HypE, onl y tr ansientl y inter acts with the
omplex, delivering the c y anide ligands [ 30 , 38 ]. On the other
and, the carbamoyl-HypE ligase, HypF, fails to form a stable com-
lex in vitro with the HypCDE ternary complex, but it does form a
table complex with HypE when this protein is not associated with
ypCD [ 34 , 39 ]. Ho w e v er, structur al anal yses of initiall y individual
yp proteins isolated from bacteria [ 39 , 40 ], as well as from the
rchaeon Thermococcus kodakarensis [ 41 , 42 ], and subsequently of
ypCDE and HypEF complexes [ 43 , 44 ] provided the sea change in
ur general understanding of the maturation process, especially 
n the roles of the individual Hyp proteins in cofactor biosynthe-
is. In particular, the structure of the HypCD complex shed light
n how the Fe(CN) 2 CO moiety might be coordinated by the essen-
ial N -terminal cysteine residue (C2) on HypC and the highly con-
erv ed C41 r esidue of HypD [ 43 ] (Fig. 2 b). Mor eov er, the pr esence of
ypE in this complex provided first insights into how the modified
 -terminal cysteine residue might deliver the c y anide ligands [ 43 ].
he structures of HypF and of the HypEF complex made it clear
ow a ‘tunnel’ within HypF shields the labile carbamate group re-

eased during CP hydr ol ysis until it forms a carbamoyl-adenylate,
hich is then delivered to the C -terminal thiol group on HypE [ 20 ].

entral role of [4Fe–4S]-containing HypD in directing 

igand synthesis 
hen HypD was initially isolated, it was immediately obvious 

rom both its brown colour and UV-visible spectrum that it was
n ir on-sulfur pr otein [ 38 ]. As the onl y r edo x-acti v e pr otein
nown to be involved in the synthesis of the Fe(CN) 2 CO moiety,
ypD was wher e assembl y of the gr oup was pr oposed to occur

 35 , 36 , 38 , 43 ]. The absolutely conserved C41 ( E. coli numbering)
 esidue was pr oposed to be the site wher e the Fe ion initiall y
inds, also coordinated by the N -terminal C2 of HypC and pos-
ibly by a conserved histidine residue (H51) on HypC (Fig. 2 b).
mino acid-exc hange m uta genesis of these r esidues r e v ealed

oss of hydrogenase enzyme activity and cofactor content, clearly 
upporting a role for each of these residues in the coordination
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f the iron group on the HypCD complex of E. coli [ 45–47 ]. It is
urr entl y unclear what the redox state of the iron is prior to
oor dination b y the HypCD complex, but initially it is likely to be
e 2 + . Whether a fifth ligand to iron is the side chain of a further
tabilizing amino acid residue in the HypCD complex [see 35], or
hether the site is free to coordinate CN 

− or CO, is unr esolv ed,
ut see the arguments raised in [ 18 ]. 

A recent study using native mass spectrometric analysis of
ypCD complexes isolated anaer obicall y fr om differ ent E. coli m u-

ants has identified a modification proposed to r epr esent the com-
lex carrying the Fe(CN) 2 CO moiety [ 48 ]. Analysis of HypCD com-
lexes isolated from iscU or iscS mutants, genes which encode the
caffold proteins of the ISC i ron–s ulfur c luster biogenesis machin-
ry, has shown that the specific modification is absent [ 49 ]. These
ata suggest that the Fe ion for hydrogenase maturation on HypD
ay be acquired directly or indirectly from the ISC scaffold com-

lex [ 50 ]. 
HypD has a number of other conserved cysteine residues that

erve important functions in the protein [ 46 ]. These include the
our cysteine residues that coordinate the [4Fe–4S] cluster, and
hic h hav e been shown to be essential for both maturation func-

ion, manifestation of hydrogenase enzyme activity, as well as for
tability of HypD [ 46 ]. Together, these findings clearly indicate that
he redox activity of HypD is important in the maturation process.
wo further conserved cysteine residues, C69 and C72 in E. coli
umbering, form a thiol-disulfide exchange motif that is located
etween the [4Fe–4S] cluster ( E o ’ = −262 mV) [ 42 , 51 ] and C41 and,
ased on data of in vitro studies, these have been suggested to un-
er go successiv e and r e v ersible electr on and pr oton tr ansfer r e-
ctions . T his led to the proposal that they may be involved in the
 eductiv e tr ansfer of the c y anide gr oups fr om HypE to the Fe ion
ound between HypD-C41 and HypC-C2 [ 20 , 51 ]. Notably, how-
 v er, electr on tr ansfer fr om the [4Fe–4S] cluster on HypD to the
69–C72 disulfide motif has not yet been dir ectl y demonstr ated
 38 , 51 ]. Mor eov er, the physiological electr on donor to the [4Fe–4S]
luster in HypD is still unr esolv ed. 

