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Extracytoplasmic Ni(II)-binding proteins (NiBPs) are molecular shuttles

involved in cellular nickel uptake. Here, we determined the crystal structure

of apo CcNikZ-II at 2.38 Å, which revealed a Ni(II)-binding site comprised

of the double His (HH-)prong (His511, His512) and a short variable (v-)

loop nearby (Thr59-Thr64, TEDKYT). Mutagenesis of the site identified

Glu60 and His511 as critical for high affinity Ni(II)-binding. Phylogenetic

analysis showed 15 protein clusters with two groups containing the HH-

prong. Metal-binding assays with 11 purified NiBPs containing this feature

yielded higher Ni(II)-binding affinities. Replacement of the wild type

v-loop with those from other NiBPs improved the affinity by up to an

order of magnitude. This work provides molecular insights into the deter-

minants for Ni(II) affinity and paves way for NiBP engineering.

Introduction

Metal ions (metals) are an indispensable part of all

cells due to their unique properties that enable more

complex biochemistry and regulation [1,2]. Almost half

of known enzymes and proteins require or associate

with various metals to function. In particular, several

transition metals of the first-row d-block elements like

Cu(II), Fe(II, III), Co(II), and Ni(II) (nickel) are

indispensable cofactors for the activity of many

enzymes. These metals are thus critical for bacterial

adaptation to challenging environments such as patho-

genesis in the anaerobic gastrointestinal tract of

humans, resistance to extremely acidic mine waters,

and survival in metal-scarce soil microenvironments

[3–5]. The primary high-affinity metal uptake systems

Abbreviations

AB, activity buffer; ABC, ATP-binding cassette; DTT, dithiothreitol; EDTA, ethylenediaminetetraacetic acid; HEPES, 4-(2-hydroxyethyl)-

1-piperazineethanesulfonic acid; ICP-MS, inductively coupled plasma mass spectrometry; ITC, isothermal titration calorimetry; ITFQ-LTA,

intrinsic tryptophan fluorescence quenching (ligand titration assay); LB, Luria-Bertani (media); MWCO, molecular weight cut-off; NiBP, nickel

(II)-binding protein; NTA, nitriloacetic acid; PDB, Protein Data Bank; PTFE, polytetrafluoroethylene; SBP, solute-binding protein; SDS/PAGE,
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2980 The FEBS Journal 291 (2024) 2980–2993 ª 2024 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use,

distribution and reproduction in any medium, provided the original work is properly cited.

https://orcid.org/0000-0001-9403-3206
https://orcid.org/0000-0001-9403-3206
https://orcid.org/0000-0001-9403-3206
https://orcid.org/0000-0003-0813-6490
https://orcid.org/0000-0003-0813-6490
https://orcid.org/0000-0003-0813-6490
mailto:diep5@llnl.gov
mailto:a.iakounine@bangor.ac.uk
mailto:a.iakounine@bangor.ac.uk
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1111%2Ffebs.17125&domain=pdf&date_stamp=2024-03-31


are represented by ATP-binding cassette (ABC)-type

transporters, which include the canonical ABC-type

importers composed of two channel-forming trans-

membrane proteins, two nucleotide-binding proteins,

and an extracytoplasmic solute-binding protein (SBP)

[6–8]. The periplasmic and extracellular SBPs of

ABC-type transporters function as molecular tools for

binding substrates (metals, peptides) and are the main

determinants of the transporter selectivity. The large

and diverse SBP superfamily includes over 147 000

proteins, which have relatively low sequence similarity,

but share a similar overall three-dimensional (3D)

structure [9,10]. These proteins are capable of binding

very different substrates with Ni(II) specific proteins

(NiBPs) associated with peptide ABC transporters:

PepT family in the transporter classification or Cluster

C in the structural SBP classification [9–12]. Compared

to other SBPs, the Cluster C proteins are larger (55–
70 kDa) due to the presence of an additional domain,

but based on sequence they can not be divided into

subgroups according to substrate selectivity (e.g., pep-

tides, arginine, cellobiose, or nickel ions) [13].

Currently, there are over 750 3D structures of

unique SBPs in the Protein Database (PDB) with the

sub-cluster C-I comprising 14 metal-specific SBP struc-

tures [9,10,14]. However, little functional information

about NiBPs is currently available as only several pro-

teins have been biochemically and structurally charac-

terized, these include CjNikZ from Campylobacter

jejuni [13,15], BsNikA from Brucella suis [13], YpYntA

from Yersinia pestis [13], SaNikA and SaCntA from

Staphylococcus aureus [16], HhNikA from Helicobacter

hepaticus [17], HpCeuE from Helicobacter pylori [18],

VpNikA from Vibrio parahaemolyticus [19], and

CdOppA from Clostridium difficile [20]. Metallopro-

teins and SBPs like those listed are involved in natural

metal homeostasis systems, but have also been subjects

of engineering efforts for metal removal and recovery

applications [21–26]. In natural proteins, metal prefer-

ence and binding affinity for different divalent metal

ions are expected to follow the Irving–Williams series

of empirical rules (from weak to tight: Mg(II)<Mn

(II)< Fe(II)<Co(II)<Ni(II)<Cu(II)> Zn(II)) [27].

Nevertheless, bacterial cells and proteins are able to

overcome these metal-binding preferences using spe-

cific metal delivery systems, complex homeostatic

machinery, and selective metal coordination sites,

based on a precise arrangement of protein residues

[1,28–30]. To re-design these proteins for altered bind-

ing to Ni(II) and other transition metals, a basic

understanding of the molecular details underlying their

affinity is needed, but remains poorly understood

[6,13].

