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Abstract

[NiFe]-hydrogenase, which catalyzes the reversible conversion between hydrogen gas and protons, 

is a vital component of the metabolism of many pathogens. Maturation of [NiFe]-hydrogenase 

requires selective nickel insertion that is completed, in part, by the metallochaperones SlyD and 

HypB. Escherichia coli HypB binds nickel with sub-picomolar affinity, and the formation of the 

HypB-SlyD complex activates nickel release from the high-affinity site (HAS) of HypB. In this 

study, the metal selectivity of this process was investigated. Biochemical experiments revealed that 

the HAS of full length HypB can bind stoichiometric zinc. Moreover, in contrast to the 

acceleration of metal release observed with nickel-loaded HypB, SlyD blocks the release of zinc 

from the HypB HAS. X-ray absorption spectroscopy (XAS) demonstrated that SlyD does not 

impact the primary coordination sphere of nickel or zinc bound to the HAS of HypB. Instead, 

computational modeling and X-ray absorption spectroscopy of HypB loaded with nickel or zinc 

indicated that zinc binds to HypB with a different coordination sphere than nickel. The data 

suggested that Glu9, which is not a nickel ligand, directly coordinates zinc. These results were 

confirmed through the characterization of E9A-HypB, which afforded weakened zinc affinity 

compared to wild-type HypB but similar nickel affinity. This mutant HypB fully supports the 

production of [NiFe]-hydrogenase in E. coli. Altogether, these results are consistent with the 

model that the HAS of HypB functions as a nickel site during [NiFe]-hydrogenase enzyme 

maturation and that the metal selectivity is controlled by activation of metal release by SlyD.
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SlyD activates the release of nickel and blocks the release of zinc from the high-affinity metal site 

of HypB.

Introduction

Metalloenzymes rely on essential, yet toxic, metal cofactors to catalyze chemical 

transformations that are required for life.1–5 The availability and distribution of these 

hazardous nutrients are maintained through the efforts of metal homeostasis networks, which 

include metal ion importers, exporters, genetic regulators, storage proteins, and 

metallochaperones.1, 6–9 An example of a consequential metalloenzyme is [NiFe]-

hydrogenase, which catalyzes the reversible conversion of hydrogen gas into protons and 

electrons in a wide variety of bacteria and archaea.10, 11 There is significant interest in 

understanding [NiFe]-hydrogenase, from maturation to mechanism, because it is a virulence 

factor in some pathogenic bacteria,12–14 and it could be utilized in a green energy economy 

as a source of biologically-derived hydrogen.10, 11 Furthermore, [NiFe]-hydrogenase is one 

of the few enzymes that employs nickel as a cofactor,9 so the maturation pathway for this 

enzyme can serve as a model system to study the intricate details of nickel ion delivery.

Nickel is located at the active site of [NiFe]-hydrogenase as part of a NiFe(CN)2(CO) 

bimetallic cofactor.10, 11 The biosynthesis of this complex cofactor in Escherichia coli 
proceeds through several discrete stages and requires at least seven accessory proteins.15, 16 

The proteins that are assigned a specific role in the nickel insertion stage are HypA, HypB, 

and SlyD,15, 17 and extensive characterization of these nickel metallochaperones has defined 

how each individual protein binds nickel. However, one outstanding issue is how these 

metallochaperones selectively deliver nickel over other divalent transition metals in the face 

of the relative metal affinities dictated by the Irving-Williams series18 and the expected 

cytosolic concentrations of metals.19 One possible strategy, as outlined in several recent 

reports, is that partner protein interactions modulate selective metal binding and 

transfer.20–22

Escherichia coli HypB binds nickel ions at two distinct sites: a high-affinity nickel-binding 

site (HAS) located at the N-terminus, and a weaker, highly conserved site contained within 

the GTPase domain (G-domain) of the protein.23, 24 The G-domain metal site of HypB uses 

different sets of ligands to coordinate nickel versus zinc,25–27 and occupancy of this site 

modulates GTP hydrolysis, a property that is essential for hydrogenase maturation.27–29 

Furthermore, the G-domain site rapidly and selectively transfers nickel, but not zinc, to 

HypA,21, 22 the accessory protein that is thought to serve as an adapter for nickel delivery to 
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the large hydrogenase subunit.30, 31 In contrast to the G-domain site, the HAS is not as well 

conserved, binds nickel with much tighter affinity, and has an unexplored function. 

Nevertheless, in vivo studies confirmed that the HAS is necessary for [NiFe]-hydrogenase 

maturation in E. coli.25 A combination of mutagenesis, chemical modification, and 

spectroscopic studies revealed that nickel is ligated with sub-picomolar affinity in a square 

planar geometry by a CTTCGCG motif through three cysteine thiolate ligands and the N-

terminal amine.23–25 Furthermore, experiments with a short peptide maquette of the HypB 

HAS found that other metal ions besides nickel, such as zinc, also bind with tight affinity to 

this sequence.32

SlyD, which interacts with HypB, is a member of the FK506 binding protein (FKBP) family 

of peptidyl-prolyl isomerases (PPIases),33, 34 augmented with additional domains that 

contribute to protein folding and metal binding.35–37 The C-terminal 50-residue metal-

binding domain (MBD) contains 15 histidines, 6 cysteines, and 7 aspartate/glutamate amino 

acids. This MBD binds multiple metal ions, stores nickel in E. coli, and regulates PPIase 

activity.36–40 An E. coli strain with slyD knocked-out exhibited reduced nickel accumulation 

as well as stunted hydrogenase activity that can be fully restored by the addition of excess 

nickel to the growth media,41 indicating that SlyD contributes to the delivery of nickel to the 

hydrogenase precursor protein. Additional analysis of the SlyD-HypB complex suggested 

that the role of SlyD during hydrogenase biosynthesis is to stimulate nickel release from the 

HypB HAS in a process that depends on complex formation between the two proteins as 

well as a full-length MBD on SlyD.40, 42, 43 However, it is not understood how this activity 

is achieved or if SlyD stimulates the release of metals other than nickel from HypB.