While HypC and HypD form a 1:1 complex [ 48 ], HypE and
ypF form an α2 β2 heterocomplex [ 44 ]. Structural analyses have
emonstrated that two HypCD heterodimers bind to a HypE ho-
odimer [ 20 ]. As the order of addition of the CN 

− and CO ligands
s also unr esolv ed, it has been initially proposed that two succes-
ive cycles of reductive transfer of the c y anide group from the C -
erminal cysteine of HypE occurs driven by a thiol-disulfide oxi-
ation involving the C69/C72 residues [ 20 ]. The reduction of the
isulfide bond to r egener ate the thiols of C69/C72 would r equir e
lectr ons pr esumabl y deriv ed fr om the [4Fe–4S] cluster, as well as
rotons; ho w ever, the origin of, and the delivery route taken by,
hese protons are both currently unknown. 

It is also conceivable that the [4Fe–4S] cluster and the C69/C72
air in HypD could be r equir ed for CO synthesis. Of course, this
ill depend v ery m uc h on what the metabolic origin of the car-
on yl gr oup might be; ho w e v er, if it wer e assumed to be CO 2 , then

ts direct dehydration to CO could potentially be achieved with
rotons and electrons delivered from the C69/C72 pair, but the
riving force of −530 mV necessary to ac hie v e this r eduction [ 26 ,
2 ] would r equir e an involvement of ATP hydrolysis . T he disco v-
ry that the HypCD complex indeed has a weak ATPase activity
ould support a possible role for the activity in generation of the
O ligand [ 52 , 53 ]. The HypCD complex lacks a conventional ATP-
inding site, but HypD does have a Rossmann fold, which might
uggest its involvement in ATP hydrolysis [ 46 , 52 ]. Moreover, amino
cid-exc hange v ariants of HypD that impair this conserved motif
ave been analysed and these exchanges lead to an impaired AT-
ase activity [ 54 ]. An ATPase activity has also recently been iden-
ified to be associated with the HypCD complex isolated from R.
utropha (renamed C. necator ) [ 53 ]. Ho w ever, the authors suggest
 plausible alternativ e r ole for ATP binding, which might be re-
uired for the transfer of the Fe(CN) 2 CO group into the apo-large
ubunit [ 53 ]. 

tep 2: Transfer and insertion of the 

e(CN) 2 CO moiety into the apo-large 

ubunit 
s already noted, several early studies demonstrated a tight inter-
ction between HypC proteins and the a po-lar ge subunit of hy-
rogenases [ 31 , 34 , 45 ]. Neither HypD nor HypE w as inv olved in
hese interactions and the intensity of the interaction between
ypC and a po-HycE, the lar ge subunit of hydr ogenase 3, became

tronger when the subsequent nickel insertion step was blocked.
n contrast, the interaction could be diminished by preventing CP
ynthesis, in which case the HypC–HypD interaction was intensi-
ed [ 32 ]. This result also clearly established that the Fe(CN) 2 CO
oiety was introduced into the active site, and HypC had to be

 eleased fr om its complex with the a po-lar ge subunit prior to the
ddition of nickel (see also below). These proposals were further
trengthened by analysis of HycE maturation in an E. coli mutant
eficient in nickel transport [ 55 ]. 

The suggestion that HypC proteins shuttle between HypD and
he a po-lar ge subunit of hydr ogenase gained yet further cr edence
y using native mass spectrometry to study the transfer reaction
 48 ]. In this case, a homologue of HypC found in E. coli , called HybG,
nd which is specifically required for maturation of H 2 -oxidizing
ydrogenase 2 [ 37 ], was shown to interact exclusively with the
po-form of the hydrogenase 2 large subunit, apo-HybC, and not
ith the mature form of the subunit. Mor eov er, titr ation exper-

ments r e v ealed that HybG had a higher affinity for apo-HybC
n vitro than for HypD, but retained its ability to enter into a 1:1
omplex with either protein [ 48 ]. While that study did not exam-
ne transfer of the Fe(CN) 2 CO moiety, the differential affinity for
ypD or pre-HybC that was noted has implications for the find-