In our prior work, we explored the scalable use of

microplate-based ITFQ for the analysis of Ni(II)--

binding affinity of CjNikZ and CcNikZ-II from Clos-

tridium carboxidivorans, which is the second NiBP in

the C. carboxidivorans acetogenesis operon [31]. We

demonstrated that both CcNikZ-II and CjNikZ exhibit

micromolar affinities for Ni(II). To provide insights

into the molecular details underlying the affinity of

CcNikZ-II and CjNikZ to Ni(II), we determined the

crystal structure of apo CcNikZ-II by X-ray

crystallography at 2.38 Å and compared the

ALPHAFOLD2-predicted Ni(II)-binding sites of nine

NiBPs homologous to CcNikZ-II [32,33]. By combin-

ing these structural insights with metal-binding assays,

alanine scanning mutagenesis, phylogenetic analyses,

and binding site engineering, we characterized the role

of the CcNikZ-II residues in Ni(II)-binding affinity

and engineered higher affinity variants. These results

provide new insights into the metal binding determi-

nants of NiBPs, which will enable efforts to further

improve their binding affinity and potentially their

selectivity for different metals.

Results and Discussion

Crystal structure and alanine scanning

mutagenesis of CcNikZ-II

CcNikZ-II was recombinantly expressed in Escherichia

coli with the endogenous signal peptide (30 aa)

replaced by a His6-tag and affinity purified to over

95% homogeneity (Materials and methods, Fig. S1).

Purified CcNikZ-II was crystallized using the hanging

drop method, and the crystal structure of apo

CcNikZ-II was determined at 2.38 Å resolution by

molecular replacement (Table S1, PDB: 8EFZ). We

attempted to crystallize the CcNikZ-II in its Ni-bound

holo forms, but crystals only grew for the apoprotein.

Preliminary analytical size exclusion chromatography

revealed CcNikZ-II exists as a monomer (data not

shown). Like other SBPs of Family 5, the CcNikZ-II

monomer has a teardrop-like shape with two α/β
domains: domain I with two subdomains (Ia: residues

1–40, 154–243, 463–526; Ib: 41–153) and domain II

(244–462), which encloses a metal-binding site located

between these lobes (Fig. 1A). The CcNikZ-II domain

II is connected to subdomain Ia through a shared anti-

parallel pleated β-sheet acting as a rigid hinge based

on the apo and holo structure of CjNikZ (PDB:

4OET, 4OEV). No disulfide bonds were detected in

the structure. A Dali search [34] for structurally

homologous proteins in the PDB identified over one

hundred homologous α/β fold proteins with low
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overall sequence similarity to CcNikZ-II (17–40%
sequence identity). The top structural homologs of

CcNikZ-II include CjNikZ from Campylobacter jejuni

(PDB: 4OET, Z-score 51.2, rmsd 1.4 Å, 40% identity),

the oligopeptide binding protein AppA from Bacillus

subtilis (PDB: 1XOC, Z-score 42.2, rmsd 2.6 Å, 34%

identity), and YpYntA from Yersinia pestis (PDB:

4OFL, Z-score 40.6, rmsd 2.5 Å, 25% identity). The

electrostatic surface charge of CcNikZ-II revealed that

the central cavity was negatively charged, which

strongly suggested the presence of a binding site for

positively charged metal ions like Ni(II). Immediately

outside the cavity, a ring of neutral surface charge

defined a perimeter separating the predominantly posi-

tively charged exterior from the cavity (Fig. 1B), which

we suspect could be a mechanism for limiting adventi-

tious surface binding of Ni(II) via repulsive forces,

thus guiding the ions into the cavity.

Our recent study of purified CcNikZ and CjNikZ

demonstrated that these proteins bind Ni(II) with

micromolar affinities without the requirement for add-

ing nickelophores such as histidine [31]. The structures

of CjNikZ complexed with Ni(II) revealed His26,

His480, and His481 as direct Ni(II) ligands, whereas

the remaining three ligands to complete the octahedral

coordination geometry were provided by a bound free

His (PDB: 4OEU) or bound oxalate (and a water mol-

ecule, PDB: 4OEV) acting as additional Ni(II) chela-

tors [13]. The CjNikZ Ni(II)-binding site also included

Arg344 coordinating the bound Ni-chelator (free His

or oxalate), as well as several aromatic residues posi-

tioned near the bound Ni(II) (Tyr374, Phe380, Trp384,

and Phe413). These insights from CjNikZ informed

our analysis of the apo CcNikZ-II structure (Fig. 1C),

which revealed the presence of several conserved resi-

dues buried within the protein metal-binding cavity

(Fig. 1D,E). Similar to His480 and His481 in CjNikZ,

the CcNikZ-II His511 and His512 (HH-prong) are

positioned such that their imidazole groups pointed

into the central cavity located between the protein

domains. In the CcNikZ-II structure, the presence of a

chloride ion (not shown) coordinated by the guanidino

group of the conserved Arg379 suggested that like

Arg344 in CjNikZ, this residue can be involved in

Ni(II) coordination via a protein bound water mole-

cule or a salt bridge with a potential small chelator

Fig. 1. Crystal structure of CcNikZ-II. (A) Overall fold of the CcNikZ-II protomer. The protein is comprised of two domains: the classic bi-lobal

domain Ia (tan) and Ib (lavender), and domain II (rose). (B) An electrostatic surface representation generated using an adaptive Poisson-