In this study, zinc binding to the HAS of E. coli HypB was investigated, and the impact of 

SlyD on HypB loaded with nickel or zinc was studied. It was found that zinc is readily 

loaded into the HAS, but SlyD prevents zinc from leaving HypB, in contrast to the 

stimulation of dissociation observed for nickel. Spectroscopic studies reveal that nickel and 

zinc discrimination by SlyD does not occur through modification of the primary 

coordination environment of the metal loaded at the HypB HAS. Instead, the results indicate 

that zinc binds the HAS of HypB with a coordination different from that of nickel, including 

ligation by a distinct residue - Glu9. HypB with an E9A mutation was fully operational for 

hydrogenase biosynthesis in E. coli, providing additional evidence that the HAS of HypB 

functions as a nickel site in vivo, and that this selectivity is due to the mobilization of nickel 

from this site by SlyD. These results afford insight into the mechanisms of nickel selective 

delivery during [NiFe]-hydrogenase biosynthesis.

Experimental

Materials

NiSO4, ZnSO4, EDTA (ethylene diaminetetraacetic acid), EGTA (ethylene glycol-bis(2-

aminoethylether)-N,N,N′,N′-tetraacetic acid), PAR (4-(2-pyridylazo)-resorcinol), PMB (p-

hydroxymercuribenzoic acid), DTNB (5,5′-dithiobis(2-nitrobenzoic acid)), β-

mercaptoethanol, and GDP (guanosine diphosphate) were purchased from Sigma-Aldrich at 

a minimum of 99% purity. Kanamycin, IPTG (isopropyl β-D-1-thiogalactopyranoside), 

TCEP (tris(2-carboxyethyl) phosphine), Tris (tris(hydroxymethyl)aminomethane), PMSF 
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(phenylmethanesulfonylfluoride), and DTT (dithiothreitol) were purchased from BioShop 

(Toronto, ON), and all chromatography media were purchased from GE Healthcare. Buffers 

for all metal assays were prepared with Milli-Q water and treated with Chelex-100 (Bio-

Rad) to minimize trace metal contamination in an anaerobic glovebox (Coy Lab Products, 

Michigan, USA) with an atmosphere of 95% N2 and 5% H2 for at least 24 hr prior to use. 

All assays were conducted in at least triplicate (n=3) to ensure reproducibility.

Plasmid construction

Plasmids bearing hypB and slyD genes were described in previous publications.23, 25, 41 The 

E9A mutation was introduced into the HypB-pET24b23 parent vector for protein production 

and the pBAD24-hypB25 parent vector for in vivo studies using QuikChange PCR 

mutagenesis. The plasmids were amplified using the forward primer 5′-

CATGCGGTTGCGGTGCAGGCAACCTGTATATC-3′ and the reverse primer 5′-

GATATACAGGTTGCCTGCACCGCAACCGCATG-3′ (Integrated DNA Technologies, the 

mutated bases are underlined). PCR products were transformed into NEB Turbo E. coli 
(New England Biolabs) and the plasmids were isolated by using the GeneJET plasmid mini-

prep kit (ThermoFisher Scientific). All plasmids were sequenced in the forward and reverse 

directions (ACGT, Toronto, ON) to verify the fidelity of the mutagenesis.

Protein expression, purification, and preparation

SlyD was purified using nickel-nitrilotriacetic acid (Ni-NTA) chromatography followed by 

anion exchange chromatography on a MonoQ column and gel filtration on a Superdex-200 

as described previously,41 and stored at −80°C in storage buffer (25 mM HEPES, pH 7.6, 

200 mM NaCl, 1 mM TCEP). SlyD146, a construct comprised of the first 146 amino acids 

of SlyD that lacks the metal-binding domain, was purified with a DEAE column in lieu of 

the initial Ni-NTA column.37, 41 Only fully reduced SlyD, determined via an N-ethyl 

maleimide modification assay,37 was used for subsequent experiments.

Wild-type (WT) HypB and E9A-HypB were expressed and purified as previously 

described.23 The amount of metal bound to purified HypB was determined by treating 5 μM 

HypB with 100 μM p-hydroxymecuribenzoic (PMB) in the presence of 150 μM 4-(2-

pyridylazo)resorcinol (PAR) for 90 min at room temperature followed by measuring the 

absorption at 495 nm. The resulting metal-PAR2 signal was compared to a metal standard 

curve (0 – 15 μM NiSO4 or ZnSO4) prepared under the same conditions to determine the 

fraction of metal bound. The protein was routinely found to contain > 0.95 equivalents of 

metal. Circular dichroism spectroscopy of E9A-HypB was unchanged from that of WT-

HypB, confirming that this mutation does not affect the secondary structure of HypB (data 

not shown).

Protein concentrations were estimated by using the calculated ε280 coefficients (16500 

M−1cm−1 for HypB and E9A, and 5960 M−1cm−1for SlyD and SlyD146) for the fully 

reduced proteins.44 Protein molecular weights were measured using electrospray-ionization 

mass spectrometry (ESI-MS) and compared with expected values.

Apo-HypB samples were prepared by incubating purified HypB in 25 mM HEPES, pH 7.5, 

200 mM NaCl, 20mM EDTA and 5 mM TCEP, in an anaerobic glovebox for 72 hr at 4°C. 
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HypB was desalted through two PD-10 columns equilibrated with protein buffer (25 mM 

HEPES, pH 7.5, 200 mM NaCl). All apo-proteins were confirmed to be >94% reduced using 

a DTNB assay. To perform the DTNB assay, protein (5 μM) was treated with 0.27 mM 

DTNB after dilution into 6 M guanidinium hydrochloride and 1.0 mM EDTA and incubated 

for 1 hr at room temperature, and the absorbance at 412 nm was compared to a β-

mercaptoethanol standard curve (0 – 60 μM) prepared under the same conditions.

Zn(II)-HypB was prepared by incubating apo-HypB (100 μM) with ZnSO4 (100μM) in an 

anaerobic glovebox at 4°C overnight. The protein was desalted through two PD-10 columns 

equilibrated with protein buffer. The amount of zinc bound to HypB was determined by PAR 

assay, as described above (vide supra).

