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Hydrogenase pleiotropically acting protein (Hyp)E plays a role in
biosynthesis of the cyano groups for the NiFe(CN),CO center of [NiFe]
hydrogenases by catalyzing the ATP-dependent dehydration of the
carbamoylated C-terminal cysteine of HypE to thiocyanate. Although
structures of HypE proteins have been determined, until now there
has been no structural evidence to explain how HypE dehydrates
thiocarboxamide into thiocyanate. Here, we report the crystal struc-
tures of the carbamoylated and cyanated forms of HypE from Ther-
mococcus kodakarensis in complex with nucleotides at 1.53- and
1.64-A resolution, respectively. Carbamoylation of the C-terminal cys-
teine (Cys338) of HypE by chemical modification is clearly observed
in the present structures. In the presence of ATP, the thiocarboxa-
mide of Cys338 is successfully dehydrated into the thiocyanate. In
the carbamoylated state, the thiocarboxamide nitrogen atom of
Cys338 is close to a conserved glutamate residue (Glu272), but the
spatial position of Glu272 is less favorable for proton abstraction. On
the other hand, the thiocarboxamide oxygen atom of Cys338 inter-
acts with a conserved lysine residue (Lys134) through a water mol-
ecule. The close contact of Lys134 with an arginine residue lowers
the pK, of Lys134, suggesting that Lys134 functions as a proton
acceptor. These observations suggest that the dehydration of thio-
carboxamide into thiocyanate is catalyzed by a two-step deprotona-
tion process, in which Lys134 and Glu272 function as the first and
second bases, respectively.
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ydrogenases catalyze the reversible oxidation of hydrogen in

microorganisms. This catalysis is essential for energy me-
tabolism and the regulation of proton concentrations. Under
anaerobic conditions, hydrogenases are involved in maintaining
the redox balance in the cell. The enzymes are classified into
three groups according to the metals in the reaction center,
[NiFe], [FeFe], and [Fe] hydrogenases (1, 2). [NiFe] hydro-
genases basically consist of one large subunit and one small
subunit. The reaction center in the large subunit carries a [NiFe]
cluster. The Ni atom is bound to the four conserved cysteine
residues of the large subunit. Two of the four cysteine residues
also bind the Fe atom, which is coordinated by two CN and one
CO ligands (3, 4).

Biosynthesis of the [NiFe] cluster is catalyzed by six hydroge-
nase pleiotropically acting proteins (Hyp) proteins (HypA-—
HypF) (5). Biosynthesis of the cyano group is catalyzed by HypE
and HypF. First, HypF catalyzes a transfer reaction of the car-
bamoyl moiety of carbamoylphosphate to the C-terminal cyste-
ine residue of HypE. Then, HypE catalyzes an ATP-dependent
dehydration to produce a thiocyanate group (6, 7). The cyano
group is transferred to the HypCD complex (8), which is thought
to catalyze the formation of the Fe(CN),CO group and insert the
Fe ligand into the hydrogenase large subunit (9-12). The bi-
ological origin of the CO molecule is still unclear (13). After
the Fe atom insertion, HypA and HypB insert the Ni atom into
the hydrogenase large subunit (14). Finally, the C terminus of the
hydrogenase large subunit is cleaved by a specific protease (15).
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HypE belongs to the aminoimidazole ribonucleotide synthe-
tase (PurM) family, which catalyzes the ATP-dependent con-
version of acyl compounds into various products (16). The PurM
family includes PurM, formylglycinamide ribonucleotide ami-
dotransferase (PurL), thiamine-monophosphate kinase (ThiL),
and selenophosphate synthetase (SPS). HypE and other proteins
of the PurM family function as a homodimer and require Mg**
ions for their catalytic activity (17-20). The DX,;GAXP motif is
characteristic for the PurM family. The aspartate residue in the
DX,GAXP motif is involved in holding Mg?* ions and nucleotides.