ng alluded to abo ve , whereby prevention of CP synthesis intensi-
ed the HypC–HypD inter action, despite a po-HycE being av ailable
or interaction [ 32 ]. The implication here is that there is a further
e v el of control in vivo , possibly signified by the presence of Fe lack-
ng a full complement of diatomic ligands in the HypCD complex,
hich determines HypC’s (or HybG’s) interaction with its cognate
 po-lar ge subunit, and whic h is not r eca pitulated in in vitro exper-
ments. Importantly, ho w ever, the findings show that HypC, or its
ar alogues, onl y inter act with either HypD or their cognate apo-

arge subunit and do not appear to form a HypC–HypD-a po-lar ge
ubunit ternary complex [ 45 , 48 , 49 ]. 

C2 on HypC is essential for interaction of the protein with apo-
ycE [ 45 ]. Inter estingl y, one of the four cysteine residues (C241)

hat ultimately coordinate the [NiFe]-cofactor in HycE (Fig. 1 a) is
ssential for the interaction of the protein with HypC, implying
hat this cysteine r esidue inter acts dir ectl y or indir ectl y with C2 of
ypC. Most likely both of these r esidues ar e r equir ed for the inser-

ion of the Fe(CN) 2 CO moiety in a thiol-transfer reaction [ 18 ]. How-
 v er, C241 is not initially ligated with the Fe gr oup, whic h pr oba-
ly occurs at the neighbouring C244 residue [ 45 ]. Once HypC has
een displaced, then C241 can coordinate the ir on gr oup, while
ic kel subsequentl y binds to C531, but onl y after HypC has been
isplaced from the complex [ 45 ]; presumably, this is aided by in-
eraction with the HypAB complex (see below), whic h deliv ers the
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nic kel ion. Finall y, a conformational c hange induced by a pr ote- 
ol ytic cleav a ge at the C -terminus closes and seals the active site 
[ 18 , 20 ]. 

The question remains how HypD is displaced from the HypCD 

complex to allow the transfer of the Fe(CN) 2 CO moiety onto the N - 
terminally located thiol motif [ 18 ] of the apo-large subunit. HypC 

is clearly instrumental in this process. A recent study by the Lenz 
group has used a variety of a ppr oac hes, including IR spectr oscopy 
combined with structural predictions to extend the findings of a 
study showing Fe(CN) 2 CO group transfer to the apo-hydrogenase 
large subunit [ 56 ], and they provide evidence that the transfer 
of the Fe(CN) 2 CO moiety from HypCD to the a po-lar ge subunit 
is ATP-dependent [ 53 ]. Sur prisingl y, ho w e v er, ATP hydr ol ysis does 
not appear to be r equir ed, as the non-hydr ol ysable ATP analogue 
β, γ - methyleneadenosine 5 ′ -triphosphate was also capable of fa- 
cilitating gr oup-tr ansfer. The authors pr opose that ATP-binding by 
HypCD causes a conformational displacement of its C -terminally 
located domain to release the Fe(CN) 2 CO group from its coordi- 
nation with HypD and this allows transfer of the moiety to the 
a po-lar ge subunit. This data does not r esolv e the issue of how the 
transfer of the Fe group to the thiols of the a po-lar ge subunit is 
ac hie v ed bioc hemicall y, but, as the authors point out, subsequent 
hydr ol ysis of the nucleotide might induce transfer of the group,
priming HypC for a further maturation cycle [ 53 ]. 

Step 3: Fidelity of nickel insertion 

One of the first mutants to be isolated with a defect in total hydro- 
genase activity could be phenotypically complemented by adding 
high, sub-toxic, concentrations of NiCl 2 (low mM) to the growth 

medium [ 57–59 ]. The mutant proved to have a mutation in the 
hypB gene, which encodes the nickel-binding metallochaperone 
and GTPase, HypB [ 60 ]. HypB is functional in cooperation with its 
‘partner’ metalloc ha per one, HypA, and HypA par alogues. Like par- 
alogues of HypC, those of HypA are occasionally found in bacteria 
that synthesize more than one hydrogenase and these proteins 
confer hydrogenase-specificity during the maturation process [ 18 ,
19 ]. Clearly, these data imply that HypA interacts directly with,
and delivers nickel to, the hydrogenase large subunit already con- 
taining the F e(CN) 2 CO moiety. T his also explains why only hypB 
mutants and not mutants with mutations in h ypA w ere identified 

in the original screen for ‘hydrogenase-negative’ mutants [ 58 , 59 ]; 
e.g. E. coli has a paralogue of HypA encoded by hybF [ 18 ]. 