Zinc competition assay

A competition experiment was performed to calculate the apparent binding affinities of the 

HAS of WT-HypB or E9A-HypB for zinc. Apo-protein (0 – 50 μM) was titrated into 100 

μM PAR and 10 μM ZnSO4 in protein buffer and incubated overnight in an anaerobic 

glovebox at 4 °C to reach equilibrium. Samples were analyzed by electronic absorption 

spectroscopy and the fraction of zinc bound to PAR was determined by monitoring the ratio 

of Abs500 nm : Abs500 nm + Abs412 nm. The absorption data were fit by using a custom 

DynaFit45 script and a dissociation constant for Zn(II)-PAR2 of 7.7 ×10−11 M.46

Metal release monitored by electronic absorption spectroscopy

Release of metal from HypB (5 μM) loaded with either nickel or zinc in the HAS to PAR 

(100 μM) was examined following the addition of 50 μM SlyD or SlyD146 where 

appropriate. Samples were allowed to equilibrate for ~1 min following transfer to a cuvette 

and data collection. The release of metal was monitored every 5 min for 2 hr by an increase 

in the absorbance at 495 nm, due to the formation of the metal-PAR2 complex.42, 47 The 

total metal in the samples (Amax) was calculated by treating an aliquot of the same sample 

with PMB (100 μM). Data were converted to % metal bound [100 ×(A−Amin)/(Amax−Amin)] 

where Amin is the absorbance of the first collected data point. The half-lives of the decay 

curves were calculated by fitting to a first-order exponential decay.

Metal release monitored by ESI-MS

All proteins were buffer exchanged using PD-10 columns into MS buffer (10 mM 

ammonium acetate, pH 7.5). Zn(II)-HypB or Ni(II)-HypB (30 μM) was incubated with 90 

μM SlyD or SlyD146 and 1 mM EGTA for the indicated amount of time at room 

temperature in ananaerobic atmosphere (95% N2 and 5% H2) and diluted 10-fold in MS 

buffer prior to immediate analysis via ESI-MS. Control experiments with Zn(II)-HypB, 

SlyD, and chelator alone were carried out under identical experimental conditions.

The mass spectra were acquired on an AB/Sciex QStar XL mass spectrometer equipped with 

an ion spray source in the positive ion mode and a hot source-induced desolvation (HSID) 

interface (Ionics Mass Spectrometry Group Inc.). Ions were scanned from 800–3000 m/z 
with accumulation of 1 s per spectrum with no inter scan time delay and averaged over a 2–4 

min period. The instrument parameters were as follows: ion source temperature 200 °C; ion 
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source gas 50.0 psi; curtain gas 50.0 psi; ion spray voltage 5000.0 V; declustering potential 

60.0 V; focusing potential 60 V; collision gas 3.0; MCP (detector) 2200.0V. The mass 

spectra were deconvoluted without further manipulation using the Bayesian protein 

reconstruction program over an appropriate mass range using a step mass of 1 Da, signal/

noise ratio of 5, and the minimum intensity detected set to 1%. The amounts of holo-protein 

or apo-protein were determined based on the intensity of the signal for each species in the 

reconstructed spectra.

X-ray absorption spectroscopy (XAS) sample preparation

Purified protein solutions were pretreated with 1 mM TCEP and 20 mM EDTA overnight in 

an anaerobic glovebox at 4 °C to remove bound metal. Protein was buffer exchanged into 20 

mM HEPES, pH 7.5, 200 mM NaCl, and 2 mM TCEP, and concentrated by using an 

AmiconUltra Centrifugal Filter Device (Millipore, MWCO = 3000 Da) to an approximate 

concentration of ~1.2 mM. Protein concentrations were determined from absorbance at 280 

nm and placed on ice. NiSO4 or ZnSO4 (up to 0.7 equivalents) was added in multiple small 

aliquots to avoid protein aggregation. Glycerol, used as a cryoprotectant, was added to the 

protein solutions to final concentrations of 20% (v/v). Final protein concentrations were 

approximately 0.7–1 mM. Samples were transferred to 2 mm path length (2 mm × 4 mm × 

20 mm) cuvettes of either Lucite (University of Saskatoon, Saskatoon, Canada) or 

polyoxymethylene copolymer (Vantec, Saskatoon, Canada), flash frozen with liquid 

nitrogen, and stored at −80°C until analysis.

XAS data collection and analysis

XAS data were collected at the Stanford Synchrotron Radiation Laboratory (SSRL) in 

Menlo Park, California using data collection software, XAS Collect.48 Ni(II) and Zn(II) K-

edge spectra were collected on the structural biology beam line 7-3 with the SPEAR storage 

ring containing 500 mA at 3 GeV. A Si(220) double crystal monochromator was used. 

Samples Ni(II)-HypB, Ni(II)-(HypB + SlyD), Ni(II)-(HypB + SlyD146), Zn(II)-HypB, 

Zn(II)-(HypB + SlyD), and Zn(II)-(HypB + SlyD146) were analyzed using a rhodium 

coated vertically collimating mirror to achieve harmonic rejection by adjusting the cut-off 

angle. Samples Ni(II)-E9A-HypB, Ni(II)-(E9A-HypB + SlyD), Zn(II)-E9A-HypB, and 

Zn(II)-SlyD achieved harmonic rejection by detuning one monochromator crystal to 50% 

peak intensity. Incident and transmitted x-rays were measured using a nitrogen-filled 

ionization chamber. Fluorescence was measured using a 30 element germanium detector.49 

Samples were maintained at ~10 K using a liquid helium flow cryostat (Oxford 

Instruments). The energy for each scan was calibrated to reference nickel and zinc foils, 

assuming a lowest-energy inflection point of 8331.6 eV and 9665 eV respectively. A 

minimum of 8 scans for each sample were collected.

XAS data analysis and reduction were performed by using the EXAFSPAK suite of 

computer programs (George, G. N. (2001) EXAFSPAK: http://ssrl.slac.stanford.edu/

exafspak.html). Data of repeated scans were averaged after sweeps and channels were 

reviewed for inconsistencies and calibrated using the lowest energy inflection point of the 

appropriate metal foil. A polynomial pre-edge function and a subsequent polynomial spline 

were used to extract the EXAFS oscillations χ(k). Erroneous data points that resulted from 
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monochromator glitches were removed. Fourier transforms were phase corrected using 

theoretical phase functions from the largest EXAFS component. The Fourier transforms and 

EXAFS oscillations χ(k) were quantitatively analyzed using EXASPAK with ab initio 
theoretical phase and amplitude parameters from the program FEFF, version 8.25.50, 51 

Scattering for second coordination sphere C and N atoms from imidazole rings were used 

but, for clarity, not included in fit tables. No smoothing, filtering, or similar operations were 

performed on the data.

