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ABSTRACT: The maturation of [NiFe]-hydrogenase in
Escherichia coli is a complex process involving many steps
and multiple accessory proteins. The two accessory proteins
HypA and HypB interact with each other and are thought to
cooperate to insert nickel into the active site of the
hydrogenase-3 precursor protein. Both of these accessory
proteins bind metal individually, but little is known about the
metal-binding activities of the proteins once they assemble
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together into a functional complex. In this study, we investigate how complex formation modulates metal binding to the E. coli
proteins HypA and HypB. This work lead to a re-evaluation of the HypA nickel affinity, revealing a Kp, on the order of 107 M.
HypA can efficiently remove nickel, but not zing, from the metal-binding site in the GTPase domain of HypB, a process that is
less efficient when complex formation between HypA and HypB is disrupted. Furthermore, nickel release from HypB to HypA is
specifically accelerated when HypB is loaded with GDP, but not GTP. These results are consistent with the HypA—HypB
complex serving as a transfer step in the relay of nickel from membrane transporter to its final destination in the hydrogenase
active site and suggest that this complex contributes to the metal fidelity of this pathway.

M any enzymes require transition metal ions at their active
sites in order to function,"* and access to the appro-
priate metals is often vital for the survival of the organism.
Strikingly, the same metals that are essential can also be toxic
when distribution is not properly controlled.>* An intracellular
excess of one type of metal may result in competition with
other metals required as cofactors for regulatory or enzymatic
processes,” or catalyze the formation of free radicals,® both de-
trimental circumstances. For this reason, organisms have
intricate systems dedicated to the controlled flow of essential
metals throughout the cell.*”~° For example, through the use of
metallochaperone proteins, metal ions can be directed to where
they are needed, minimizin3g the demand for freely available
metals in the cytoplasm.'®™" In many cases, metallochaperones
are credited with ensuring that the correct metal ions are de-
livered to the appropriate metalloenzyme precursor proteins
through targeted protein—protein interactions.

Hydrogenases are a group of metalloenzymes that catalyze
the reversible oxidation of hydrogen gas to protons and
electrons. They contribute to the metabolism of many species,
especially under anaerobic conditions."*™"® The active sites of
[NiFe]-hydrogenases contain a complex NiFe(CN),CO bime-
tallic cofactor, and the proper maturation of this metallocenter
is a multistep process that requires a team of accessory pro-
teins.'*'” The isolation of hydrogenase precursor proteins that
contain the Fe(CN),CO cofactor, but no nickel, provided sup-
port for two distinct stages of metallocenter assembly in which
the nickel ion is delivered after iron insertion.'®"? Studies of
Escherichia coli [NiFe]-hydrogenase-3 suggested that at least
seven accessory proteins participate in the maturation process,
encoded by the hypABCDEF and slyD genes."**° Nickel
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insertion requires HypB and HypA,'”?! the latter protein is

replaced by the homologous HybF protein in the production of
hydrogenases-1 and -2.>* Cells lacking either of these accessory
proteins produce immature, inactive hydrogenase that can be at
least partially restored by growing the mutant bacteria in media
supplemented with extra nickel,””™** suggesting that these
factors are responsible for shepherding nickel to the hydro-
genase enzyme under nickel limited conditions. SlyD also en-
hances the ability of E. coli to produce functioning hydrogenase
by contributing to nickel delivery,*® although it is not absolutely
required.

E. coli HypB is a GTPase that contains two metal-bindin:
sites.”**® The first site, essential for hydrogenase production,”
is located in the GTPase domain (G-domain) and binds nickel
or zinc with micromolar affinities (Kp, of 1 vs 12 uM for zinc
and nickel, respectively).?® Binding of either metal to the
G-domain inhibits the GTPase activity, with zinc exerting a
stronger impact than nickel.”® Although the molecular role of
the GTPase cycle in hydrogenase biosynthesis has not yet been
defined, the impact of metal binding on GTP hydrolysis
suggested that this metal site has a regulatory function. E. coli
HypB also contains a second high-affinity metal-binding site
located at the N-terminal CXXCGC motif.***® This site binds
nickel with a sub-picomolar affinity*® and is also known to bind
other transition metals.’® Despite being absent in some HypB
homologues (notably, HypB from Helicobacter pylori), the
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high-affinity metal-binding site of HypB is also essential for
hydrogenase production in E. coli.”’”

The other nickel accessory protein required for hydrogenase-
3 biosynthesis, HypA, forms a complex with H;rzpB and is also
capable of binding two equivalents of metal.>"> The first site
binds zinc tightly through a Cys, coordination and is thought to
act as a structural motif>>>* although spectroscopic analysis
of H. pylori HypA suggested that it may contribute to a switch
in HypA function in this organism.> The second HypA metal-
binding site is capable of binding nickel with a reported K, in
the mid-micromolar range.*”*>*® Although the nickel coordi-
nation site of HypA remains to be completely defined, it in-
cludes His2 at the N-terminus,>****® and mutation of this
residue in homologous proteins abrogates hydrogenase pro-
duction.**3¢

HypA and HypB can interact with each other in E. coli in the
absence of the hydrogenase precursor protein, suggesting that
they preassemble before reaching HycE.””*® Furthermore,
deletion of the hypA gene prevents HypB from forming a
complex with HycE, suggesting that HypA serves as a scaffold
that docks the other nickel accessory proteins onto the hydrog-
enase precursor protein.’” There is also evidence that HypA is
only capable of associating with the hydrogenase enzyme after
it has been loaded with iron,®” consistent with the model of two
distinct stages of metal delivery to the enzyme active site.