Details of the identification and c har acterization of HypA and 

HypB pr oteins fr om se v er al micr oor ganisms [ 61 , 62 ] have been 

documented in excellent r e vie ws [ 18 , 19 ] and these features of the 
proteins will not be reiterated here. Ho w ever, several more recent 
bioc hemical and structur al studies conducted ov er the last fe w 

years have delivered some important new insights and mecha- 
nistic details in the areas of nickel delivery and insertion. 

The first step that helps ensure only nickel and not, e.g. zinc 
is inserted into the active site of the hydrogenase large subunit 
is the transport of nickel, and this is typically induced when the 
bacteria synthesize their hydrogenases, and presumably helps di- 
r ect nic kel specificall y to the HypAB complex [ 55 , 63 ]. The sec- 
ond k e y ste p ensuring specificity for nick el is the protease that 
acts in the final pr oteol ytic step, whic h does not catal yse peptide 
cleav a ge if another divalent cation in inadv ertentl y inserted into 
the large subunit [ 55 , 64 ]. Structural analyses performed by the 
Miki group (summarized in [ 20 ]) of the HypAB [ 65 ] and the HypA- 
a po- lar ge subunit [ 66 ] complexes have been especially illuminat- 
ng in elucidating these nickel-insertion steps. HypB-type GTPases 
re essential for nickel insertion not only into hydrogenases, but
lso into ureases [ 67 ]. Interestingly, in some species HypB has an
dditional histidine-rich nickel storage domain [ 68 ], and while
ost HypB proteins hydrolyze guanosine triphosphate (GTP),

ome archaeal HypB homologues specifically hydrolyze ATP [ 69 ].
e v ertheless, the mec hanistic basis and function of these pro-

eins remain the same, regardless of which nucleoside triphos- 
hate (NTP) they hydr ol yze [ 20 ]. 

Gener all y, HypB pr oteins hav e a GTP-binding domain and a
ic kel-binding r egion; ther e ar e, ho w e v er, exceptions [ 20 ]. HypA,
n the other hand, has a N -terminal nickel-binding domain, as
ell as a zinc-binding domain, the latter of which has a zinc-
nger motif that coordinates a Zn 

2 + ion. This domain also ex-
ibits conformational flexibility and can sense both nickel loading 
nd changes in pH [ 70 ]. Based on the structural studies, a general
odel for nickel insertion can be formulated, whereby the ATP-

r GTP-bound form of HypB binds HypA, forming an α2 β2 het-
r otetr americ complex. Binding by NTP-bound HypB induces ma- 
or conformational changes in HypA, which result in formation 

f a binding site with an extr emel y high (nM) affinity for nickel
 65 , 71 ]. Binding of nickel induces nucleotide hydr ol ysis by HypB,
 eleasing nic kel-bound HypA fr om the complex and allowing it
o bind and deliver the nickel ion to the open hydrogenase ac-
ive site. Despite HypA proteins from different sources being less
ell conserved and showing greater variability in structure com- 
ared with some other Hyp pr oteins, pr esumabl y because gr eater
exibility is r equir ed to facilitate interaction with different hy-
r ogenase lar ge subunits [ 20 ], the ov er all mec hanism comprising
 nickel-binding HypAB pair that undergoes nucleotide hydr ol y-
is after cation-binding has occurr ed, a ppears to hav e been con-
erv ed thr oughout e volution. The v ariable le v el of nic kel in dif-
erent habitats [ 72 ] requires a system with a very high affinity
nd specificity for nickel, while at the same time explaining why
rowth in the presence of high nickel concentrations in the labo-
atory can bypass the need for a HypAB system [ 58 , 59 ]. 

tep 4: C -terminal cleavage and 

onformational closure of the active site 

r oteol ytic cleav a ge of the C -terminal peptide of the large sub-
nit of [NiFe]-hydrogenases is highly specific for the presence, and
orrect positioning, of the nickel cation in the active site, which
ignifies completion of NiFe(CN) 2 CO cofactor insertion [ 55 , 73–
6 ]. Meanwhile, structur es ar e av ailable for se v er al hydr ogenase-
pecific endoproteases [ 55 , 77–79 ] and all r e v eal a common αβα-
old structure, a similarity with pe ptid yl-tRNA hydrolases [ 79 ],
ut differences congruent with flexibility allowing the selectivity 
eeded for the recognition of individual hydrogenase large sub- 
nits [ 20 ]. A common cleft within this family of protease harbours
wo conserved aspartate residues and a histidine residue that are
roposed to coordinate the nickel ion. Notably, ho w ever, despite
ommonalities in residue conservation, these clefts show consid- 
r able v ariability in volume, whic h has been pr oposed to corr e-
ate with the r espectiv e r esidue number and size of the C -terminal
eptide that needs to be cleaved [ 20 ]. 