Boltzmann solver. Low kT/e values (red) demark negatively charged areas, and high kT/e values (blue) demark positively charged areas. (C) A

surface representation of CcNikZ-II. The binding residues (yellow) are buried deep inside in the core of the protein. (D) Location of the Ni(II)-

binding residues (yellow) with a (E) close-up view of the CcNikZ-II binding site. The Ni(II)-binding site is positioned between the three protein

lobes with each lobe contributing residues toward metal binding. Red and blue atoms represent oxygen and nitrogen, respectively (C–E).
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(e.g., oxalate or histidine). Superimposition of the apo

structures of CcNikZ-II and CjNikZ (PDB: 4OET)

revealed the structural conservation of these Ni(II)-

binding residues (Arg379, His511, and His512 in

CcNikZ-II and Arg344, His480, and His481 in

CjNikZ) (Fig. 2A,B). The other highly conserved resi-

dues of the CcNikZ-II nickel-binding site include

Asp376, Phe415, Trp419, and His428. However, the

third His residue of CjNikZ (His26) directly interact-

ing with the bound Ni(II) ion and located on a flexible

loop below the HH-prong was missing in CcNikZ-II.

Furthermore, the CjNikZ flexible loop contained one

additional residue (A28) in the middle compared to

CcNikZ-II (Fig. 2A,B). Taken together, the CcNikZ-II

structure reveals the presence of a Ni(II)-binding site

with several conserved residues, but also some differ-

ences compared to CjNikZ suggesting that there may

be variations in how the two proteins bind to Ni(II).

The variable flexible loop (v-loop) appears to play a

dynamic role in Ni(II)-binding based on the apo and

holo CjNikZ structures (PDB: 4OET, 4OEU, 4OEV)

(Fig. 2A,B). In CjNikZ, the v-loop undergoes a large

(> 5 Å) movement to reposition its residues

(specifically His26) closer to the HH-prong for direct

Ni(II)-binding [13]. The absence of His in the CcNikZ-

II v-loop prompted us to use alanine scanning muta-

genesis to study the impact of binding site residues on

the Ni(II)-binding affinity of this protein (Fig. 3,

Table S2, Fig. S2). We initially targeted residues in the

first coordination sphere: Arg379, His511, His512, as

well as generated a double Ala substitution of the HH-

prong (H511A, H512A). Since Lys62 of the CcNikZ-II

v-loop (TEDKYT) was structurally aligned with the

CjNikZ-II v-loop His26, we hypothesized it had simi-

lar functionality and included it in the initial round of

mutagenesis (K62A). Ala substitution of His511 and

His512 each lead to a 2.3- and 1.2-fold decrease in

binding affinity, respectively, implying that His511

plays a larger role in Ni(II)-binding than His512

(Fig. 3). Surprisingly, the mutant protein K62A had a

4.3-fold improvement in Ni(II)-binding affinity

(Fig. 3). This was likely due to the positive charge of

the Lys62 side chain amino group at the assay pH

(7.2) that would cause it to repel Ni(II), and its

Fig. 2. Structural comparison of CcNikZ-II and CjNikZ. (A, B) Close-up view of Ni(II)-binding site: structural superimposition of apo CcNikZ-II

(yellow) and apo CjNikZ (PDB: 4OET, cyan) is shown for the upper half (A) and the bottom half (B) of the metal-binding site. Black dotted

lines represent the distance between the α carbons for each aligned residue. (C–E) Close-up view of the surface of Ni(II)-bound holo CjNikZ-

II (PDB: 4OEV) (C), apo CjNikZ (PDB: 4OET) (D), and apo CcNikZ-II (E). Water molecules (blue spheres) and their potential polar contacts

(white dashed lines) are displayed to show the absence and presence of water networks formed within the binding site. Nickel (green

sphere) is shown buried in the site behind the water network. Red and blue atoms represent oxygen and nitrogen, respectively.
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bulkiness that may render the v-loop less mobile,

which may reflect a preference for another substrate

(e.g., naked ion vs. complexed ions). The R379A and

double H511A/H512A mutant proteins were found to

be poorly expressed in E. coli and could not be puri-

fied. Thus, these Ala substitution experiments con-

firmed the important role of the conserved residues

His511, His512, and Lys62 in Ni(II)-binding by

CcNikZ-II. The increased Ni(II)-binding affinity of the

CcNikZ-II K62A mutant protein led us to probe the

role of other residues within the v-loop in metal bind-

ing. The structure of CjNikZ complexed with nickel

(PDB: 4OEV) showed that the side chain of Glu24 of

its v-loop protruded directly into the water network

formed in the nickel-binding site (Fig. 2C) [13]. In con-

trast, a water network was not observed in the Ni(II)-

binding cavities of apo CjNikZ (PDB: 4OET) and apo

CcNikZ-II structures (Fig. 2D,E). We therefore

hypothesized that in CcNikZ-II the v-loop Glu60

(TEDKYT) also plays a critical role in Ni(II)-binding

by participating in the hydrogen-bonding network.

In the second round of mutagenesis (Fig. 3), we

substituted each residue of the v-loop sequence TED-

KYT with alanine (which also included K62A from

the first round). Ni(II)-binding assays confirmed our

hypothesis regarding Glu60 by showing a large (8.4-

fold) decrease in Ni(II)-binding affinity of purified

E60A mutant protein (Fig. 3). This was further sub-

stantiated with the full substitution of the CcNikZ-II

v-loop by alanines (TEDKYT>AAAAAA) that

revealed a 3.6-fold decrease in Ni(II)-binding affinity

(Fig. 3). Similarly, substituting out all residues in the

TEDKYT v-loop to alanine, except Lys62 (TED-

KYT>AAAKAA) produced a mutant protein which

behaved like the TEDKYT>AAAAAA protein (Fig. 3).