Molecular Modeling

Density functional theory (DFT) calculations were performed using Gaussian 0952 on 

SHARCNET to examine HypB HAS nickel and zinc geometries. Calculations used the 

Becke three-parameter hybrid functional combined with Lee-Yang-Parr correlation 

functional (B3LYP)53, 54 and the Dunning correlation-consistent polarized double zeta basis 

set (cc-pVDZ).55 All complexes were assumed to have a singlet ground state. All 

computations were performed using the self-consistent reaction field solvation models 

(SCRF) to accommodate potential solvent effects. Up to 3 water molecules were included in 

our models to occupy any vacant coordination sites.

Nickel titration and competition assay

Nickel was titrated into apo-protein in the presence or absence of 1 mM EGTA and 

incubated overnight in an anaerobic glovebox at 4 °C in protein buffer to reach equilibrium. 

Ni(II)-HypB complex formation was monitored by an increase in absorbance at 320 nm. The 

apparent dissociation constant was calculated using a custom DynaFit45 script using a 

dissociation constant for Ni(II)-EGTA, adjusted for a pH of 7.6, of 5.21 ×10−11 M,56 and an 

ε320 for Ni(II)-HypB of 7255 M−1 cm−1.23

Hydrogenase assays

Anaerobic E. coli cultures were grown in supplemented TYEP media (10 g/L tryptone, 5 g/L 

yeast extract, 12 g/L K2HPO4, 3 g/L KH2PO4, 1 μM sodium molybdate, 1 μM sodium 

selenite, 30 mM sodium formate, 0.8% glycerol, and 100 μM arabinose), with 100 mg/L 

ampicillin where appropriate, at 37 °C for 18 hr after inoculation with 1% (v/v) of an 

overnight aerobic culture grown in LB media. The MC4100 strain was used as a wild-type 

control and DHBP cells (MC4100 ΔhypB) were used as a negative control. To test the 

impact of the E9A mutation, DHBP cells were transformed with either pBAD24-hypB or 

pBAD24-E9A-hypB plasmid. Following growth, cells were harvested by centrifugation, 

washed with cold 100 mM potassium phosphate, pH 7.6, and resuspended in cold 100 mM 

potassium phosphate, pH 7.6, supplemented with 200 μM PMSF and 1 mM DTT. The 

suspended cells were sonicated on ice, and the lysates were separated from the cellular 

debris by centrifugation for 20 minutes at 21000 g. The cell lysates were either immediately 

used or stored at −80 °C.

Total hydrogenase activity of crude cell lysates was calculated by measuring the hydrogen-

dependent reduction of benzyl viologen.57 Reactions were prepared inside an anaerobic 

glovebox (95% N2 and 5% H2) and contained within a septum-sealed cuvette during the 

reaction. Activity was measured in units/mg of total protein, where one unit of activity 
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corresponds to 1 μmol of benzyl viologen reduced/minute. The amount of reduced benzyl 

viologen was quantified by measuring the electronic absorption at 600 nm by using a UV/

Visible spectrophotometer (Agilent 8453) and an extinction coefficient of 7400 M−1 cm−1. 

Total protein concentrations were determined by BCA protein assays (Pierce) with bovine 

serum albumin as a standard. The assay was completed in biological triplicates.

Expression levels of WT-HypB and E9A-HypB were confirmed by western blot. Proteins 

were resolved on 12.5% SDS-polyacrylamide gels and transferred to polyvinylidene 

difluoride membranes (Millipore). The blots were probed with an anti-HypB polyclonal 

rabbit antibody raised against purified HypB peptide (sequence 

LGEKHKVAVLSVTEGEDK, Cedarlane Labs, Burlington, Canada) at a 1:1000 dilution and 

then secondary goat anti-rabbit (Bio-Rad) antibodies conjugated to horseradish peroxidase at 

a dilution of 1:30000. Enhanced chemiluminescence (SuperSignal West Pico 

Chemiluminescence, Pierce) was used for detection.

Results & Discussion

The HAS of HypB binds zinc

The HypB HAS at the N-terminus of the protein is necessary for the maturation of [NiFe]-

hydrogenase in E. coli and binds nickel in vitro,23, 25 however the selectivity of metal 

binding to this site is not known. A small peptide based on the N-terminal sequence of HypB 

was previously shown to bind zinc,32 but zinc binding to the HAS of the full-length protein 

had not been demonstrated. Purified HypB is loaded with nickel in the HAS, as previously 

demonstrated,23, 25 so nickel was first removed by incubation in an anaerobic glovebox 

(95% N2 and 5% H2) with excess EDTA as well as TCEP, to ensure all cysteines were 

reduced. Apo-HypB was desalted to remove the metal and EDTA, followed by the addition 

of ZnSO4 and incubation in an anaerobic glovebox at 4°C overnight. Unbound zinc was 

removed by gel filtration chromatography and zinc binding was monitored by ESI-MS. The 

reconstructed mass spectrum revealed a 1:1 protein:zinc complex of Zn(II)-HypB at 31,492 

Da (Fig. S1). Quantitative zinc loading of the HypB HAS was not observed by ESI-MS, 

which could be due to incomplete loading or due to zinc dissociation during buffer exchange 

or during ionization, as observed during studies of the zinc-loaded peptide maquette.32 To 

determine if quantitative zinc binding was achieved in solution, the amount of zinc bound to 

HypB after desalting was measured with a colorimetric indicator PAR, which revealed that 

HypB bound 0.97 ± 0.07 equivalents of zinc. A competition experiment between PAR and 

apo-HypB for zinc was used to measure the affinity for zinc in the HAS (Fig. S2), revealing 

an apparent dissociation constant of (2.2 ± 0.6)×10−11 M, which indicated that zinc also 

binds tightly to the HAS of E. coli HypB. The conclusion that the zinc was bound to the 

HAS, rather than the G-domain, was made on the basis of the tighter apparent dissociation 

constant compared to that of zinc binding in the G-domain22 as well as XAS spectroscopy 

(vide infra).