While HypA and HypB have been studied extensively in
isolation, it is unclear how they behave once they assemble
during production of the metallocenter of the [NiFe]-hydro-
genase-3. In this study, we examined metal binding within the
HypA—HypB complex and discovered that nickel relocates
from the G-domain site of HypB to HypA. Disruption of the
protein—protein interaction slows metal transfer. Furthermore,
this process is modulated by the nucleotide-loaded state of
HypB and is not observed for zinc. These results shed light on
the role of the HypA—HypB complex, including regulation by
the GTPase cycle, during nickel delivery to the [NiFe]-
hydrogenase precursor protein.

B MATERIALS AND METHODS

Materials. Restriction enzymes, Pfu DNA polymerase, and
T4 DNA ligase were purchased from New England Biolabs
(Ipswich, MA). Kanamycin, IPTG (isopropyl f-p-1-thiogalac-
topyranoside), TCEP (tris(2-carboxyethyl)phosphine), Tris
(tris(hydroxymethyl)aminomethane), and PMSF (phenylme-
thanesulfonylfluoride) were purchased from BioShop (Tor-
onto, ON), and all chromatography media were purchased
from GE Healthcare, with the exception of the UnoQ column,
which was purchased from Bio-Rad Canada (Mississauga, ON)
and the Streptactin-sepharose resin, which was purchased
from IBA Life Sciences (Goettingen, Germany). PMB (para-
mercury-benzenesulfonic acid), PAR (4-(2-pyridylazo)-
resorcinol), and DTNB (5,5'-dithiobis(2-nitrobenzoic acid))
were purchased from Sigma-Aldrich, as were NiSO, and ZnSO,
(>99.99% purity).

Plasmid Construction. Plasmids bearin% the genes for the
WT proteins were previously described*****” and used without
modification. The L78A, V80A mutation was introduced into
hypB-containing plasmids using the Phusion mutagenesis tech-
nique (Thermo Scientific). The plasmid was amplified using
the §’-phosphorylated primers (Integrated DNA Technologies)
5'-GCGGAAATTGACGTGCTGGAC-3’ (forward) and
5" TTCCGCCATCCGACGCTG-3’ (reverse), where the mutated

bases are underlined. The resulting product was digested with
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Dpnl for 2 h to remove any template DNA, then ligated with
T4 DNA ligase prior to transformation. The K24E, R25E
mutant was introduced in hypA-containing plasmids using the
QuikChange protocol (Agilent Technologies). The plasmid
was amplified using the forward primer 5'-CGCAAAACA-
CGGCGCAGAAGAAGTAACTGGGGTCTGGCTC-3' and
the reverse primer 5'-GAGCCAGACCCCAGTTACTTC-
TTCTGCGCCGTGTTTTGCG-3'". The resulting PCR prod-
uct was digested with Dpnl to remove any template DNA.
Table 1 provides a summary of plasmids used in this study.

Table 1. Plasmids Used in This Study

parent
plasmid gene plasmid  reference

strA-pET24b  E. coli hypA with C-terminal Strep- pET-24b 37

tag II
mstrA-pET24b  E. coli hypA K24E, R2SE with pET-24b  this work

C-terminal Strep-tag II
hypB-pET24b  E. coli hypB pET-24b 26
hypB-pBAD24  E. coli hypB pBAD24%* 39
IlvhypB-pET24b E. coli hypB, L78A, V80OA pET-24b  this work

IvhypB-pBAD24 E. coli hypB, L78A, V80A pBAD24 ** this work

All plasmids were transformed into NEB Turbo cells for
amplification and purified using a Qiagen Miniprep Kit. The
sequences of the mutated genes were verified by sequencing
(ACGT, Toronto).

Protein Expression and Purification. Wild-type and
mutant E. coli HypAg, were purified using the Strep-II
purification system (IBA Life Sciences). The strA-pET24b
plasmid was transformed into E. coli BL21 Star (DE3)
(Invitrogen). Cells were grown at 37 °C in LB media supple-
mented with 50 yg/mL kanamycin until the culture reached an
OD 0.6—0.8. At this point, 1 uM ZnSO, was added, and
overexpression of HypAg, was induced by addition of 700 M
IPTG, followed by overnight growth at 15 °C, and then cen-
trifugation at 4 °C. The resulting cell pellets were resuspended
in lysis buffer (20 mM Tris, pH 7.6, 100 mM NaCl). The cells
were lysed by using sonication in the presence of S mM PMSF
and 5 mM TCEP, and then spun at 25000g for 45 min at 4 °C
to remove cell debris. The lysate was passed through a
Streptactin-Sepharose column, followed by washing with 10
volumes of high salt wash buffer (20 mM Tris, pH 7.5, 200 mM
NaCl, 10% glycerol). The protein was then eluted from the
column using 2.5 mM desthiobiotin (Sigma) in the same high
salt wash buffer. Fractions were screened on a 15% SDS-
polyacrylamide gel. HypAg,-containing fractions were dialyzed
into buffer AG (20 mM Tris, pH 7.5, 10% glycerol), and further
purified through an UnoQ anionic exchange column by using a
NaCl gradient in buffer AG. HypAg,, typically eluted at 400 mM
NaCl. HypAg, concentration was determined by using the
extinction coefficient of 18350 M™' cm™ at 280 nm.** The mo-
lecular mass of purified, denatured HypAg, was observed by
electrospray ionization mass spectrometry (ESI-MS, Depart-
ment of Chemistry, University of Toronto) to be 14208 Da
(calculated mass 14208.3 Da). Similarly, the molecular mass
of the K24E, R2SE HypAg,, was observed to be 14181 Da
(calculated 14182.1 Da).