Remarkably, replacing the lysine in this mutant protein

with a histidine (TEDKYT>AAAHAA) improved the

binding affinity 2.2-fold over the wild-type CcNikZ-II

(TEDKYT). The C-terminal end of the CcNikZ-II v-

loop is connected to a small α-helix with the sequence

NEE. Given its spatial distance from H511 and H512,

we expected no change in Ni(II)-binding affinity upon

alanine substitution, which we confirmed with the tri-

ple mutant protein (N65A, E66A, E67A) that showed

little change in affinity (Fig. 3). Together, this pointed

to the necessity of Glu60 and the advantage of having

a closely adjacent histidine suggesting that core v-loops

containing both a Glu and His within close proximity

near the front of the loop would confer a higher Ni

(II)-binding affinity to CcNikZ-II and other NiBPs.

Milder changes in affinity observed in the D61A (1.3-

fold decrease in affinity) and T59A (1.8-fold increase

in affinity) mutant proteins were alone insufficient for

elucidating their role. We also noted that the Y63A

and T64A mutant proteins showed little change in

affinity, suggesting residues in these positions may con-

tribute less to Ni(II)-binding affinity. To further under-

stand how v-loops can impact Ni(II)-binding affinity,

we next used a phylogenetic approach to analyze the

diversity of v-loops found in the NiBP family of

CcNikZ-II and CjNikZ (Fig. 4, Cluster-12).

Phylogenetic analysis of NiBPs

A previous phylogenetic analysis of NiBPs using eight

experimentally studied NiBPs (EcNikA, YpYntA,

VpNikA, HhNikA, CjNikZ, SaNikA, SaCntA, Bs

NikA) as seeds revealed high sequence similarity

between NiBPs and PepBPs suggesting a common evo-

lutionary origin [13]. However, this approach intro-

duced bias due to selection of the pool of sequences of

experimentally characterized NiBPs suggesting that

alternative modes of substrate-binding in NiBPs and

PepBPs that could have promiscuity for Ni(II)-binding

may have been under-represented and overlooked.

Therefore, we performed a global phylogenetic analysis

of members from both groups using InterPro where the

SBPs are organized according to the Tam-Saier Classifi-

cation (Fig. 4). We first decreased the redundancy of the

InterPro family IPR030678 using the CD-HIT algo-

rithm to obtain a representative library of 4561 NiBP

and PepBP sequences [35,36]. We then used FastTree to

generate a phylogenetic tree from a MAFFT alignment

to obtain a representative library [37]. Therefore, we

w.t.
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proteins. Ni(II)-binding affinity (KD) of purified wild type (w.t.)

CcNikZ-II and various mutant proteins (single, double, and triple

Ala-substitutions and v-loop substitutions). ‘×’ denotes mutant

proteins that were poorly expressed and could not be purified.

Experimental triplicates were performed (n= 3). Errors bars: SD.
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captured a fuller diversity of NiBP/PepBPs, which

include at least 13 protein clusters.

Similar to Lebrette et al. [13], we found that

VpNikA and YpYntA are positioned together in

Cluster-5 while SaCntA, EcNikA, and BsNikA are

grouped in Cluster-10 (Fig. 4). In contrast, SaNikA

(Cluster-2) is positioned further away from VpNikA

and YpYntA (Cluster-5) and closer to the root

(Fig. 4). According to Lebrette et al. [13], SaNikA fol-

lows the third Ni(II)-binding strategy where the bind-

ing site residues interact with bound nickelophores

(two free histidine amino acids) with no direct contact

between the protein and nickel ion. The SaNikA

metal-binding site also lacks the His residues found in

other NiBPs that follow the outlined first and second

binding strategies with direct contacts with bound

Ni(II). Based on the positioning of SaNikA in the SBP

phylogenetic tree, this suggests that ancestral proteins

of the IPR030678 family may have been PepBPs origi-

nally, but because peptides are strong complexing

agents for nickel, some members of the family may

have evolved selectivity for nickel and nickel com-

plexes. Furthermore, CjNikZ and CcNikZ-II (Cluster-

12) appeared to be closer to EcNikA homologs

(Cluster-10) than VpNikA and YpYntA (Cluster-5) in

Lebrette et al., suggesting that CjNikZ and CcNikZ-II

shared a common ancestor with EcNikA despite hav-

ing only 25% identity with each other.

In this study, we focused on SBPs containing the

double His (HH) prong motif from Cluster-12, where

both CcNikZ-II and CjNikZ are located (close homo-

logs) (Fig. 4). Additionally, by searching for the HH-

prong motif across the SBP phylogenetic tree, we

found homologous proteins in Cluster-4 (distant

homologs) containing this motif, which was absent in

other clusters. Upon closer inspection, 88% (21/24) of

proteins from Cluster-12 and 10% (8/78) of proteins

from Cluster-4 contained the C-terminal HH-prong.