Unexpectedly, it was the structure of the complex between the
. kodakarensis a po-hydr ogenase lar ge subunit HyhL and HypA
 66 ] that provided the greatest insight into how both the N -
nd C -terminal peptides of the immatur e lar ge subunit func-
ion to maintain the active site in an open conformation. The
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Figure 3. Sc hematic r epr esentation of the anaer obic biosynthesis and insertion of the NiFe(CN) 2 CO cofactor into the hydr ogenase a po-lar ge subunit. 
T he in volv ement of HypX in gener ation of CO for carbon yl gr oup attac hment during hydr ogenase matur ation of O 2 -toler ant hydr ogenases is depicted 
at the top of the figure with a dotted line and shading. Question marks signify unresolved biochemical processes. C1 indicates a carbon source 
originating from C1 metabolism. The boxed numbers correlate with the corresponding biochemical processes detailed in the main text. 

c  

s  

b  

s  

N  

t  

a  

t  

r  

o  

o  

m  

n  

d  

o  

c  

t  

p  

t  

t
 

N  

h  

a  

t  

c  

s  

c  

t  

a  

o  

a  

o  

o  

w  

a  

M  

t  

p
 

a  

i  

n  

c  

d  

n  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

etallom
ics/article/17/6/m

faf015/8145553 by M
PR

S Enzym
ology Protein Folding user on 22 July 2025
leav a ge site on the C -terminal peptide of the hydrogenase large
ubunit is proposed to be initially shielded from the endoprotease
y the formation of a ne w, tr ansient inter action between the β11-
trand with a β2-strand near the N -terminus . T his frees up the
 -terminal peptide of HyhL for interaction with HypA [ 66 ]. Af-

er nickel has been inserted, the β2 and β11 strands separate,
llowing access of the protease (see [ 20 ]). Consequently, the N -
erminus of the large subunit plays a significantly more important
ole in cleavage of the C -terminal peptide than had been previ-
usl y consider ed. Nonetheless, the importance of the N -terminus
f the large subunit was also predicted by in silico modelling and
olecular dynamic simulations done with the Rhizobium legumi-

osarum HupL large subunit [ 80 ]. In their study, the authors pre-
icted the highly flexible C -terminal peptide to be intrinsically dis-
rdered and thus incapable of acting as a binding platform for the
onserved HypC or HypA proteins . T his is also in a gr eement with
he sequestered C -terminal peptide preventing the C -terminus-
ro ximal acti ve-site cysteine residue from only being able to close
he bridge between the nickel and iron of the cofactor after C -
erminal processing has taken place [ 45 ]. 

Strict coordination of e v ents in the insertion of the
iFe(CN) 2 CO cofactor is paramount for the majority of [NiFe]-
ydrogenases (Fig. 3 ). This is particularly evident for membrane-
ssociated, or periplasmically-localized enzymes, which are
r anslocated acr oss the membr ane in their full y folded and
ofactor-loaded states by the TAT (twin arginine translocation)
ystem [ 81 ]. Pr ematur e association of the small subunit, whic h
arries the N -terminally located T A T signal-sequence, with
he immatur e lar ge subunit m ust be pr e v ented. This is pr obabl y
c hie v ed for the majority of hydrogenase systems by the presence
f the C -terminal peptide, bound by further hydrogenase-specific
ccessory proteins [ 82 ]. This also explains why genetic r emov al
f the C -terminal peptide allows T A T-competent translocation
f [NiFe]-cofactor-fr ee hydr ogenase oligomers [ 83 , 84 ], but not
hen cleav a ge of the C -terminal peptide is pr e v ented by amino
cid-exchange [ 64 , 76 , 85 ]. Notably, the experiments described by
assanz et al. [ 76 ] clearly demonstrated that the large subunit of

he R. eutropha soluble hydrogenase with a mutated C -terminal
eptide, retained the peptide and had nickel in the active site. 