Wild-type and mutant E. coli HypB were overexpressed and
purified as previously described.”®

The oxidation state of proteins was determined by DTNB
assay. Briefly, free thiols in the protein were quantified in the
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presence of 4 M GuHCI and 1 mM EDTA. The product of the
reaction of DTNB with free thiols, S-mercapto-2-nitrobenzoic
acid, was quantified at 412 nm and compared with a standard
curve prepared with f-mercaptoethanol. Proteins were judged
to be fully reduced when >95% of the cysteine residues in a
protein were reactive with DTNB (data not shown).

Both HypB and HypAg, were copurified with bound metals.
HypB was typically purified with 1 equiv of nickel, likely bound
to the N-terminal high-affinity site. HypAg, copurified with
1 equiv of zinc. The presence of these metals after purification
was considered to be an indicator of proper protein folding and
oxidation state, and no steps were taken to remove them.
Bound metal was quantified in purified proteins by using a PAR
assay. Proteins were incubated with 4 M GuHCI and 1 mM
PMB. After 1 h of incubation, 100 uM PAR was added to
the sample, and the amount of metal present was quantified
by using the signal at 494 nm, which corresponds to the
(PAR),Me(1I) complex. HypAg,, samples were compared to a
standard curve of ZnSO,, while HypB samples were instead
compared with a standard curve of NiSO,. Proteins were
deemed fit for further experiments when >90% metal loading
was observed (data not shown). More details regarding the
metal-loaded states of each protein and the corresponding
nomenclature can be found in Supplemental Table 1,
Supporting Information.

Determination of HypAg,, Nickel Affinity. To determine
the K, of HypAg, for Ni(II), as-purified HypAg,, protein was
dialyzed into working buffer (25 mM HEPES, pH 7.5, 100 mM
KCl) in an anaerobic glovebox (95% N, and 5% H,).
Competition experiments using mag-fura-2 (MF2) (Invitrogen)
were performed by incubating 20 M HypA and 20 yuM MF2
with 0—60 uM of NiSO, overnight at 4 °C in an anaerobic
glovebox. The absorbance of apo-MF2 was monitored at
369 nm, then converted to fractional saturation using the
equation © = (Ayg9 — Asgo.)/(Ase9, — Aseo), Where @ is the frac-
tional saturation, A, is the absorbance of the sample at 369 nm,
Asg, is the absorbance of the sample in the absence of metal,
and A;, is the absorbance of the sample under metal saturation
conditions. The data were fitted in the program DYNAFIT*
using a custom script (Supplemental Table 2, Supporting
Information).

Electrospray Mass Spectrometry. Protein samples were
buffer exchanged into MS buffer (10 mM ammonium acetate,
pH 7.5) using two consecutive PD-10 desalting columns (GE
Healthcare). For time-resolved MS experiments, the indicated
amounts of NiSO, were added to HypAg,, immediately prior to
rapid infusion into the MS, which was sufficient time for nickel
binding. For time-resolved nickel transfer experiments, HypB
was incubated with 10 equiv of nickel sulfate at 4 °C overnight
in an anaerobic glovebox and then desalted through a PD-10
column into MS buffer to remove unbound nickel. HypAg,, was
added immediately prior to rapid infusion into the mass
spectrometer. Experiments were monitored for 10 min, and the
relative abundance of protein species were extracted from the
mass spectra based on the height of the reconstructed peak.

The mass spectrometry data were recorded in positive ion
mode using an AB Sciex QStar XL mass spectrometer equipped
with a hot source-induced desolvation (HSID) interface (Ionics
Mass Spectrometry Group Inc.). Ions were scanned from
800 to 3000 m/z with 1 s accumulation and no interscan delay.
Instrument parameters were as follows: ion source temperature,
200 °C; ion source gas, S0 psi; curtain gas, S0 psi; ion spray
voltage, 5000 V; declustering potential, 60 V; focusing
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potential, 60 V; collision gas, 3; MCP detection, 2200 V.
Mass spectra were reconstructed by using the Bayesian protein
program contained within Analyst QS (v1.1) software.