For comparative sequence analysis, we extracted

sequences of nine close homologs (Cluster-12) and

three distant homologs (Cluster-4) based on their

uniqueness within their local phylogenies. Alignment

of these sequences with CcNikZ-II and CjNikZ

revealed three observations (Fig. 5A): (a) the positions

of the arginine (Arg379 in CcNikZ-II) and HH-prong

were highly conserved, (b) the Cluster-4 homologs had

distinctly different sequences of the v-loop region, and

(c) the Cluster-4 SBP protein from Nocardiopsis gilva

(NgNikZ) and Cluster-12 sequences had more similar

v-loops, but the exact positional conservation was

unclear. We therefore selected the sequences of 10

close and one distant (NgNikZ) homologs for compar-

ative biochemical analysis of v-loop sequences and Ni

(II)-binding affinity (Table S3, Fig. 5B).

Comparative analysis of v-loop sequences and

structures

In the CcNikZ-II sequence, the v-loop section is

flanked by two strongly conserved consensus

Fig. 4. Phylogenetic analysis of NiBPs. The

representative library was created by

applying the CD-HIT algorithm to the

InterPro family IPR030678 such that

sequences with 60% redundancy were

removed. From this, the phylogenetic tree

representation of the representative library

built using FastTree on Geneious is shown.

Experimentally characterized NiBPs (gray

circles) are mapped onto the tree with

colored spheres demarking their phylogenetic

branch.
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sequences: P +L for the left flank region and LIF on

the right flank region (‘+’ here indicating valine, iso-

leucine, and alanine) (Fig. 5B, Fig. S3). Sequence

alignment with 10 NiBPs containing a double His

prong revealed that the v-loop lengths varied from five

to eight residues including the flexible core and rigid

subsections. As shown in Fig. 5B, the last residue of

the core v-loop and the first residue of the rigid sub-

section are aligned at the same (position 7) to reflect

the varying boundary between the two subsections.

Apart from CsNikZ, NgNikZ, CjNikZ, and CfNikZ

that have an additional residue at position 0, the

sequence EEH (positions 1–3) is the consensus

sequence for the front of core v-loop. The majority of

the CcNikZ-II homologs have either aspartate or glu-

tamate at positions 1 and 2, followed by a histidine at

position 3 (Fig. 5B). Since His26 from the CjNikZ v-

loop was directly involved in Ni(II) coordination [13],

we hypothesize that the presence of a carboxylate resi-

due followed by a histidine in the core v-loop might

confer higher Ni(II)-binding affinities.

Comparison of the core v-loops of 11 selected

NiBPs (Fig. 5B) revealed that they differed both in

length (5–8 residues) and composition. Because we

were focused on understanding the role of the residues

comprising CcNikZ-II’s v-loop (TEDKYT), we

decided to isolate for the effect of v-loop composition

by keeping the following analysis restricted to a

6-residue window. We first analyzed the placement of

the core v-loops relative to their Ni(II)-binding sites

using structural models generated by ALPHAFOLD2

(Fig. 6, Figs S4 and S5). The v-loop regions of these

proteins are shown in Fig. 6 with highlighted six-

residue sequences selected for exchange with the

CcNikZ-II core v-loop (TEDKYT). These selections

were primarily based on considerations combining the

critical positioning of a glutamate at the front of

the core v-loop and structural confirmation that the

residue positions are similar to the core v-loops of

CcNikZ-II and CjNikZ (Fig. 1D). For example,

BoNikZ from Blautia obeum possessed a glutamate

(Glu22) with a histidine (His23) immediately down-

stream, so the remaining four residues were chosen to

place Glu22 at the front of the core v-loop while pre-

serving its second-from-the-start position: DEHGEI

(Fig. 6). The structure shown in Fig. 6A helped to

confirm this selection since the terminal isoleucine

(Ile26) was positioned near the start of the rigid sub-

section, similar to the CcNikZ-II Thr64 (Fig. 1E). The

CcNikZ-II engineered variant based on this selection

was thus named Bo>Cc to denote the presence of

DEHGEI in lieu of (>) TEDKYT. For VbNikZ from

Veilloneacea bacterium and TfNikZ from Thermincola

ferriacetica, a glutamate was not present in the front

of the core v-loop, so we simply used the first six resi-

dues following their left flank regions.

(A) (B)

Fig. 5. The sequence motifs of selected NiBPs involved in Ni(II)-binding. (A) Ordered according to their local phylogeny, 13 sequences of

close (yellow) and distant (blue) homologs of CcNikZ-II and CjNikZ (pink) are aligned using MAFFT with coloring based on CLUSTALX at 25%

conservation threshold. Three regions are shown: the variable loop (v-loop), the conserved arginine, and the conserved double histidine

(HH-)prong with the numbers on the top indicating their relative positions. (B) Ordered according to their local phylogeny, sequences of

selected members of the wild-type NiBP set are aligned and colored as before. Naming is based on their microorganism origins (cf.

Table S3). The v-loop anatomy is shown (top). The v-loop section is between the left flank region and right flank region, which are strongly

conserved. The v-loop section is comprised of the flexible core subsection (core v-loop) and the immobilized subsection (an α-helix). The
core v-loop possesses a front and back to demark their different functions. The consensus sequence (bottom) is displayed, where ‘+’
indicates the positions that do not have clear conservation.
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Next, Ni(II)-binding affinity was determined for the

purified wild-type NiBPs and CcNikZ-II variants with

engineered v-loops (Fig. 7, Table S3, Figs S6–S8).
Among the homologous NiBPs, CcNikZ-II showed the

lowest Ni(II)-binding affinity (9.97 μM) (Fig. 7), which

is likely due to the absence of a histidine residue and

the presence of the hydrophilic Thr64 in the v-loop.

