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Abstract: In recent years, the application focus of phage surface display (PSD) technology has been
extended to the identification of metal ion-selective peptides. In previous studies, two phage clones—a
nickel-binding one with the peptide motif CNAKHHPRCGGG and a cobalt-binding one with the peptide
motif CTQMLGQLCGGG—were isolated, and their binding ability to metal-loaded NTA agarose beads
was investigated. Here, the free cyclic peptides are characterized by UV/VIS spectroscopy with respect
to their binding capacity for the respective target ion and in crossover experiments for the other ion by
isothermal titration calorimetry (ITC) in different buffer systems. This revealed differences in selectivity
and affinity. The cobalt-specific peptide is very sensitive to different buffers; it has a 20-fold higher affinity
for cobalt and nickel under suitable conditions. The nickel-specific peptide binds more moderately and
robustly in different buffers but only selectively to nickel.

Keywords: phage surface display; biopanning; metal-binding peptides; nickel; cobalt; isothermal
titration calorimetry

1. Introduction

The fundamental understanding and utilization of natural material cycles and op-
eration principles will open up completely new possibilities for the current economic
challenges and deliver perspectives for a future-oriented and sustainable circular econ-
omy [1–3]. Naturally occurring processes are often characterized by special effectiveness,
specificity and selectivity. These special properties are exhibited by proteins and peptides,
which are macromolecules modulated by evolution. Therefore, they are also the subject
of diverse research when it comes to developing new, innovative and more cost-effective
biotechnological processes and materials with high efficiency. Peptides, in particular, are
highly attractive as new adaptable bioreagents in many different applications. Currently,
unattractive industrial wastewaters with low metal concentrations are attractive case stud-
ies for the development of bio-based metal recycling strategies. In addition to the screening
of naturally occurring molecules, genetic engineering methods are being exploited today
under the concept of directed evolution [4–6]. For the identification of these peptides, we
used the so-called phage surface display (PSD) technology. Bacteria-infecting viruses, so-
called bacteriophages, play an exposed role in this process, as their simple structure makes
them easily accessible to genetic modifications [7,8]. Moreover, they can be easily amplified
and purified in large numbers [9]. The direct link between genotype and phenotype makes
it easy to express additional peptide sequences on the viral surface. In this way, for example,
randomized libraries with a tremendous number of diverse peptide motifs can be generated
and screened against almost any target [10–12]. Since its introduction to the scientific world
in 1985 by George P. Smith, the PSD technique has become an almost universal tool for a
constantly growing number of different questions and applications [10,13]. To date, more
than 33,000 peptide sequences have been deposited in the Biopanning Data Bank [14].
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In the first decades, the main focus was on the search for specific binding peptides for
medical and pharmaceutical applications, such as antibody development [15], epitope map-
ping [16,17], drug discovery [18–20], investigation of protein-protein interactions [21–23],
and nanotechnological applications [24–27]. New fields of application are increasingly
emerging, such as the search for binding peptides for inorganic surfaces [28–30], sensor
development [31–34], or the removal of toxic or economically significant metal ions from
complexly composed aqueous streams [35–38]. We developed highly selective peptide-
based materials for resource recovery applications. PSD is used to identify the specific
binding peptide sequences. With its help, suitable selective binding structures can be found
for virtually any chemical element. For example, in a previous study, nickel- and cobalt-
binding phage clones from the Ph.D.™-C7C Phage Display Peptide Library (New England
Biolabs GmbH, Frankfurt/Main, Germany) were identified and their binding properties
to NTA agarose beads were described [37,39]. The nickel-binding phage clone with the
motif CNAKHHPRCGGG and the cobalt-binding clone with the motif CTQMLGQLCGGG
were identified as the best binders. Since the use of complete phages for real applications
is impractical for various reasons, testing the binding properties of the isolated peptides
is an indispensable further step on the path of material development. Therefore, in this
study, the two cyclic peptides with a disulfide bridge between the cysteine residues were
commercially synthesized, and their metal-binding properties were investigated using
UV/VIS spectroscopy and isothermal titration calorimetry (ITC).

2. Materials and Methods
2.1. Chemicals and Buffers

All chemicals used were of analytical grade. NiCl2 × 6H2O was from Merck Chemicals
GmbH, Germany, and CoCl2 × 6H2O was purchased from Sigma Aldrich. An amount of
0.01 M of N-(2-hydroxyethyl)-piperazine-N′-(2-ethanesulfonic acid)-buffer (HEPES, Carl Roth
GmbH, Karlsruhe, Germany) with 0.03 M NaCl, and 0.05 M 3-(N-morpholino)propanesulfonic
acid (MOPS, Carl Roth GmbH, Karlsruhe, Germany) with 0.15 M NaCl, and 0.01 M and 0.05 M
Tris-Buffered Saline (Tris-HCl, Carl Roth GmbH, Karlsruhe, Germany) with 0.03 and 0.15 M
NaCl, respectively, was prepared with MilliQ water and degassed by autoclaving. Cyclic
peptides with a disulfide bridge between the cysteine residues were purchased as TFA salts
with >95% purity from GL Biochem Ltd., Shanghai, prepared as 0.02 M stock solutions in
MilliQ water, and stored in aliquots at −20 ◦C until use. The cyclic structure of the two
peptides was confirmed by LC-ESI-MS (SI, Figures S14 and S15).