The crystal structures of HypE have been reported from
Thermococcus kodakarensis (9), Desulfovibrio vulgaris (21), Escher-
ichia coli (22), and Caldanaerobacter subterraneus (23). The struc-
tures of all of the other Hyp proteins have also been reported (9,
24-32). The carbamoylation mechanism of the C-terminal cys-
teine residue of HypE was proposed based on the structure of
the HypE-HypF complex (23). The N-terminal acylphosphatase-
like domain of HypF catalyzes the formation of a carbamate
intermediate, which can be transferred to the active site through
a tunnel inside the protein. On the other hand, previous studies
suggested the involvement of two basic groups in the dehydration
of the carbamoyl moiety in HypE (21, 22). However, these
studies provided no structural evidence to explain how HypE
recognizes and dehydrates thiocarboxamide.
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Here, we report the structures of the carbamoylated and
cyanated forms of HypE from T. kodakarensis (TkHypE) at 1.53-
and 1.64-A resolution, respectively. These structures trap the
intermediate carbamoyl/cyano steps of the reactions catalyzed by
HypE and provide deeper insight into its reaction mechanism in
hydrogenase maturation.

Results and Discussion

Structure Determination of the Carbamoylated and Cyanated Forms
of HypE in Complex with Nucleotides. Carbamoylation of the con-
served cysteine residue of HypE was performed by chemical
modification using KOCN before crystallization. KOCN carba-
moylates the SH group of cysteines (33). Because TkHypE has
only one cysteine residue (Cys338), KOCN was valid for selective
carbamoylation. Previously, we could not obtain the structure of
the nucleotide-bound states of TkHypE, despite the observation
of the ATP-dependent conformational changes of its C-terminal
tail (9). This seemed to be because the nucleotides were unstable
under the acidic crystallization conditions used. In addition, in
the previously reported structure of TkHypE, the N-terminal
lobe of TkHypE was missing. Therefore, we sought new crys-
tallization conditions for this study. The new crystal form of
TkHypE belongs to the space group P432,2, and contains one
protein molecule in the asymmetric unit. Two diffraction data-
sets for adenosine 5'-(B,y-imido)triphosphate (AMPPNP)- and
ATP-bound forms were collected at 1.53- and 1.64-A resolution,
respectively. Two benzamidine molecules added in the crystal-
lization step were found at the molecule boundary opposite the
side of the dimer formation, improving the crystal packing.

The structure of TkHypE consists of two a/p domains (domains
A and B) with the C-terminal tail in the inward conformation
(Fig. 14). The electron density for the N-terminal lobe and ATP/
AMPPNP are clearly visible in the present structures. The
N-terminal lobe (residues 3-45) contains an a-helix and two 349
helices. As observed in the previously determined structures, the

dimeric structure is formed by the interactions between the do-
main A and its symmetry-related counterpart. Two ATP/AMPPNP
molecules are found at the boundary of the homodimer. The
configuration of the N-terminal lobe of TkHypE is similar to that
found in C. subterraneus HypE (CsHypE), but is different from
those of D. vulgaris HypE (DvHypE) and E. coli HypE (EcHypE).
A sequence alignment based on the updated structures (Fig. S1)
shows that the loop length between the p2—p3 strands of TkHypE
is shorter than those of EcHypE and DvHypE, indicating that
the p2-B3 loop length determines the configuration of the N-
terminal lobe.

An F,—F. omit map clearly shows that the C-terminal cysteine
(Cys338) of HypE in the AMPPNP-bound state was partially
carbamoylated (Cys338—-CA) (Fig. 1B). In the structure in com-
plex with ATP, the carbamoylated cysteine was dehydrated to
cyanated cysteine (Cys338-CN) (Fig. 1C). The best-fit models
were a mixture of 50% of carbamoylated/cyanated cysteine and
50% unreacted cysteine. The reactivity of Cys338 to KOCN
suggests that before the reaction with KOCN, 50% of the HypE
proteins take the inward conformation, which seems to prevent
the carbamoylation of Cys338 by KOCN.