The highest Ni(II)-binding affinities were detected

in NgNikZ from Nocardiopsis gilva, BoNikZ, and

MpNikZ (from Mogibacterium pumilum) (KD 0.06–
0.22 μM) (Fig. 7, Table S3). NgNikZ was determined to

have a sub-micromolar KD value that should be care-

fully interpreted as an upper limit to its true KD value

since it was less than the concentration of the protein

in the ITFQ assay [38]. This exceptionally high Ni(II)-

binding affinity of NgNikZ is likely to be due to its

Fig. 6. Structural models of the CcNikZ-II homologs showing the core v-loops. Each panel displays the segment of the core v-loop (indicated

by green carbons) that is used to substitute the CcNikZ-II core v-loop sequence TEDKTY. Residues are numbered according to their

respective sequences. (A) BoNikZ (DEHGEI). (B) CfNikZ (DEDHDT). (C) CsNikZ (IESHAF). (D) MpNikZ (YEHGEI). (E) NgNikZ (DEHLDP). (F)

SuNikZ (EETNLD). (G) TfNikZ (DDSPVD). (H) UmNikZ (DESQEI). (I) VbNikZ (NTHDEL).
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origin in Nocardiopsis gilva, a gram-positive species

discovered in hypersaline environments, which can

grow in the presence of up to 18% NaCl (w/v) [39].

Furthermore, analysis of thermostability (Tm, melting

points) of purified wild-type NiBPs revealed that

TfNikZ from the thermophilic bacterium Thermincola

ferriacetica (optimal growth at 60 °C) [40] had the

highest Tm at 76 °C (Fig. S9). Together, these two pro-

teins represent use cases for high salinity and high

temperature metal recovery. Overall, ranking the

NiBPs according to Ni(II) affinities (Fig. 7B) sup-

ported our hypothesis that high Ni(II)-binding affinity

is associated with the presence of glutamate at position

2 followed by histidine at position 3. The sequences of

the back of the core v-loops (positions 4–9) did not

exhibit notable trends apart from position 7, where the

presence of small hydrophobic residues (Val, Ile, Ala)

correlated with higher Ni(II)-binding affinity.

Next, we engineered CcNikZ-II to prove that core

v-loops have a degree of modularity whereby the

replacement of the CcNikZ-II v-loop with sequences

from higher-affinity homologs could improve its Ni

(II)-binding affinity. As shown in Fig. 7C, all

engineered variants of CcNikZ-II exhibited higher Ni

(II)-binding affinity compared to wild-type CcNikZ-II.

This is consistent with higher Ni(II)-binding affinities

of the corresponding wild-type NiBPs. Ranking the

engineered variants (Fig. 7D) further confirmed that

the top five proteins for both wild type and engineered

NiBPs are based on the core v-loops from CfNikZ

(from Campylobacter fetus), BoNikZ, CjNikZ, Mp

NikZ, and NgNikZ (tight binders). However, the order

of ranking of the engineered CcNikZ-II variants was

slightly different from that of the corresponding wild

type NiBPs (Fig. 7), which may reflect the effect of the

v-loop length and contribution from other residues

present in their Ni(II)-binding sites that differ from

CcNikZ-II (vide infra). We also noted that aspartates

and glutamates at CcNikZ-II position 63 were also a

common feature of the top five engineered CcNikZ-II

variants (Fig. 7D). Since these residues are expected to

be placed at the position of the Tyr63 side chain in the

CcNikZ-II-binding site (Fig. 1D), it is plausible that

aspartates and glutamates are better at contributing to

a water network than tyrosine, thus improving Ni(II)-

binding affinity of engineered variants (Fig. 1E). Over-

all, the largest improvements in Ni(II)-binding affinity

were observed in the CcNikZ-II K62A and Cf>Cc

(DEDHDT) variants indicating that v-loops do play

an important role in Ni(II)-binding affinity of NiBPs.

Conclusions

Our approach to understanding the molecular mecha-

nisms of Ni(II) binding and selectivity of NiBPs com-

bined a bioinformatic analysis with biochemical and

structural characterization of purified NiBPs. Structural

analysis and Ala scanning mutagenesis of CcNikZ-II

Fig. 7. Ni(II)-binding by purified wild type

and engineered NiBPs. Ni(II)-binding

affinities and ranking of purified wild type

NiBPs (A, B); and engineered CcNikZ-II

variants with different v-loops (C, D). The

position numbering (gray) for (B) is the

same as the numbering in Fig. 5B, and for

(D) is based on the residue position in the

CcNikZ-II sequence. Sequences are aligned

based on MAFFT and colored according to

CLUSTALX with a 25% conservation threshold.

The position numbering of (D) is not the

same as the numbering in Fig. 5B. ‘×’
denotes when a binding curve could not be

generated (no observable change in

fluorescence). Experimental triplicates were

performed (n= 3). Errors bars: SD.
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revealed that Glu60 and His511 are required for high