As is often the case in Biology, the ‘exception pr ov es the rule’
nd not all [NiFe]-hydrogenases have a C -terminal peptide that
s cleaved to indicate completion of cofactor insertion, yet they
e v ertheless form activ e hydr ogenase enzymes [ 84 ]. These in-
lude group 2b and 2d H 2 -sensing hydr ogenases, gr oup 4c hy-
rogenases and the group 4e Ech, energy-converting hydroge-
ases [ 2 ]. In their study, Hartmann et al. used genetic methods
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to r emov e the C -terminal peptide of the HoxG subunit of the O 2 - 
toler ant membr ane-bound hydr ogenase (MBH) fr om R. eutropha 
and were able to generate a catalytically active and membrane- 
associated enzyme, albeit with slightly lo w er ov er all enzyme 
le v els [ 84 ]. Clearl y, ther efor e ther e is v ariability in how essential 
the C -terminal peptide is in the maturation process. Importantly,
ho w e v er, that study nicely highlights the importance of the N - 
terminus of the hydrogenase large subunit in the maturation pro- 
cess. 

Ancillary proteins in the maturation of 
O 2 -toler ant hydr ogenases 

Apart from the HypA-F proteins, genes encoding ancillary pro- 
teins involved in [NiFe]-cofactor biogenesis have been identified 

in operons in, or near, those encoding hydrogenases in a num- 
ber of different Pseudomonadota (synonymous with Proteobac- 
teria). These ancillary proteins include Ho xL, Ho xV, HupF, HupK,
and HypX [ 86–89 ]. HoxL and HupF are members of the HypC fam- 
il y, wher eby par alogues of whic h ar e fr equentl y, but not al ways 
[ 89 ], found within a single bacterium or archaeon synthesizing 
more than one hydrogenase [ 18–20 ]. HoxV (in R. eutropha ) and 

HupK (in Rh. leguminosarum ), on the other hand, are unusual in 

that they are proteins showing amino acid sequence similarity 
with [NiFe]-hydrogenase large subunits [ 88 , 90 ], although HoxV 

has been shown to display no enzyme activity [ 91 ]. HoxV interacts 
specificall y with a po-HoxG, the lar ge subunit of MBH in R. eutropha ,
carries the Fe(CN) 2 CO moiety, but lac ks nic kel, leading to the sug- 
gestion that it functions as an intermediate scaffold, receiving the 
Fe(CN) 2 CO moiety fr om HypCD, befor e deliv ering it on via HoxL to 
apo-HoxG. HupK of Rh. leguminosarum , in contrast, interacts with 

HypC and with HupF (HypC homologue) [ 89 , 92 ], whereby HupF 
also interacts with pre-HupL, the hydrogenase large subunit [ 89 ].
Notably, HupF has an extended C -terminus not found in other 
HypC proteins and it has been shown that this C -terminal exten- 
sion is crucial for the synthesis of an active hydrogenase enzyme 
under conditions of high O 2 tension [ 89 ]. Based on these findings,
it has been proposed that HupF–HupK (Ho xL–Ho xV) function to 
pr ovide pr otection a gainst O 2 during synthesis of the Fe(CN) 2 CO 

moiety [ 92 ]. As some bacteria that have a HoxV (HupK) protein 

synthesize hydrogenase only anaerobically [ 91 ], this suggests that 
some members of the HoxV–HupK family might provide a protec- 
tiv e, or tr ansient, stor a ge location for the Fe(CN) 2 CO moiety dur- 
ing its synthesis. Apart from these features, ho w ever, little else 
is known about the precise role of these fascinating proteins in 

[NiFe]-cofactor matur ation, clearl y warr anting further r esearc h. 
HypX was initially partially characterized in Rh. leguminosarum 

and R. eutropha in the second half of the 1990s, where it was 
shown that it is involved in [NiFe]-cofactor biosynthesis [ 15 ,
93 ]. The protein has two domains, with the N -terminal one 
bearing a N 