ATP-Binding Site. ATP/AMPPNP binding sites are formed by the
N-terminal lobe and motifs I, II, and III from one protomer and
the motif II from its counterpart (Fig. 24 and Fig. S1). The
adenine base is sandwiched between the hydrophobic residues of
the ol helix and the main chain of motif II. The OH group of
Thr133’ (primes indicate residues from the counterpart proto-
mer) in motif II forms hydrogen bonds with the N6 and N7
atoms. The side chain NH, of Asn97’ also forms a hydrogen
bond with N1. The ribose interacts with Asp42, Thr130’, and
Gly131’ (Fig. 2B).

The phosphate groups of ATP are surrounded by four Mg**
ions, which are held by five aspartate residues (Asp43, Asp59,
Asp84, Asp221, and Asp132’) (Fig. 2C). Asp84 is the characteristic

Fig. 1. Structures of the carbamoylated and cyanated forms of HypE. (A) Overall structure of the TkHypE monomer (Left) and dimer (Right). ATP is shown in
a stick model. The N-terminal lobe and the conserved motifs |, I, Ill, and IV are shown in red, green, magenta, cyan, and orange, respectively. (B and C). Close-
up views of the carbamoylated cysteine (B) and cyanated cysteine (C). The electron density of an F,—F. omit map around residues 335-338 is shown at 3.0 ¢ in

a gray mesh.
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Fig. 2. ATP-binding site of HypE. (A) Overall binding mode of ATP. The conserved motifs |, II, lll, and IV are shown in green, magenta, cyan, and blue, re-
spectively. (B) A close-up of the interactions of the adenine and ribose moieties with the conserved residues. Hydrogen bonds are shown in yellow broken
lines. (C) A close-up view of the phosphates binding mode. Mg?* ions and water molecules are shown in yellow and red spheres, respectively. (D) Partially
hydrolyzed y-phosphate. The electron density of the 2 F,—F. map is shown at 1.0 ¢ in a gray mesh.

residue of the PurM family, and Asp59, Asp221, and Asp132’ are
highly conserved among the HypE proteins (Fig. S1). Mgl is
coordinated by the a-, - and y-phosphates, Asp59, Asp132’, and
one water molecule. Mgl is also observed in the other PurM
family proteins (17-20). Mg2 is coordinated by the y-phosphate,
Asp221, Asp43, Asp84, and two water molecules. Mg3 binds the
B- and y-phosphates, Asp59, Asp84, and two water molecules.
Mg4 binds the o- and B-phosphates and four water molecules.
Mgl, Mg2, and Mg3 are also observed in the AMPPNP-bound
structure, but Mg4 is missing, because the O3B of ATP is replaced
with the nitrogen atom in AMPPNP. Interestingly, the Mg3 and
Mg4 observed in TkHypE are not found in the structure of the
DvHypE in complex with ATP (21), despite the conservation of
the aspartate residues. Superposition of these structures shows
that the domain B of DvHypE is slightly open compared with
TkHypE and that the position of Mg2 in DvHypE is slightly
distant from ATP. As a result, the conserved Asp residues of
DvHypE assume different conformations, which cannot support
the additional Mg ions.

The O atoms of the y-phosphate also form hydrogen bonds
with Thr223 and Arg224 in motif III. In the ATP data, extra
electron density was found near the y-phosphate, indicating that
the y-phosphate is partially hydrolyzed (Fig. 2D). The occupan-
cies of the y-phosphate and hydrolyzed phosphate ion were re-
fined to 0.63 and 0.29, respectively. The phosphate ion interacts
with the conserved lysine residue (Lys134’) in motif II.

Tominaga et al.