Benzyl Viologen Hydrogenase Assays. Cultures were
grown in modified TYEP media, containing 10 g/L of tryptone,
$ g/L of yeast extract, 69 mM K,HPO,, and 22 mM KH,PO, **
supplemented with 1 #M sodium molybdate, 1 uM sodium
selenite, 30 mM sodium formate, 0.8% glycerol, 100 uM
arabinose, and 100 mg/L ampicillin. After inoculation with 1%
(v/v) of an overnight aerobically grown culture, the cultures
were grown anaerobically in a sealed flask at 37 °C for either 6
or 18 h. The MC4100 strain was used as a wild-type control,
while DHBP cells (MC4100 AhypB) were either analyzed on
their own or following transformation with a pBAD24-hypB
plasmid. The cells were harvested by centrifugation, then
washed with cold 50 mM potassium phosphate, pH 7.6, and
resuspended in the same buffer supplemented with 200 uM
PMSE. The cells were sonicated on ice, and the lysate was
separated from the cell debris by centrifuging for 20 min at
21000g. When cell lysate was not analyzed immediately, it was
stored at —80 °C.

Total hydrogenase activity of crude cell lysates was
monitored by measuring the hydrogen-dependent reduction
of benzyl viologen.** Samples were prepared inside an
anaerobic glovebox (95% N, and 5% H,) and contained within
a septum-sealed cuvette during the reaction. Activity was mea-
sured in units/mg of total protein, where one unit of activity
corresponds to 1 pmol of benzyl viologen reduced/min. The
amount of reduced benzyl viologen was quantified by electronic
absorption spectroscopy and an extinction coeflicient of
7400 M~' cm™" at 600 nm. BCA protein assays (Pierce) were
used to determine total protein concentration with bovine serum
albumin as a standard.

Western Blot Analysis. Proteins were resolved on either
12.5% or 15% SDS-polyacrylamide gels and transferred to
polyvinylidene difluoride membranes (Millipore) after electro-
phoresis. The blots were probed with the anti-HypB polyclonal
rabbit antibody (Cedarlane Labs, Burlington, Canada), raised
against purified HypB protein, 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 Chemilumin-
scence, Pierce) was used for detection.

Metal Transfer Experiments. Metal transfer from 50 uM
HypB was monitored by electronic absorption spectroscopy.
Samples with a final volume of 200 yL were mixed in a quartz
cuvette, and the absorbance was measured from 190 to 800 nm
with an Agilient 8452 spectrophotometer. Nickel loading in
the G-domain of HypB was monitored by the absorbance at
340 nm, and its extinction coefficient was determined
experimentally (¢ = 2660 M™' cm™" for the 1:1 HypB—nickel
complex). Nickel binding to HypAg, produces no significant
change in absorbance at this wavelength. Kinetic experiments
were performed by first measuring the spectrum of the solution,
followed by addition of the metal acceptor (either HypAg, at
70—220 M or a small molecule chelator at 1 mM). The
absorbance at 340 nm was measured every 2 s for 5 min, and
then the samples were removed from the cuvette and set aside.
After 2 h, the solution was measured again to determine
the end point of the reaction. When nucleotides were to be
included in the experiment, GDP (guanosine diphosphate)
(Sigma-Aldrich, >96% purity) or GppCp (guanosine-5'-[(f,y)-
methyleno]triphosphate) (Sigma-Aldrich, >98% purity) were
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used at concentrations of 100 M along with S mM MgSO,. All
kinetic experiments were performed at room temperature in the
presence of 1 mM TCEP to prevent protein oxidation. The
half-lives of metal transfer reactions were calculated empirically,
by noting the time at which the absorbance of the HypB—nickel
absorbance band reached an intensity that is halfway between
the starting point and the end point.

B RESULTS

Metal Binding to HypAg,. In order to simplify the
purification of E. coli HypA, a Strep-tag II was appended to the
C-terminus of the protein (referred to as HypAg, onward),
affording a two-step purification process of the protein.**
Previous work demonstrated that the HypAg, construct is
functional in vivo.”” HypAs, copurified with a single equivalent
of zinc, likely bound to the previously characterized Cys, metal-
binding site.*" The identity of the metal ion was elucidated by
mass spectrometry (Figure 1), and the stoichiometry (0.98 +
0.0S equiv) was confirmed by using an assay with the metall-
ochromic indicator PAR.

Nickel binding to HypAg,, was also monitored by using mass
spectrometry (Figure 1). When as-purified HypAg,, was mixed
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Figure 1. Mass spectrometry of Ni(II) binding to HypAStr. (top)
HypAStr was copurified with 1 equiv of zinc bound to the protein
(calculated mass 14273 Da). (bottom) Upon addition of 1 equiv of
nickel, the mass of the protein shifts by 59 Da, corresponding to nickel
binding (calculated mass 14332 Da). In addition to the expected
protein peaks, small peaks at approximately +23 Da and +39 Da were
observed, corresponding to sodium and potassium adducts.

with 1 equiv of nickel sulfate, the reconstructed mass of the
protein shifted by 59 Da, corresponding to the mass of a nickel
ion. Metal binding occurred rapidly, and reached completion
within minutes (data not shown). This result demonstrates
that HypAg, is capable of binding a nickel and zinc ion
simultaneously in two separate metal-binding sites, consistent
with previous studies of wild-type HypA and its homo-
logues.*"****73¢ In contrast to nickel, upon the addition of
supplemental zinc a HypA-Zn(II), species could not be
detected by mass spectrometry, despite numerous attempts
(data not shown), suggesting that if zinc can bind to some or all
of the nickel ligands of HypA, it is with weak affinity.