affinity Ni(II) binding suggesting an important role of

the double His motif and v-loop residues in Ni(II) bind-

ing. Global phylogenetic analysis of NiBP sequences

revealed the presence of at least 13 clusters of these pro-

teins from which nine uncharacterized NiBPs with the

double His prong and v-loops were selected for compar-

ative analysis. The v-loops of these proteins were ana-

lyzed using ALPHAFOLD2 and showed the modest

conservation of carboxylic residues (Glu and Asp) and

His at the front of the six-residue core across several

NiBPs, which correlated with high affinity Ni(II) bind-

ing by purified proteins (strong binders) without the

requirement for chelators. Therefore, the C-terminal

double His prong can be considered as the signature

motif for the presence of chelator-free Ni(II)-binding

activity in SBPs. Furthermore, all engineered CcNikZ-II

variants with the v-loop core substituted with v-loops

from strong binders showed increased Ni(II)-binding

affinity, but the order of ranking did not match the

ranking of wild type proteins, which is likely to be due

to a combination of differences in the v-loop composi-

tion and secondary coordination sphere. As we have

demonstrated in this study, NiBPs constitute promising

protein engineering targets given their tuneable metal

binding affinity. We note that this study only focused on

the amino acid composition of the v-loop, but it is possi-

ble that changing v-loop length may also alter the

NiBPs’ metal-binding parameters. Additionally, another

challenge to overcome will be controlling the effects of

the second coordination sphere since the v-loop is only

one component of the binding cavity, and there may be

other residues that control the internal water network

and placement of the binding residues in the first coordi-

nation sphere. While the literature describing this family

of NiBPs has stagnated since the study of Lebrette

et al., we anticipate more interest in metalloprotein engi-

neering towards novel bioprocesses to remediate and

recover metals from aqueous mining and industrial

streams due to rising interest in sustainable metal supply

chains [13,24,41,42].

Materials and methods

Gene cloning and mutagenesis

The open-reading frames encoding for CcNikZ-II and other

selected NiBPs (Tables S3 and S4) were synthesized (Twist

Bioscience, San Francisco, CA, USA) without the start

codon and without their native signal peptides, which were

identified using SIGNALP 5.0 [43]. The open-reading frames

(codon-optimized for expression in E. coli) were cloned into

the expression vector p15TV-L (ID: 26093; AddGene,

Watertown, MA, USA) under the T7 promoter and in-

frame with the N-terminal 6xHisTag (Twist Bioscience).

Completed plasmids were transformed into the E. coli

expression strain LOBSTR (#EC1001; Kerafast, Shirley,

MA, USA) to minimize purification of endogenous Ni(II)-

binding proteins, and then plated onto LB-agar (carbenicil-

lin, 100 μg�mL�1). Colonies were inoculated into liquid LB,

and the plasmids were miniprepped (#PD300; GeneAid,

New Taipei City, Taiwan) from overnight inoculants into

MilliQ water and sequence verified at the ACGT Sequenc-

ing Facility (Toronto, ON, Canada). Glycerol stocks were

prepared for storage at �80 °C. All Ala substitution mutant

proteins and engineered variants were generated through

site-directed mutagenesis (Ranomics, Toronto, ON, Can-

ada) with the TCG codon used for alanine substitution.

Sequences were independently verified as described above.

Protein expression and purification

This protocol is based on prior work and was used to pro-

duce all proteins reported in this study [31]. Starter cultures

were grown from glycerol stock in LB (carbenicillin,

100 μg�mL�1) for 16 h overnight at 37 °C with shaking.

Expression cultures were started by prewarming TB media

(carbenicillin, 100 μg�mL�1) to 37 °C before 5% v/v inocu-

lation with the starter culture, then grown for 6 h at 37 °C,
then addition of IPTG (#IPT002; BioShop) to 0.4 mM for

induction. The expression cultures were then transferred to

16 °C and grown for 16 h overnight with shaking, then pel-

leted with centrifugation and transferred to conical vials for

one overnight freeze–thaw cycle at �20 °C. Frozen cell pel-

lets were thawed and resuspended in binding buffer (10 mM

HEPES, 500 mM NaCl, 5 mM imidazole, pH 7.2) to a final

volume of 50–100mL, followed by addition of 0.25 g lyso-

zyme (#LYS702; BioShop, Burlington, ON, Canada). Cell

pellet mixtures were sonicated for 15 min (Q700 Sonicator;

Qsonica, Newtown, CT, USA) and clarified by centrifuga-

tion. The soluble layer (supernatant) was applied to a

cobalt-charged (Co-)NTA resin (#88221; Thermo Fisher)

pre-equilibrated with binding buffer in a gravity-column

set-up. Bound proteins were cleansed with wash buffer

(10 mM HEPES, 500 mM NaCl, 25 mM imidazole, pH 7.2)

and collected with elution buffer (10 mM HEPES, 500 mM

NaCl, 250 mM imidazole, pH 7.2). Protein concentrations

were determined by Bradford assay, and protein purity was

determined by SDS/PAGE analysis (Fig. S1) and densitom-

etry on IMAGE LAB 6.0 (Bio-Rad).

Eluted protein was combined with in-house purified TEV

protease (100 : 1 protein-to-TEV) an DTT to 1 mM

(#TCE101; BioShop), then transferred to a 10 kDa MWCO

dialysis bag (#68100; Thermo Fisher) for dialysis in 4 L

dialysis buffer (10 mM HEPES, 1 mM DTT, 1 g�L�1 Chelex

100, pH 7.2) at 4 °C with gentle stirring for 24 h. Dialyzed

samples were then applied to a cobalt-charged NTA resin

twice and transferred to a 10 kDa MWCO dialysis bag for
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dialysis in 4 L activity buffer (AB, 10 mM HEPES, pH 7.2)

at 4 °C with gentle stirring for 24 h and transferred to fresh

AB for another 24 h. Purity was re-confirmed by

SDS/PAGE analysis. Finally, they were flash-frozen by liq-

uid nitrogen for storage at �80 °C.