10 -formyl-tetr ahydr ofolate ( N 

10 -fTH) motif, while the 
C -terminal domain shows sequence similarity with enoyl-CoA 

hydr atases/isomer ases [ 94 ]. A series of elegant studies confirmed 

unequivocally that HypX generates the CO ligand from N 

10 -fTH 

when the bacterium grows under compar ativ el y high O 2 partial 
pr essur es [ 95–97 ]. In the most recent of these excellent studies 
[ 97 ], the Lenz group sho w ed that the N -terminal domain of HypX 

catal yses the tr ansfer of the formyl gr oup fr om N 

10 -fTH to coen- 
zyme A, generating formyl-CoA as an intermediate, but which 

remains associated with HypX. Subsequent decarbonylation of 
formyl-CoA by the C -terminal domain of HypX r eleases CO, whic h 

acts as a direct, gaseous source of the CO ligand [ 27 , 28 , 96 , 97 ] 
Fig. 3 ). Substr ate-c hannelling within HypX and dir ect tr ansfer of
O to the iron ion on the HypCD complex are presumably the final
teps, implying that the generation of CO under anoxic growth
onditions is the step that is sensitive to w ar ds O 2 and must occur
y a different mechanism, or originate from a different metabolic 
ource. 

roposals for the anoxic generation of the 

O ligand 

O pr ovided exogenousl y and under anoxic conditions can be
uantitativ el y incor por ated into the [NiFe]-cofactor r esulting in
nzymicall y activ e hydr ogenases [ 27 , 28 ]. The in vitro demonstr a-
ion that HypX can generate CO strongly suggests that when R.
utropha grows in the presence of O 2 and induces synthesis of hy-
r ogenase, then HypX likel y pr ovides the CO ligand to the Fe as-
ociated with HypCD [ 96 , 97 ]. This finding clearly indicates that
her e ar e at least tw o distinct pathw ays leading to generation of
he CO ligand. Three k e y questions in [NiFe]-cofactor biosynthe-
is remain unanswered: (i) What is the metabolic source of the
O ligand during maturation of hydrogenase under anoxic condi- 

ions? (ii) Which enzyme, or enzymes, are involved in generating
he CO ligand? (iii) Which is added to the iron ion first, the CO or
N-ligands? 

A study performed se v er al years a go identified a sub-
opulation of anaer obicall y isolated HypCD complexes that had
eatures of an O 2 -sensitive Fe–CO group, apparently lacking CN 

−

igands [ 98 ], suggesting that either a step involving anaerobic CO
eneration, or the Fe(I)–CO moiety itself is sensitive to oxidation.
ypX-dependent hydrogenase maturation under oxic conditions 

 96 ] would be commensurate with an early step in maturation be-
ng O 2 -sensitiv e, particularl y as HypCD carrying the synthesized
e(CN) 2 CO moiety is insensitive to O 2 [ 98 ]. If correct, this also sup-
orts the hypothesis that CO might be added to the ir on befor e the
w o CN 

− ligands. Chemically, ho w ever, either CO or CN 

− could be
dded first (C. Pickett, personal communication). 

The HypX study by Schulz et al. is also significant from the
oint of view of the enzyme’s substrate, N 

10 -fTHF [ 97 ]. A formyl
roup can be readily reduced to CO by a suitable reductase ac-
ivity . Notably , HypD also has an enoyl-CoA hydratase motif [ 52 ],
hich might suggest HypD could perform a similar decarbony- 

ase reaction to that catalysed by HypX. The question then would
e where the form yl-CoA substrate originates. Form yl-CoA can be
ener ated fr om acetyl phosphate by a CoA tr ansfer ase, or fr om
ormyl-phosphate by phosphotransacetylase [ 99 , 100 ]. Like Ox-
lobacter formigenes [ 101 ], E. coli also has both an oxalyl-CoA de-
arboxylase (YfdU) and a formyl-CoA tr ansfer ase (YfdW) [ 102 ],
hich could act as a source of form yl-CoA. Interestingly, form yl-
hosphate can also be generated in an ATP-dependent side reac-
ion of CP synthetase [ 103 ], providing a potential alternative route
o formyl-CoA. 

Apart from a formyl intermediate, the other most likely can-
idates as a source of CO are either formate or CO 2 . Labelling
tudies have ruled out exogenously added CO 2 functioning as a
irect source of the CO ligand in R. eutropha ( C. necator ) [ 28 ]. Nev-
rtheless, as a mutant specifically defective in CO-ligand synthe- 
is has yet to be described, it is conceivable that more than one
etabolic source for the generation of the carbonyl ligand ex- 