In a prior study, we reported a Ky, for the E. coli HypA nickel
complex in the range of 10~ M.*>" This value was determined
indirectly by monitoring a decrease in intrinsic tryptophan
fluorescence that occurs upon titration with nickel. However,
mass spectrometry revealed that HypAg,, exhibited quantitative

6033

loading of nickel even at low micromolar concentrations of
protein, suggesting a much tighter Ky, than expected. In order
to resolve this issue, the affinity of the HypAg, nickel-binding
site was measured in competition experiments with the metal-
sensitive dye mag-fura-2 (MF2). Even though MF2 exhibits an
apparent K of 150 nM (A. Sydor, D. B. Z., personal
communication), competition for nickel between MF2 and
HypAg,, was observed (Figure 2). Fitting the data revealed that

1.0 S

0.5

Fractional Saturation

0.0

T T T T T T T T 1
0 10 20 30 40 50 60 70 80

Nickel Added (UM)

Figure 2. Nickel-binding competition between mag-fura-2 and E. coli
HypAg,. The electronic absorbance of 20 yM mag-fura-2 was
measured at 369 nm in the presence of 20 yuM HypA,, and converted
to fractional saturation. Competition between mag-fura-2 and HypAg,
suggests similar affinities for nickel. The data were fit to an apparent
Kp of 75 + 46 nM for the HypAg,—nickel complex. The data are the
average of three independent trials, and the error bars represent one
standard deviation.

under these experimental conditions HypAg,, bound nickel with
a calculated Kp, of 75 + 46 nM.

Metal Binding in the HypAg,—HypB Complex. To
examine the metalation states of HypA and HypB, mass
spectrometry was used to concurrently monitor both proteins
after mixing together. These experiments were performed with
as-purified HypB, which has nickel in the N-terminal high-
affinity site.’® In these and in all subsequent experiments, no
impact was detected on the zinc bound to as-purified HypAg,,
or the high-affinity nickel loading of HypB. If HypB was loaded
with a second nickel ion in the G-domain site and mixed with
as-purified HypAg,,, HypB lost a nickel ion (Figure 3, top left,
detected as a loss of 59 Da), while HypAg,, gained the nickel
ion (Figure 3, bottom left), indicating nickel transfer between
the two proteins. In contrast, if HypB was loaded with zinc in
the G-domain (Figure 3, right), the addition of HypAyg,, did not
produce a change in the masses of either protein, indicating that
only nickel can be transferred from HypB to HypAs,..

To further explore metal transfer between HypB and
HypAg,, electronic absorption spectroscopy was used. Upon
binding nickel in the G-domain site, HypB exhibits an
absorbance band at 340 nm (Figure 4),% corresponding to a
cysteine-to-nickel ligand-to-metal charge transfer (LMCT)
band. Nickel binding to HypAg,, does not result in a significant
change in the electronic absorption spectrum of the protein,
so metal binding to HypB can be monitored at 340 nM in
solutions containing both proteins. The addition of 50 uM
nickel sulfate to 50 M HypB resulted in approximately 70%
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Figure 3. Mass spectrometry reveals nickel transfer between HypB and HypAg,. (top) Mass spectra of as-purified HypB incubated with 1 equiv of
either NiSO,, (left, 31550 Da) or ZnSO, (right, 31554 Da). Under the experimental conditions used (S M HypB), 1 equiv of metal does not yield
quantitative metal loading of the HypB G-domain site. (bottom) The addition of S M HypAg, (14273 Da) to nickel-loaded HypB (left) results in
the complete transfer of a nickel ion from HypB to HypAg,, after 5 min of incubation at room temperature. However, the same experiment with zinc-
loaded HypB (right) demonstrates that HypAg, does not affect the zinc bound to the low-affinity site of HypB. The masses of each protein in the
different metal-loaded states are listed in Supplemental Table 1, Supporting Information.
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Figure 4. Nickel loss from the HypB G-domain site monitored by electronic absorption spectroscopy. (left) Difference spectra and observed spectra
(inset) of nickel-loaded HypB mixed with HypA and the change in the spectra over time. Initially, a peak at 340 nm was observed, corresponding to
nickel binding in the G-domain of HypB. As time progressed, this peak decreased, suggesting that nickel was transferred to the spectroscopically
silent nickel site in HypAg,. (right) HypB or LV-HypB (50 M) was mixed with 1 equiv of nickel, followed by addition of 70 4uM HypAg,. The
340 nm band of HypB decreased much faster in the presence of HypAg, (triangles) than in the absence of HypAg, (circles) corresponding to the
transfer of nickel from the G-domain site of HypB to HypAg,. When WT HypB was used as the nickel source, nickel transfer occurred with a half-life
of approximately 12 + 3 s. When LV-HypB was used (upside-down triangles), the transfer occurred with a slower rate (¢, = 72 = 10 s). Both
transfer reactions could be fit to second-order decays.