SlyD blocks release of zinc from HAS of HypB

Given the strong nickel affinity of the HypB HAS, it is likely that there is some means to 

stimulate dissociation of the nickel ion so that it can be available for subsequent steps in the 
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[NiFe]-hydrogenase biosynthetic pathway. Biochemical experiments revealed that SlyD can 

act as such a trigger, and experiments with a truncated form of SlyD suggested that 

acceleration of metal release from HypB is a key component of the role of SlyD during 

hydrogenase maturation.40, 43, 58 However, the selectivity of this process was not known. To 

examine the metal selectivity of the impact of SlyD on HypB, nickel and zinc release from 

HAS of HypB to PAR, which serves as a reporter for the amount of metal released from the 

protein,58 in the absence or presence of SlyD was monitored by electronic absorption 

spectroscopy. The data were fit to single-order exponential decay curves and the half-lives 

were extracted (Fig. 1, Fig. S3). SlyD was found to stimulate the release of nickel from the 

HAS of HypB, as previously reported,42 but SlyD inhibited the release of zinc. Chemical 

cross-linking experiments confirmed that Zn(II)-HypB interacts with SlyD to a similar 

extent as Ni(II)-HypB (Fig. S4). Since the activation of nickel release from HypB by SlyD is 

greater when HypB is loaded with GDP,40 zinc release experiments were performed in the 

presence of GDP, but the cofactor did not alter the rate of release of zinc (data not shown). 

Furthermore, the impact of a truncated SlyD lacking the C-terminal tail, SlyD146, was 

examined because this protein is unable to stimulate the release of nickel but still forms a 

complex with HypB, as shown by previous cross-linking experiments.42 Unlike the full-

length protein, SlyD146 is unable to block zinc release from HypB (Fig. 1), indicating that 

the C-terminal MBD is necessary for the impact of SlyD on zinc-loaded HypB.

Metal release from HypB can also be followed by ESI-MS,40 and in these experiments the 

chelator EGTA was used as a metal sink. The data generated from ESI-MS experiments 

were complementary to those of the electronic absorption assay because free and bound 

HypB were directly observable. For these experiments, zinc release was monitored over 4 hr 

by comparing the ratio of the peak intensities of Zn(II)-HypB and apo-HypB. It is worth 

noting that Zn(II) bound to SlyD was not observed at any time point, indicating that zinc was 

not transferred from Zn(II)-HypB to SlyD (data not shown). In agreement with the results of 

the solution assays with PAR, the ESI-MS data revealed that SlyD blocks zinc release from 

HypB and that SlyD146 had no effect on Zn(II)-HypB (Fig. S5).

SlyD does not modify zinc or nickel coordination at the HAS of HypB

It is possible that SlyD stimulates the release of nickel and blocks the release of zinc from 

the HypB HAS by inducing changes in the coordination environments of the two metals. 

Therefore, X-ray absorption spectroscopy (XAS) was used to monitor the primary 

coordination spheres of nickel or zinc bound to the HypB HAS in the presence of SlyD. The 

XAS of just Ni(II)-HypB was consistent with previous analysis: the near-edge spectrum had 

a 1s-4pz pre-edge feature at 8336 eV that is typical of Ni(II) square-planar complexes (Fig. 

S6), and the EXAFS fit well to a S3/N coordination environment (Table S1, Fig. S6).24, 25 

The XAS data of Ni(II)-(HypB + SlyD146) were very similar to those of HypB alone (Fig. 

S7), indicating that complex formation with SlyD146 does not alter the HAS of HypB, 

consistent with the results of the metal release assays.

The near-edge spectrum of Ni(II)-(HypB + SlyD) exhibits distinct features compared to that 

of Ni(II)-HypB alone (Fig. 2). One possible explanation is that Ni(II)-(HypB + SlyD) is a 

mixture of Ni(II)-HypB and Ni(II)-SlyD rather than nickel in a modified site. Consistent 
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with this hypothesis, the near-edge spectrum of Ni(II)-(HypB + SlyD) and the EXAFS 

region could be reconstructed from a combination of 79 % Ni(II)-HypB and 21% Ni(II)-

SlyD by minimizing mean squared difference (Fig. 2). There are small differences between 

the EXAFS data and the reconstructed curve, so it is possible that the two proteins together 

have a subtle effect on the secondary coordination sphere of nickel; however, higher 

resolution data and multiple replicates would be needed to make this conclusion. It is also 

possible that cysteine side chains from SlyD replace those of HypB as nickel ligands in a 

ternary complex, resulting in very similar XAS data. This ligand exchange scenario is not 

likely given that SlyD lacking all cysteine residues is still capable of accelerating nickel 

release from HypB.40 Altogether, these data suggest that SlyD does not dramatically impact 

the local coordination environment of nickel ligated by the HypB HAS.

XAS was used to interrogate the coordination environments of Zn(II)-HypB and Zn(II)-

SlyD, which have not yet been structurally characterized. The zinc K-edge spectrum of 

Zn(II)-HypB exhibits a white line intensity of 1.18 and two observable maxima, indicative 

of a four coordinate geometry composed of a mixture of sulfur and nitrogen or oxygen 

ligation (Fig. S8).59, 60 For consistency with previously published fits,24, 25 and between 

nickel and zinc fits, nitrogen was used since EXAFS fitting analysis cannot discriminate 

between nitrogen and oxygen. The EXAFS data fit well to both S3/N and S2/N2 coordination 

(Fig. S8, Table S1), but considering the proximity of the three cysteines at the metal-binding 

site and the sulfur Debye-Waller factors,61 a S3/N coordination is more likely.