The p-Phosphate Hydrolysis. In the ATP data, the refined occu-
pancies of the a- and p-phosphates were 0.93 and 0.80, re-
spectively. In the case of the crystallization conditions at pH 7.0
(dataset “ATP pH7.0”), there was no electron density for either
the y-phosphate or the p-phosphate (Fig. 34), indicating that the
B-phosphate was also hydrolyzed. Among the PurM family
members, human selenophosphate synthetase 1 (ASPS1) has also
been reported to catalyze ATP hydrolysis to produce AMP and
phosphate (20). In hSPS1, the water molecule held by two Mg**
ions, Asp219, and Thr221 probably plays a nucleophilic role in
ADP hydrolysis (Fig. 3B). Superposition of #SPS1 and TkHypE
shows that the water molecule bound to Mg2, Mg3, Asp221, and
Thr223 of TkHypE corresponds to the probable nucleophilic
water molecule in ASPS1 (Fig. 3C). These observations indicate
that HypE has an ability to hydrolyze the p-phosphate of ADP.

Interactions Around the Carbamoylated C-Terminal Cysteine. The
present structure reveals the detailed interactions around
the carbamoyl group of Cys338-CA (Fig. 4 4 and B). Due to the
partial carbamoylation of Cys338, two conformations of residues
surrounding Cys338 are observed in the present structure (Fig.
S2). Therefore, the structure analysis described below is based on
the structure of the carbamoylated state.

Compared with the unreacted cysteine, the chi 1 angle of
Cys330-CA and Cys338-CN is rotated about 180°. The thio-
carboxamide oxygen atom of Cys338—CA is located within van
der Waals distance of the y—phosphate, with a distance of 3.9 A

PNAS | December 17,2013 | vol. 110 | no.51 | 20487

BIOCHEMISTRY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1313620110/-/DCSupplemental/pnas.201313620SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1313620110/-/DCSupplemental/pnas.201313620SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1313620110/-/DCSupplemental/pnas.201313620SI.pdf?targetid=nameddest=SF2

PNAS

Asp43

Fig. 3. The p-phosphate hydrolysis. (A) A close-up view of AMP in the “ATP pH 7.0” data. The electron density of the F,—F. map at 3.0 and 2.0 ¢ is shown in
red and gold mesh, respectively. (B and C) Comparison of hSPS1 and TkHypE. The two structures are superimposed and also shown independently. The
structure of hSPS1 is shown in B, and that of TkHypE is shown in C. Three conserved aspartate residues are shown in stick models. The putative nucleophilic
water and two Mg?* ions are shown as red and green spheres, respectively.

between the O8 and PG (Fig. 44). The angle of N3B-PG-05 is
~153°, and therefore the thiocarboxamide oxygen atom is in
a proper position for an in-line attack on the y-phosphate of
ATP. The thiocarboxamide nitrogen atom of Cys338—CA is close
to the O3 atom of the conserved glutamate residue (Glu272) in

motif IV (2.6 A). However, the NH-O angle is ~90° (Fig. 4B),
suggesting that the position of Glu272 is less favorable for the
proton abstraction from the nitrogen atom of the thiocarbox-
amide of Cys338-CA. On the other hand, a water molecule (W1)
is located near the thiocarboxamide oxygen atom (Fig. 4B). W1
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Fig. 4. Interactions around carbamoylated cysteine. (A and B) Stereoview of a close-up of interactions around carbamoylated cysteine (Cys338-CA) from
a side view (A) or top view (B). The remarkable interactions surrounding Cys338-CA are shown in yellow broken lines (see text).
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Fig. 5. Proposed reaction mechanism of the carbamoyl cysteine de-
hydration.

forms hydrogen bonds with the thiocarboxamide oxygen atom,
Ng of the conserved lysine residue (Lys134’) in motif II, the
backbone oxygen atom, and a water molecule. Interestingly, NC
of Lys134 is very close to the guanidium group of Arg222 at
a distance of 3.4 A. This close contact would be expected to
decrease the pK, of this lysine residue. Indeed, the calculated
pK. value of Lys134 by PROPKA (34) is 5.1. These results sug-
gest that Lys134 is deprotonated in the ATP-binding state and
functions as a proton acceptor.