loading of the G-domain metal site with nickel, consistent that was observed in the mass spectrometry experiments.
with the previously reported affinity of this site for nickel.*® Furthermore, increasing the concentration of HypAg, in
When HypB loaded with nickel is mixed with 70 uM solution did not result in any further increase in the rate of
HypAs,, the band at 340 nm rapidly diminishes, reaching nickel release from the HypB G-domain site (Figure S).
baseline within a few minutes (Figure 4). This observation is Finally, when HypB was incubated with nickel-loaded HypA, the
consistent with the nickel transfer from HypB to HypAg, low-affinity site absorption band at 340 nm was not observed,
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Figure 5. Rate dependence of nickel loss from WT or mutant HypB
on HypAg,, concentrations. HypB loaded with nickel in the G-domain
site was mixed with varying concentrations of HypAg, and the
absorbance at 340 nm was monitored. The half-life of the nickel
transfer was independent of acceptor concentration when 50 yuM WT
HypB was used as the donor. However, when 50 M LV-HypB was
used as the donor, the halflife of nickel transfer decreased with
increasing concentrations of HypAg,. Concentrations of HypAg,,
higher than 250 yM resulted in protein precipitation, preventing
accurate rate measurements. Points are the average values from three
separate trials, and error bars represent one standard deviation.

suggesting that nickel cannot be transferred in the reverse
direction to HypB from HypAg,,.

Role of the HypA—HypB Complex in Nickel Transfer.
Previous in vitro analysis demonstrated that purified HypB and
HypA form a complex,3l’32 and there is also evidence that this
interaction occurs in vivo.””** In order to explore the role of
complex formation during metal transfer between the two
proteins, mutations were sought out that would disrupt it.
Initially, residues at the interface of the HypA—HypB complex
were identified via cross-linking experiments. HypAg, and
HypB were covalently trapped together by using EDC
(Supplemental Figure S, Supporting Information), as previously
reported,® and Glu93 of HypB and Lys24 of HypAs, were
identified by LC-MS/MS as the cross-linker-reactive residues,
suggesting an electrostatic interaction between the two pro-
teins. To confirm this finding, Lys24 and Arg25 of HypAg,
were replaced with glutamate residues. EDC trapping of a com-
plex between HypB and the mutant HypAg, was not detected
(Supplemental Figure S, Supporting Information), indicating
that Lys24 is a key component of the reaction with the car-
bodiimide. However, complex formation between HypB and
the HypAg,, mutant was still detectable by a pull-down assay
(Supplemental Figure 6, Supporting Information), demonstrat-
ing that reversing the charge at that location on HypA is not
sufficient to disrupt the interaction and that other parts of
HypA also contribute to complex formation with HypB.

While this work was in progress, it was reported that Leu78
and Val80 of HypB are important for complex formation with
HypA,45 so these two residues were replaced with alanine, and
the mutant protein was analyzed in vitro (L78A, V80A, or “LV-
HypB”). LV-HypB retains many of the characteristics of WT
HypB. It still binds nickel in the G-domain (Supplemental
Figure 3, Supporting Information) and it binds GDP with a
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similar affinity as WT HypB (Supplemental Figure 4, Supporting
Information). However, when complex formation with HypAg,,
was monitored by pull-down assay, the LV-HypB—HypAg,
interaction appears to be significantly weaker than that of WT-
HypB (Supplemental Figure 1, Supporting Information),
although some LV-HypB is still observed to elute with HypA,,
indicating that complex formation is not completely disrupted.
Furthermore, expression of LV-HypB from an inducible
plasmid is only able to partially restore hydrogenase production
in a AhypB strain of E. coli (Supplemental Figure 2, Supporting
Information), while WT HypB restores almost 100% of the
activity. These data are in agreement with the conclusion® that
Leu78 and Val80 of HypB contribute to the formation of the
HypA—HypB complex and that this interaction is important
during [NiFe]-hydrogenase maturation.

Next, nickel transfer from LV-HypB to HypAg, was exam-
ined. Although nickel release to HypAg, was observed, it was
approximately 6-fold slower than when WT-HypB was used
(Figure 4). Furthermore, in contrast to the reaction with wild-
type HypB, the addition of increasing concentrations of
HypAg,, caused nickel release from LV-HypB to speed up
(Figure S). Altogether, these results suggest that protein—
protein interactions between HypB and HypA are an important
component of nickel transfer between the two proteins.

In addition to the metal site in the G-domain, E. coli HypB
also binds nickel with high affinity to a site located at the
N-terminus.”*** To determine whether HypA can modulate
nickel binding to the N-terminal site of HypB, nickel loss from
as-purified HypB to EDTA in the presence of HypAg, was
examined. Unlike the other nickel accessory protein SlyD,
which accelerates nickel release from the tight site of HypB,a'9
HypA had no effect on the rate of nickel release from the HypB
high-affinity site (Supplemental Figure 7, Supporting Informa-
tion), indicating that the impact of HypA on HypB is con-
strained to the metal site of the G-domain.