sts in many microorganisms. Titration experiments performed 

y Bürstel et al. [ 95 ] demonstrated for R. eutropha regulatory hy-
rogenase that an exogenous carbon monoxide concentration of 
round 10 nM was sufficient to outcompete the endogenous CO
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F igure 4. Sho wn is an AlphaFold3 simulation of E. coli HypCD with AccB (a). The ipTM and pTM scores of the structure are 0.71 and 0.76, respectively. 
When the first 80 N -terminal amino acids of AccB are omitted, the ipTM and pTM scores improve to 0.85 and 0.88, respectively. A Fe 3 + ion was 
simulated together with the proteins. AlphaFill was used to add automatically the [4Fe–4S]-cluster and the biotin aldehyde into the structure. (b) 
Depiction of the region around the predicted binding site of the Fe 3 + ion is shown. The locations of the k e y cysteine residues of HypC and HypD are 
shown and the dashed line shows the expected in vivo chemical bond of the biotin to the lysine 122 of AccB. 
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recursor. Considering that formyl groups, intracellular CO 2 gen-
ration by decarboxylation reactions, or formate abound in mi-
r oor ganisms, limited amounts of one of these substrates will al-
ays be available. 
Finally, during the purification of the HypCD complex from E.

oli extracts, we have consistently identified the biotin-carboxyl
arrier protein (AccB) component of acetyl-CoA carboxylase [ 104 ]
s a ‘contaminant’, despite stringent controls ruling out AccB
inding non-specifically to the chromatography columns used (S.
üller, D. Lubek, G. Sawers unpublished observations). This ob-

erv ation was ignor ed for man y years until the de v elopment of
he AlphaFold3 structural simulation algorithm [ 105 ], revealed
 sur prisingl y good inter action of AccB with the HypCD com-
lex (Fig. 4 a). Indeed, upon closer inspection of the structure, the
redicted site of CO 2 -binding to the biotin is positioned dir ectl y
ithin hydrogen-bonding distance to the Fe ion predicted to be

oor dinated b y C2 of HypC and C41 of HypD (Fig. 4 b). It has been
r e viousl y suggested that the other possible function of the AT-
ase activity of HypCD is to provide the thermodynamic driving
orce to dehydrate CO 2 to CO [ 52 ]. 

nresolved aspects of [NiF e]-h ydrogenase 

a tur a tion 

he metabolic origin of the anaer obicall y gener ated carbon yl lig-
nd of the [NiFe]-cofactor needs to be determined. Based on the
tudies carried out to date, it appears clear that it pr obabl y orig-
nates from C1 metabolism, in analogy to what has been clearly
emonstrated for CO synthesis in aerobes [ 97 ]. Nevertheless, it is
lso likely that more than one metabolic intermediate can act as
 precursor and this might also differ between micr oor ganisms
hat synthesize [NiF e]-hydrogenases . T he k e y issue to be r esolv ed
s whether, as proposed for HypX, a decarbonylase-type reaction
 eleases CO locall y for attac hment to the ir on ion in HypCD, or
hether HypCD itself catal yses conv ersion of a precursor metabo-

ite that is already liganded with the iron ion, thus obviating CO
elease . T his question is also very relevant to address with respect
o defining any additional role ATP might ha ve , and with respect
o the order-of-addition of the diatomic ligands. 
The resolution of the structure of HypCD with an attached
e(CN) 2 CO moiety would be a major coup and attempts to obtain
tructural information on such a complex in the presence of ATP
ight pr ov e fruitful. Furthermor e, despite the demonstr ation that
ypCD isolated from an E. coli carAB m utant lac ks an y indication
f CO or CN signals in infr ar ed spectr oscopy [ 35 ], a further anal y-
is of HypCDE complexes might pr ov e to be mor e r e v ealing, espe-
ially as the proposed intermediate with only CO attached to an
e (I) species is highly labile [ 98 ]. Structural analyses analogous
o those that defined the HypA–HyhL [ 66 ] structure will be very
nformativ e r egar ding ho w the transfer of the Fe(CN) 2 CO moiety
rom HypC into the apo-large subunit occurs. 

Regardless of whether HypCD is involved in direct or indirect
arbon yl-ligand gener ation, the source of the electr ons for the r e-
uction of the [4Fe–4S] cluster in HypD is still unknown. Ferre-
oxin can be ruled out as electron donor to HypD of E. coli (C.
ulka, A. Haase, G. Sawers and I. Zebger unpublished data) and
n alternativ e electr on donor could be one of the tw o flav odoxins
n the bacterium. Finally, defining the role of the HoxV ancillary
roteins that are found in many bacterial species is important,

n particular regarding what evolutionary advantage this class of
Fe(CN) 2 CO-stor a ge’ pr oteins might pr ovide in the cofactor matu-
 ation pr ocess. 
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