Proposed Reaction Mechanism. PurM family members including
HypE are assumed to catalyze a common reaction scheme via an
iminophosphate intermediate (35). In the case of HypE, two
bases have been proposed to be involved in abstracting protons
from thiocarboxamide (21, 22). Previous studies have proposed
that the conserved glutamate residue in motif IV (Glu272 in
TkHypE) functions as the first base that deprotonates the ni-
trogen atom of thiocarboxamide. However, the second base has
not been clarified. The present structures of the carbamoylated
HypE reveal that Glu272 in motif IV does not take an effective
configuration for proton abstraction (Fig. 4 A and B). On the
other hand, Lys134 in motif II is shown to be stable in the
deprotonated form in the ATP-binding state.

Based on our structural findings as well as synthetic studies of
nitriles from primary amides (36, 37), we propose a reaction
mechanism for the ATP-dependent dehydration of thiocarbox-
amide by the conserved lysine and glutamate residues of HypE
(Fig. 5). In the proposed mechanism, the conserved lysine resi-
due in motif II (Lys134’) functions as the first base. The close
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contact with the conserved arginine residue (Arg222) lowers the
pK. of Lys134'. The decrease in the pK, value allows Lys134’ to
abstract the proton from the imidic acid of Cys338-CA through
the water molecule W1. The oxygen atom of Cys338—CA attacks
the y-phosphate, resulting in formation of an iminophosphate
intermediate. Finally, the intrinsic glutamate (Glu272) in motif
IV functions as the second base, which deprotonates the imino
nitrogen and promotes formation of the cyano group.

The intrinsic ATPase activity of HypE (7) can also be explained
by W1 and Lys134’. W1 in the unreacted state is also 3.9 A
distant from the y-phosphate. The W1-PG-PO angle is about
157°. Therefore, the W1 activated by Lys134’ probably performs
an in-line attack on the y-phosphate of ATP. In fact, in the ATP
data, the partially hydrolyzed phosphate occupies the position
of W1.

In this study, we present structural evidence of the ATP de-
pendent-dehydration of HypE. The conserved lysine of motif II
and glutamate of motif IV probably function as essential bases in
the conversion of thiocarboxamide into thiocyanate or ATP hy-
drolysis of HypE. These results shed light on the general mecha-
nism via iminophosphate intermediates.

Materials and Methods

The detailed methods are described in S/ Materials and Methods. The
overexpression and purification of TkHypE were performed as described
previously (38). The protein sample for crystallization was concentrated
to 20 mg mL™" in 20 mM Mes-NaOH pH 6.0, 5 mM MgCly, 1 mM tris (2-
carboxyethyl) phosphine (TCEP). The sample was mixed with 10 mM KOCN
and incubated for 4 h at room temperature or for 20 h at 277 K, and 5 mM
AMPPNP or 10 mM ATP was added. Crystals suitable for data collection were
obtained using reservoir solution containing 0.1 M Mes-NaOH pH 6.0, 1.4-
1.55 M ammonium sulfate, 1.7% (vol/vol) polyethylene glycol 400, and 6%
(volivol) glycerol. Drops were prepared by mixing 1.0 pL protein, 0.8 pL
reservoir solution, and 0.2 uL Additive Screen reagent [20% (wt/vol) ben-
zamidine hydrochloride]. The dataset “ATP pH7.0” was collected from
a crystal grown in the drop made by mixing the protein sample in 20 mM
Hepes pH 7.0, 5 mM MgCl,, 1 mM TCEP, 10 mM ATP, and the above de-
scribed reservoir solution. Diffraction datasets were collected at the beam-
lines BL-1A, BL-5A, and AR-NW12A (Photon Factory). The structures were
determined by the molecular replacement method with MOLREP (39), using
the previously determined HypE structure in its ternary complex (PDB entry
3VYT). Statistics for the crystallographic data are summarized in Table S1.
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