Nucleotide Loading of HypB Affects the Rate of
Nickel Loss. HypB is a GTPase,” and the metal-binding
ligands of the G-domain site of HypB are embedded within the
GTPase motifs of the protein. To investigate how nucleotide
loading of HypB affects nickel transfer to HypAg,, the rate of
nickel loss from wild-type HypB was monitored in the presence
of 100 uM GDP or the nonhydrolyzable GTP analogue
guanosine-5’-[ (f,7)-methyleno Jtriphosphate (GppCp) and
S mM MgSO,. These nucleotide concentrations should be
sufficient to load the G-domain of HXEB, given the reported
micromolar GDP binding constant.”®*® The rate of nickel
transfer when GppCp was bound to HypB was comparable to
the rate in the absence of nucleotide (Figure 6). In contrast,
when GDP was added, the rate of nickel transfer to HypAg,,
increased significantly, with the reaction reaching completion in
seconds (Figure 6). The same experiments were performed
using LV-HypB and in this case GDP loading does not increase
the rate of metal release, suggesting that the faster nickel
transfer induced by GDP is dependent on formation of the
HypA—HypB complex. To test this model further, metal
transfer experiments were performed by using several different
small molecule chelators as the metal acceptor instead of
HypAg,,. These experiments were performed with EDTA,
EGTA, or NTA, and they were present in considerable excess
(1 mM) to ensure that the nickel released from HypB would be
trapped by the strong chelators. In the absence of nucleotide,
the rates of metal loss from HypB to the chelators were similar
to that observed with HypAg,, as the acceptor. Likewise, loading
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Figure 6. Half-lives of nickel transfer from the G-domain of HypB or LV-HypB to an excess of metal acceptor. Small molecule acceptors (EDTA,
EGTA, NTA) were added to 50 uM HypB with a final concentration of 1 mM, while HypA was added to a final concentration of 70 uM, and all
reactions included S mM MgSO,. Note that the y-axis is a log scale. Each bar represents the average of at least three separate experiments, while the
error bars represent one standard deviation. Astericks indicate that nickel loss from GDP-loaded HypB is significantly different than in the absence of

nucleotide (p < 0.05).

HypB with GppCp did not affect the rates of nickel release.
However, when GDP was bound to HypB, nickel transfer to
small molecule chelators was significantly slowed, the opposite
effect compared with that observed on nickel transfer to
HYPAStr'

B DISCUSSION

HypA and HypB are required for the biosynthesis of the
[NiFe]-hydrogenase metallocenter, and these proteins have
been assigned a role in the nickel delivery stage of this process.
Both individual proteins bind nickel, but as we started to
examine metal binding in the context of the protein—protein
complex, it became clear that HypAg,, was binding nickel more
readily than expected. In our previous study of E. coli HypA,*' a
change in intrinsic tryptophan fluorescence upon addition of
nickel to apoprotein was used to calculate an apparent Kj
of 60 uM, a number consistent with the nickel affinities of
homologous proteins.32’36 However, mass spectrometry
revealed quantitative nickel binding by low micromolar
concentrations of HypA, leading us to revisit the HypA—nickel
affinity. Competition experiments with a metallochromic
indicator revealed an affinity of 75 nM, consistent with the
HypA mass spectrometry data as well as the rapid nickel
transfer observed from HypB to HypA. It is possible that the
Strep-II tag added to the C-terminus affects nickel binding to
HypA, but this construct is functional in hydrogenase
biosynthesis in vivo,”” and all of the residues implicated in
nickel bindinég are at the other end of the primary se-
quence.*>**3® Furthermore, preliminary experiments with
HypAg,, revealed a similar change in intrinsic fluorescence in
response to nickel as previously observed with untagged protein
(data not shown), suggesting that this signal is not reporting on
specific nickel binding to HypA and the basis of the
fluorescence change remains to be determined.

There is significant evidence that HypA and HypB assemble
together during hydrogenase biosynthesis,>”** but the role of

this complex has not been defined. This interaction does not
dramatically impact the tightest metal sites of each of the
proteins. Zinc binding to HypA was not disturbed by HypB
under any of the conditions examined, consistent with the
role of this metal as a structural element, although changes in
coordination cannot be ruled out. Similarly, HypA does not
affect nickel binding to the N-terminal high-affinity site of
HypB. This latter result is in contrast to the impact of another
hydrogenase nickel accessory 6protein, SlyD, which accelerates
nickel release from HypB.>**® Instead, HypA mediates nickel
transfer from the G-domain of HypB to the binding site on
HypA. This metal transfer from HypB (Kp = 12 uM) to HypA
(Kp = 75 nM) is thermodynamically favorable given that the
relative affinities of the two sites differ by more than 2 orders of
magnitude.

Complex formation between HypB and HypA is key to the
rapid nickel transfer, because disrupting this protein—protein
interaction by mutating Leu78 and Val80 of HypB to alanine
slows the process down considerably. Titrating increasing
amounts of HypAg, into LV-HypB allows nickel transfer to
occur more efficiently, consistent with the observation that this
mutation in HypB only weakens the interaction between the
two proteins without blocking it completely. In contrast, under
the conditions used (50 uM HypB and 70 uM HypAyg,,), adding
more HypAg,, to wild-type HypB does not promote the rate of
transfer any further, suggesting that HypB is saturated with
HypAg,,. If the rate of nickel transfer is proportional to the
amount of HypA—HypB complex being formed, we can estimate
the Ky, for WT-HypB—HypAg,, to be <10 M and that for the
LV-HypB-HypAg, complex to be on the order of 107* M.