SlyD can bind multiple zinc ions,39 but less than a single equivalent of zinc was added to the 

protein in an attempt to focus on the first event of zinc binding that is most applicable to this 

study. The Zn(II)-SlyD near-edge spectrum has a white line intensity of 1.23 and two 

maxima of similar intensity indicative of mixed sulfur and nitrogen and/or oxygen ligation in 

a 4-coordinate environment (Fig. S9). The EXAFS exhibits several distinctive oscillations, 

and the Fourier transform has intense features at R+Δ = 3–4, typical of histidine 

coordination (Fig. S9). The best fit to the EXAFS is a S2/His2 coordination (Fig. S9, Table 

S1). This single site model contrasts with the spectrum of Ni(II)-SlyD, which was best fit to 

a mixture of several sites.37 However, the possibility that zinc occupies more than one type 

of site with an average His2Cys2 coordination cannot be ruled out.

The XAS spectra of Zn(II)-HypB and Zn(II)-SlyD were used as a context for the analysis of 

the Zn(II)-(HypB+SlyD) mixture to probe for any SlyD induced changes in zinc 

coordination at the HypB HAS. It was possible to reconstruct the Zn(II)-(HypB+SlyD) 

spectrum using 80.5% Zn(II)-HypB and 19.5% Zn(II)-SlyD (Fig. 2), similar to the analysis 

of Ni(II)-(HypB + SlyD). Furthermore, analysis of Zn(II)-(HypB+SlyD146) revealed a 

similar spectrum to that of Zn(II)-HypB (Fig. S10). Collectively, the XAS of these mixtures 

indicate that SlyD does not induce significant changes in the metal coordination 

environment of the HypB HAS loaded with either nickel or zinc.

Molecular modeling of HypB HAS

The XAS analysis suggested that both nickel and zinc bound to the HypB HAS access 

similar types of ligands, but this experiment is limited because it cannot be used to identify 

the ligands or distinguish between nitrogen and oxygen coordination. To provide further 
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insight into the zinc coordination at the HypB HAS, molecular modeling on nickel and zinc 

complexes with the B9 peptide was performed by using density functional theory (DFT). 

The B9 peptide (CTTCGCGEG) is comprised of the 9 N-terminal amino acids of the fully 

matured HypB with the N-terminal methionine removed (residues 2–10), and contains all 

the nickel ligands of the HAS of HypB.24, 32

The optimized geometry of nickel-loaded B9 revealed a square planar coordination in a 

robust minimum (Fig. 3), starting from various geometries, consistent with the spectroscopic 

analysis of full-length protein. When the same ligands were used for zinc, either starting 

from a tetrahedral or square planar coordination environment, the geometry was optimized 

to a distorted tetrahedral environment. Inspection of this site revealed that this distortion was 

caused by the N-terminal cysteine residue that forms a 5-membered ring that contains the 

metal, cysteinyl sulfur and terminal amine, and imposes an N-metal-S bond angle of ~88°. 

While this structure would not exert significant strain in a square planar environment, which 

has an ideal bond angle of 90°, it does impact the tetrahedral coordination environment 

(108.5°) preferred by d10 Zn(II) when four ligands are available in biological systems.62 

Therefore, we performed another set of optimizations in which the terminal amine was fully 

protonated to prevent ligation. In this case, Zn(II)-B9 adopts a tetrahedral four coordinate 

environment, recruiting the carboxylate of Glu9 as the fourth ligand (Fig. 3). Similarly, if the 

terminal amine is not available Ni(II)-B9 also recruits Glu9 and adopts a distorted square 

planar geometry. These results suggested that Glu9 could be important for metal binding.

E9A-HypB nickel coordination is unchanged

To test whether Glu9 of HypB contributes to metal binding, as suggested by the results of 

the molecular modeling, an E9A-HypB mutant was created and the metal binding properties 

were examined. CD spectroscopy of E9A-HypB confirmed that the mutant and WT-HypB 

have similar secondary structures (data not shown).

The stoichiometry of nickel binding was determined by titrating nickel into a solution of 

apo-E9A-HypB and monitoring the change in absorbance at 320 nm, characteristic of Cys→ 
Ni(II) LMCT.63 A linear increase in absorbance was observed upon addition of up to 1 

equivalent of nickel, yielding an ε320 extinction coefficient of (6.9 ± 0.2)× 103 M−1 cm−1 

(Fig 4B, inset), similar to WT-HypB. Further titration of E9A-HypB with Ni(II) resulted in a 

nonlinear increase in absorbance at 320 nm with a final extinction coefficient of 

approximately twice that of the first site (Fig. 4B), due to filling of the weaker G-domain 

site.23

The affinity of nickel binding to E9A-HypB was determined by titrating the protein with the 

metal ion in the presence of EGTA, and the fractional saturation of nickel in the HypB HAS 

was calculated by using the determined extinction coefficient. The apparent dissociation 

constants measured were (6.0± 0.6) × 10−14 M for WT-HypB and (9 ± 4) ×10−14 M for 

E9A-HypB (Fig. S11). Both values are similar to previously reported numbers for the wild-

type protein,23 and they indicate that the high-affinity nickel site is intact in E9A-HypB. 

Furthermore, XAS analysis of Ni(II)-E9A-HypB revealed that the near-edge spectrum (Fig. 

5) and EXAFS (Fig. S12) of Ni(II)-E9A-HypB are very similar to those of Ni(II)-loaded 
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WT-HypB, providing additional evidence that there was little change in the nickel 

coordination site upon mutating Glu9.

It is also possible that Glu9 could have a role in SlyD stimulated release of nickel. To test 

this model, nickel release from Ni(II)-E9A-HypB to PAR was monitored in the presence or 

absence of SlyD by using electronic absorption spectroscopy (Fig. S13). Ni(II)-E9A-HypB 

had t1/2 =16 ± 2 hr without SlyD and a t1/2 = 3 ± 2 hr with SlyD, similar to WT-HypB. 

Complex formation between Ni(II)-E9A-HypB and SlyD was confirmed with cross-linking 

experiments (Fig. S14). These results suggest that Glu9 is not required for recognition of 

Ni(II)-HypB by SlyD or coordination of nickel during the metal-release process.