Protein crystallization and x-ray crystallography

The apo CcNikZ-II crystal was grown at room temperature

using the vapor diffusion sitting drop method solution con-

taining 30 mg�mL�1 protein and the reservoir solution 0.1 M

HEPES buffer (pH 7.5), 30% (w/v) polyethylene glycol

1000. The crystal was cryoprotected using paratone oil.

Diffraction data at 100 K were collected at a home source

Rigaku Micromax 007-HF/R-Axis IV system and data was

processed using HKL3000 [44]. The structure was solved

by molecular replacement, using the structure of apo

CjNikZ (PDB: 4OET) [13] and the CCP4 Mr Bump program

[45]. Model building and refinement were performed using

PHENIX.REFINE [46] and COOT [47]. Geometry was validated

using the wwPDB validation server. Atomic coordinates

were deposited in the PDB with accession code 8EFZ.

Phylogenetic and structural analyses

Under the broad family IPR039424 (solute binding protein

family 5) in the InterPro database, amino acid sequences

from family IPR030678 (peptide/Ni(II)-binding protein,

MppA-type) were extracted into a FASTA file on April 27,

2019, which contained approximately 150 000 members [36].

Sequence redundancy was reduced through the CD-HIT

algorithm using an identity cutoff of 0.6 (60%) and default

settings [35]. Amino acid sequences of EcNikA, SaCntA,

YpYntA, SaNikA, VpNikA, HhNikA, CjNikZ, and

CcNikZ-II were then manually added (if not already present)

to the newly reduced FASTA file, which then had 4561 mem-

bers. An alignment was performed using the MAFFT v7 algo-

rithm through GENEIOUS v8.1.9 with default settings, and a

phylogenetic tree was then built using FASTTREE v2.1.11 with

the Gamma 20 optimization setting [48]. Site 1 and Site 2

were extracted from the above tree and imported into JAL-

VIEW v.2.11.2.2 for closer analysis. Sequences of interest were

further extracted and re-aligned again with MAFFT v7. A phy-

logenetic tree was built based on and default settings to

examine binding motif conservation.

PYMOL v.2.5.2. was used to visualize protein structures.

CcNikZ-II’s structure was predicted on SWISS-MODEL

using the apo CjNikZ structure (PDB: 4OET) as the homol-

ogy template [49]. It was also predicted using ALPHAFOLD2

through the COLABFOLD server with the amber settings and

without a template [32,33]. Structural superimposition was

performed using built-in PYMOL functions and rmsd values

(Å) were automatically computed. These ALPHAFOLD2 predic-

tion and PYMOL procedures used for CcNikZ-II were applied

to all members of the engineered variant set to predict and

compare their apo structures with apo CcNikZ-II’s structure

reported in this study. Electrostatic surface representations

were generated using the APBS biomolecular solvation soft-

ware suite [50].

Metal-affinity determination by microITFQ-LTA

The microplate-based intrinsic tryptophan fluorescence

quenching (or ‘ITFQ assays’ for brevity) is based on prior

work and was used to characterize all proteins reported in

this study [31]. ITFQ assays were performed in black, opa-

que 96-well microplates (#655076; Greiner Bio-One, Mon-

roe, NC, USA) using the Infinite® M200 (Tecan) plate

reader with the settings: fluorescence top-read, 25 °C,
λex= 280 nm, λem= 380 nm, and a manual gain of 100. The

general procedure used to obtain binding curves by direct

titration first required 150 μL of 0.4 μM CcNikZ-II in AB to

be added to the appropriate number of wells and equili-

brated for 20 min with shaking (orbital, 3 mm) to 25 °C.
The baseline fluorescence was monitored to ensure equili-

bration, from which one endpoint reading was made as the

blank (F0). Titrations of metal working solution were incre-

mentally added. Specifically, at each titration increment, a

small aliquot (1–20 μL) was added by multi-channel pipette,

then equilibrated for 3 min with shaking (orbital, 3 mm).

For larger aliquots (10–20 μL), the samples were equili-

brated for at least 5 min with shaking (orbital, 3 mm), or

until the fluorescence stabilized. At each titration step, after

the 3–5 min equilibration period, the fluorescence was mea-

sured (F ). This titration procedure was repeated until satu-

ration of the fluorescence signal was observed.

Mixing by pipette was avoided to prevent the introduc-

tion of air bubbles or the unintentional removal of protein

due to droplets sticking to the inside of pipette tips. To

account for any dilution effects, we included a triplicate

negative control where the protein was titrated with AB

(no added metal) using the same volumes added at each

titration step. The inner-filter effect was not observed for

the concentrations of metal working solutions used.

Fobs
Fmax

¼

P½ �tot þ M½ �tot þ KD�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

P½ �tot þ M½ �tot þ KD

� �2�4 P½ �tot M½ �tot
q

2 P½ �tot
(1)

σx ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

σ2a þ σ2b

q

(2)

The apparent dissociation constant (KD) and the maxi-

mum fluorescence change (Fmax) were determined by fitting a

1 : 1 stoichiometry mass-action kinetic model (Eqn 1) to the

data (Table S2) [51]. Here, [M]tot and [P]tot represent the

total metal and protein concentration in the well at each
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titration step. The observed fluorescence change Fobs

(F0� F ) is calculated by subtracting the fluorescence of the

sample when metal is added (F ) at each titration step from

the fluorescence when no metal is added (F0). Experiments

were performed in triplicates. The standard deviation of the

resulting Fobs is therefore calculated by error propagation

(Eqn 2). The standard deviations of KD and Fmax are com-

puted by the scipy.optimize function in PYTHON where this

data was analyzed [52]. Plots were generated using matplotlib

in PYTHON [53].
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