One possible mechanism for nickel transfer is that complex
formation between the two proteins results in positioning the
HypA nickel site in close proximity to the HypB G-domain,
such that HypA functions as a nickel sink and metal transfer is
simply controlled by thermodynamics. The decreased rate of
transfer to HypAg,, when LV-HypB is used as the nickel donor
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may be due to the mutation decreasing the local concentration
of HypA, a result of the weakened affinity of the HypA—HypB
complex. In support of this model, nickel loss from nucleotide-
free or GppCp-loaded HypB occurs under the same time scale
regardless of the identity of the nickel acceptor. Similar rates
were observed with HypA as with small molecule acceptors that
have a range of nickel affinities (from 107 to 107'* M),
suggesting that the process is governed by an intrinsic property
of HypB, such as the off rate of nickel dissociation from the
protein.

The situation changes dramatically once HypB is in the
GDP-loaded state. Nickel transfer from GDP-loaded HypB to
any of the small molecule chelators is substantially slower
compared with that observed in the absence of nucleotide or
with the GTP analog. This decrease in the off rate of nickel
from HypB could be caused by a change in the overall confor-
mation of HypB to make the nickel less solvent accessible or a
rearrangement of the nickel ligands in the G-domain of HypB.
The latter case has been observed with H. pylori HypB, for
which nucleotide loading affects the coordination sphere of
nickel bound to the G-domain site of the protein (A. Sydor,
D. B. Z., personal communication).

In contrast, upon loading HypB with GDP, the nickel
transfer to HypA becomes faster by several orders of magni-
tude, such that the process goes to completion within seconds.
This accelerated transfer is not observed when LV-HypB is
used as the nickel donor, suggesting that it is dependent on the
formation of a complex between the two partner proteins.
Furthermore, the fact that the metal loss is only faster when
HypA is the acceptor suggests that GDP loading of HypB
induces a “readied state” in the metal-binding site, resulting in
directed nickel transfer to HypA. Whether this GDP-induced
state of HypB results in a change in the nickel coordination or
modifies the interaction with HypA remains to be determined.

The role of the conserved metal-binding site in the
G-domain of HypB is not clear. The observation that metal
binding modulates the GTPase activity in both the E. coli and
H. pylori HypB groteins suggested that the metal may have a
regulatory role.***”*® However, the results reported here are
also consistent with a model in which this site serves as a source
of nickel for the hydrogenase pathway, particularly in
conjunction with HypA. The fact that nickel transfer to
HypA is fastest in the posthydrolysis state of HypB appears to
be in conflict with the observation that nickel inhibits the
GTPase activity, but it is likely that other components of the
hydrogenase biosynthetic pathway will impact the activities of
HypB and HypA. One obvious candidate for such a role is
SlyD, which increases the k., of the HypB GTPase activity
by several fold.** However, SlyD can also pull nickel out of
the G-domain site of HypB,* so whether there would be
competition with HypA is not clear. There is evidence for a
SlyD—HypB—HypA tertiary complex in vivo,””* but such a
complex has yet to be isolated and studied in vitro. Further-
more, HypA acts as a “docking” protein between the immature
HycE and HypB,®” and it is possible that in the context of a
functional HycE—HypA—HypB complex GTP hydrolysis is
accelerated and nickel delivery is allowed to proceed.

At this point, it is unclear which metal is the “cognate metal”
in the G-domain of HypB. Zinc also binds to this site with an
affinity tighter than that of nickel,*® and zinc is more effective at
inhibiting GTP hydrolysis by HypB.”**"** However, the
concentration of available zinc in healthy E. coli is kept at
extremely low levels,’>' so perhaps under normal growth
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conditions there is insufficient zinc to fill the HypB G-domain
site. If zinc does reach this site, such as in a case of improper
metal regulation, the GTPase cycle of HypB would be
repressed and the process would come to a halt, because zinc
is not passed on to HypA. In this manner, the HypB G-domain
metal site may act as a mechanism for maintaining the metal
fidelity of the process, and blocking hydrogenase maturation
until intracellular metal concentrations can be normalized.

Whether the molecular details of metal delivery are
completely conserved remains to be established. Both nickel
and zinc bind more tightly to H. pylori HypB than to the E. coli
homologue,**** whereas the H. pylori HypA has a weaker
nickel affinity than that reported here,>**> so nickel transfer
would be thermodynamically driven from HypA to HypB, in-
stead of the reverse. Furthermore, the strength of the H. pylori
HypA—HypB complex is weaker than that estimated indirectly
for the E. coli proteins in the metal transfer experiments.®® It is
possible that the accessory proteins have adapted to the distinct
metal metabolism of different organisms. For example, the
H. pylori HypB does not have the N-terminal high-affinity site
that is required for hydrogenase biosynthesis in E. coli,”’ and
the H. pylori proteins play multiple roles because they also
contribute to urease biosynthesis in that organism.**

The work discussed here presents a significant step in
understanding the route that nickel takes in its journey from
nickel importer to the active site of the [NiFe]-hydrogenase
enzymes. This allows for an updated working model of HypA—
HypB complex formation. If the G-domain site of HypB is filled
with nickel, such as in nickel-replete cellular conditions, then
GTP hydrolysis is inhibited. Upon docking with the iron-
loaded HycE, it is possible that GTP hydrolysis is accelerated,
activating rapid nickel transfer from HypB to HypA. Whether
this nickel ion is ultimately delivered to the hydrogenase
precursor protein, how the metal-binding affinities are
modulated in the context of the ternary complex, and how
the N-terminal nickel site of HypB contributes to this pathway
are issues that need to be resolved in future work.
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