E9A-HypB zinc coordination is weakened

In contrast to nickel, incubation of E9A-HypB with one equivalent of zinc followed by gel 

filtration chromatography and metal analysis using PAR revealed only 0.27 ± 0.12 

equivalents of zinc, much less than the WT-HypB protein that bound 0.97 ±0.07 equivalents 

of zinc. Furthermore, zinc binding could not be detected by ESI-MS (data not shown), 

indicating that zinc binding to the HAS of E9A-HypB site was disrupted. E9A-HypB metal 

release experiments with SlyD did not reveal a stimulating or blocking effect (Fig. S13). 

However, it may not be possible to draw any conclusions from these data because of the 

poor zinc loading of E9A-HypB in these experiments. Preliminary competition experiments 

between E9A-HypB and PAR for zinc indicate that the zinc affinity is weakened by at least 

10-fold (data not shown), giving an apparent dissociation constant consistent with a 

previously published zinc affinity for the B7-peptide of the HAS that lacks the Glu9 

residue.32

XAS analysis of the zinc-loaded E9A-HypB complex was conducted, and the XAS of 

Zn(II)-E9A-HypB was decidedly different from that of the wild-type protein. This result 

confirms that, as suggested by the results of the computational and solution experiments, 

Glu9 is a zinc-binding residue. The near-edge spectrum of the mutant protein had a white 

line intensity of 1.59 (Fig. 5), which indicates an increase in coordination number, likely 

from 4 to 5,59, 60 and the edge energy (first maxima from first-derivative plot) shifted 1.1 eV 

from 9662.9 eV to 9664.0 eV. Photoreduction can cause a shift in edge energy, but no energy 

shift was observed over 8 successive sweeps (data not shown). Changes in edge energy 

could also be caused by changes in geometry, as found in isoelectronic Ga(III) small 

molecule complexes.64 This explanation is supported by the EXAFS spectrum of Zn(II)-

E9A-HypB, which was fit best to a S3/N2 coordination (Table S1, Fig. S15). DFT 

calculations suggested that if the terminal amine was neutral, zinc adopted a 5-coordinate 

square pyramidal geometry with water in the axial position (supplemental information), a 

geometry consistent with the EXAFS fit. However, it is possible that in the context of the 

full-length protein Zn(II)-E9A-HypB recruits other residues that are not included in the 

peptide maquette. The near-edge spectrum of Zn(II)-E9A-HypB was also distinct from 

previously published spectrum of Zn(II) in the HypB G-domain site,25 indicating that the 

attenuated E9A-HypB HAS still bound zinc tighter than the G-domain. These results 

confirm that Glu9 is directly involved in zinc coordination at the E9A-HypB HAS.
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E9A-HypB is active in E. coli hydrogenase biosynthesis

Given that Glu9 of HypB contributes to zinc binding but not nickel binding, the ability of 

E9A-HypB to function in E. coli hydrogenase production was examined to test if zinc 

coordination to Glu9 in the HypB HAS contributes to hydrogenase biosynthesis. 

Hydrogenase activity was measured in cell lysates from anaerobically grown DHBP 

(MC4100 ΔhypB) E. coli bearing the pBAD24-hypB or pBAD24-E9A-hypB plasmids. 

Western blot analysis of crude cell lysates revealed similar levels of expression of HypB and 

E9A-HypB (data not shown). MC4100 and DHBP strains were used as positive and negative 

controls, respectively. As expected, no significant hydrogenase activity was detected in 

DHPB cells (Fig. 6). Expression of either WT-HypB or E9A-HypB from the pBAD vector 

restored similar levels of activity, demonstrating that Glu9, and thus zinc coordination at the 

N-terminal metal-binding site, is not required for the hydrogenase biosynthesis activity of 

HypB.

Conclusions

HypA, HypB, and SlyD facilitate nickel insertion into the [NiFe] hydrogenase precursor 

protein, and as a critical part of this process they must selectively deliver nickel while 

ensuring that other metals are not mistakenly incorporated into the enzyme active site. In this 

report, the metal selectivity of the N-terminal metal-binding site of HypB and the impact of 

the partner protein SlyD were investigated. Spectroscopic, computational, and in vivo 
experiments indicate that zinc binds tightly to HypB but through a coordination sphere that 

is distinct from nickel. Analysis of a mutant HypB with disrupted zinc binding supports the 

model that the HAS of HypB functions as a nickel site during hydrogenase biosynthesis. 

Furthermore, the fidelity of this function is likely modulated through the impact of SlyD, 

which selectively stimulates release of nickel and blocks release of zinc from HypB. These 

results add to the growing body of work that demonstrates that the metal selectivity of 

metallochaperone activity is not dictated by specific metal binding, but instead is achieved 

through allosteric coupling, often via partner protein complexes, as observed for example in 

several studies of the HypA-HypB complex.20–22

Previous analysis provided evidence that the HAS of HypB binds nickel with sub-picomolar 

affinity through a S3/N square planar site.23, 25 The work here confirmed this assignment, 

ruling out Glu9 as a ligand to nickel, and established that Glu9 contributes to the mid-

picomolar binding affinity of zinc to HypB. The E9A mutation caused a decrease in the 

strength of zinc binding to the HAS of HypB (preliminary data suggests at least 10-fold 

weaker) and therefore widened the affinity gap between nickel and zinc to at least three 

orders of magnitude in favor of nickel, a surprisingly large difference considering the Irving-

Williams series.18 One possible explanation for this gap in metal affinities of E9A-HypB, 

suggested by the results of the molecular modeling, stems from the terminal cysteine ligation 

that constrains the N-metal-S bond angle to ~88°, which would favour the square-planar 

geometry of four-coordinate Ni(II) complexes but induce strain into a tetrahedral site. This 

factor, along with the loss of a uniquely zinc ligand in Glu9, would significantly impact the 

zinc affinity relative to the strength of nickel binding at the N-terminal location of HypB.
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The HAS of HypB is a putative nickel site because removal of the metal-binding residues at 

this site produces a hydrogenase-deficient phenotype in E. coli that was complemented by 

supplementation of the growth media with extra nickel.25 However, metal homeostasis 

networks are often connected, such that dysregulation of one metal network impacts other 

transition metals.65–67 Along these lines, it was possible that zinc binding to the HAS of 

HypB was a functional property; for example it could serve the nickel pathway by scrubbing 

the local environment of zinc and allow the highly conserved but weaker G-domain site to 

deliver nickel. However, even though the E9A-HypB mutant has weakened zinc affinity, the 

protein is fully competent during hydrogenase biosynthesis, suggesting that the HypB HAS 

does not function as a zinc site in vivo to a measurable extent with these growth conditions. 

This result raises the question of why E. coli HypB requires two nickel sites. The HypB G-

domain transfers nickel to HypA, which interfaces directly with the hydrogenase precursor 

protein,21, 22, 31, 68 outlining a pathway for nickel delivery. So the role of another nickel site, 

especially one that has a much tighter affinity, is not evident. It is possible that the two sites 

are required under different growth conditions, such that the HAS serves as a nickel reserve 

that can be quickly mobilized, with the assistance of SlyD, during conditions that trigger 

rapid up regulation of hydrogenase production or nickel starvation. This hypothesis will be 

examined in future studies.

It has been demonstrated that zinc can inhibit hydrogenase maturation in vitro,69 but which 

step in the pathway was affected and whether this process is mitigated in vivo was not clear. 

A notable finding of this work is that SlyD not only enhances nickel release from HypB but 

blocks zinc release, indicating that complex formation between HypB and SlyD provides a 

step that checks the identity of the metal bound to the HAS. At equilibrium conditions, 

nickel would displace any zinc bound to the HypB HAS, on the basis of the relative apparent 

dissociation constants, however it is unlikely that these particular equilibria play a role on 

biologically relevant time scales given the tight affinities of both metals. Instead, SlyD 

serves to selectively mobilize kinetically trapped nickel bound to the HAS of HypB while 

ensuring that any zinc loaded erroneously would not be passed on to the subsequent steps in 

the pathway. In the solution experiments with the purified proteins, nickel released from 

HypB does not move to the MBD of SlyD but is captured by a small molecule chelator. In E. 
coli, it is possible that the nickel released from the HAS of HypB is used to fill the 

hydrogenase precursor protein, either directly or via other accessory proteins. This impact of 

SlyD provides an explanation for how the tight HAS of HypB could contribute to a 

physiological pathway. Spectroscopic analysis revealed that SlyD does not directly modify 

the primary coordination environment of HypB, so it is likely that SlyD activates metal 

release upon sensing which metal is loaded through the conformation resultant from the 

metal-specific coordination geometry. This mechanism, as well as other questions discussed, 

will be addressed in future work.
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Refer to Web version on PubMed Central for supplementary material.
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Significance to Metallomics Statement

The biosynthesis of metalloenzymes often requires the activity of metallochaperones to 

selectively deliver the cognate metal(s). In this study, we examined two accessory 

proteins that deliver nickel to the bimetallic active site of [NiFe]-hydrogenase in E. coli, 
HypB and SlyD. The results demonstrate that metal selectivity is achieved through the 

cooperative activity of the two proteins together. This study provides a critical piece of 

information to the understanding of [NiFe]-hydrogenase maturation, suggesting a 

molecular mechanism for nickel selectivity, and contributes to a growing body of work 

illuminating the mechanisms by which metallochaperones accomplish a key step in 

metalloenzyme maturation.
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Figure 1. 
Metal release from Zn(II)-HypB and Ni(II)-HypB. HypB (5 μM) loaded with zinc or nickel 

was incubated with 100 μM PAR in the absence or presence of full-length 50 μM SlyD or 

SlyD146. Metal release from HypB was monitored every 5 minutes by measuring the 

absorbance at 495 nm due to the metal-PAR2 complex. The half-lives were calculated by 

fitting the data as single-exponential decays. The data represent the averages from three 

independent experiments and the error bars indicate ± 1 standard deviation.
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Figure 2. 
Reconstruction of HypB + SlyD X-ray absorption spectra. The near-edge (A) and k3 

weighted EXAFS (B) of Ni(II)-(HypB + SlyD) (green line) were reconstructed (dashed line) 

from those of the individual components using a composition of 79% HypB (black line) and 

21% SlyD (red line). The near-edge (C) and k3 weighted EXAFS (D) of Zn(II)-(HypB + 

SlyD) (green line) were reconstructed (dashed line) from those of the individual components 

using a composition of 80% HypB (black line) and 20% SlyD (red line).
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Figure 3. 
DFT optimized geometries of B9 zinc and nickel complexes (A) Nickel binds in a 4-

coordinate square-planar geometry through 3 cysteinyl sulfurs and 1 N-terminal amine 

nitrogen. (B) Zinc binds in a 4-coordinate tetrahedral geometry through 3 cysteinyl sulfurs 

and 1glutamate oxygen. These putative optimized geometries were selected based on XAS 

spectroscopy results and mutagenesis experiments.
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Figure 4. 
Electronic absorption spectroscopy of nickel binding to E9A-HypB. (A) The spectra of apo-

E9A-HypB (dash line) and Ni(II)-E9A-HypB (solid line) with nickel loaded in the HAS. (B) 

Titration of apo-E9A-HypB to with nickel. (Inset) Linear titration curves with up to one 

equivalent of nickel, such as that shown, yielded an ε320 of (6.9 ± 0.2) × 103 M−1cm−1 

(n=3).
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Figure 5. 
X-ray absorption spectroscopy of E9A-HypB. (A) The Ni(II) near-edge spectra of Ni(II)-

HypB (black) and Ni(II)-E9A-HypB (grey) were obtained with protein incubated with 0.7 

equivalents of nickel. Both spectra exhibit a 1s-4pz pre-edge feature at 8336 eV. (B) Zn(II) 

near-edge spectra of Zn(II)-HypB (black) and Zn(II)-E9A-HypB (grey) were obtained with 

protein incubated with 0.7 equivalents of zinc.
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Figure 6. 
Hydrogenase activities. The E. coli strains MC4100, DHBP (MC4100 ΔhypB), DHPB 

transformed with pBAD24-hypB plasmid (WT-HypB), and DHPB transformed with 

pBAD24-E9A-hypB plasmid (E9A) were grown anaerobically. The hydrogenase activities 

of crude cell extracts were measured by monitoring the reduction of benzyl viologen in the 

presence of hydrogen gas. The results represent the average values from three biological 

replicates and the error bars indicate one standard deviation.
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