2.2. UV/VIS Spectroscopy

A Silver Nova Stellarnet spectrometer was used for UV/VIS measurements of the
Ni- and Co-peptide complexes (Scientific Instruments GmbH, Gilching, Germany). All
peptide and metal salt solutions at different concentrations were prepared in 11.69 g/L
NaCl, and had a pH of 7.4. Metal salt and peptide solutions of different mole fractions were
mixed, and the absorption spectra were recorded. The stoichiometry of the complexes was
estimated using the continuous variations method or the Job method. For this purpose, the
absorbance values of the characteristic electron transition peaks were plotted against the
mol fraction.

2.3. Isothermal Titration Calorimetry

We used a MicroCal PEAC-ITC (Malvern Panalytical GmbH, Kassel, Germany) for
our experiments using a standard protocol. The measuring cell contained 280 µL buffer
with 0.2–0.4 mM peptide. The syringe was filled with 2–4 mM NiCl2 or CoCl2 solution
in the same buffer. The injections were performed in 19 single steps of 2 µL each, except
for the first injection of 0.4 µL with an injection time of 4 s and an interval of 150 s each.
The reference power was 10 µcal/s. The stirring speed was 750 rpm. The control software
MicroCal PEAQ-ITC, version 1.40, was used for instrument control and MicroCal PEAQ-
ITC, version 1.41, for data evaluation. If saturation of the bond was not yet reached after
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the first titration run, an additional metal salt solution was titrated in a subsequent run.
The raw data for these two measurements were merged using the Malvern Panalytical
software tool MicroCal Concat, version 1.0. The heat of dilution generated when titrating
the metal salt solutions into the measuring cell was determined by control measurements
with a metal salt solution to buffer and subtracted from the measured data of complex
formation. On the other hand, the influences of the titrations from buffer to buffer and from
buffer to peptide solution are generally much smaller and, therefore, negligible [40].

3. Results

The UV/VIS spectra of the solutions containing cobalt and nickel showed characteristic
electron transition peaks, which can be used to determine the stoichiometry of the formed
complexes with both cyclic peptides. The absorbance values plotted against the mole
fractions at 370 and 516 nm for nickel- and cobalt-containing solutions, respectively, showed
a kink in the straight line in each case at a molar ratio of 1, indicating a stoichiometry of 1:1
for both complexes (see Figure 1).
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Figure 1. UV/VIS absorption spectra and Job plots of different molar ratios of (a) the cyclic nickel-
binding peptide CNAKHHPRCGGG with Ni2+ ions and (b) the cyclic cobalt-binding peptide CTQML-
GQLCGGG with Co2+ ions. All reactants were dissolved in 11.69 g/L NaCl, pH 7.4.

The isothermal titration experiments revealed different thermodynamic parameters
for the two cyclic peptides and, as expected, differences in binding behavior in different
buffers (Table 1). The data of most titration experiments were best fit with a one-site binding
model (see also supplementary information).

The cyclic nickel-binding peptide with the motif CNAKHHPRCGGG showed com-
plexation with Ni2+ ions in TBS, MOPS, and HEPES buffers, all containing NaCl, and had a
pH of 7.4. Figure 2a shows an example of a measurement taken from a TBS buffer. The com-
plexation process required a double titration to achieve saturation of the reaction. As can be
seen from the legend, the N value is just below 1, which corresponds to a stoichiometry of
1:1. These findings support the results from UV/VIS measurements. For the complexation
in MOPS buffer with the same ionic background of NaCl (Figure 2b), the N value is well
below 0.5, which corresponds to a stoichiometry of two cyclic peptide molecules to one
metal ion. Interestingly, the values for the change in free energy are approximately the
same, while the values for the change in enthalpy are significantly different in MOPS. The
values for −T∆S are also relatively far apart. The affinity constants are nearly identical.
The values obtained in HEPES and NaCl with a concentration of a factor of five or lower
are very similar to those for the binding in MOPS buffer (Table 1). No binding was detected
for lower-concentrated TBS with NaCl.
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Table 1. Thermodynamic parameters of complex formation of Ni2+ specific binding cyclic peptide
CNAKHHPRCGGG and Co2+-binding cyclic peptide CTQMLGQLCGGG with the respective metal
ion and vice versa. All buffers had a pH of 7.4.

Peptide Conc.
(g/L)

Metal
Ion

Conc.
(g/L) Buffer (g/L) N KD (M) ∆H (kJ/mol) ∆G

(kJ/mol)
−T∆S

(kJ/mol)

CNAKHHPRCGGG

0.284 Ni2+ 0.2113 6.057 Tris-HCl
8.766 NaCl

0.822 ±
5.9 × 10−2

1.04 × 10−4 ±
1.38 × 10−5 −18.7 ± 1.70 −22.8 −4.03

0.495 Ni2+ 0.2348 10.463 MOPS
8.766 NaCl

0.397 ±
2.4 × 10−2

1.87 × 10−4 ±
2.27 × 10−5 −36.4 ± 4.14 −21.3 15.1

0.495 Ni2+ 0.2348 2.383 HEPES
1.753 NaCl

0.564 ±
3.1 × 10−2

2.88 × 10−4 ±
1.76 × 10−5 −26.3 ± 1.86 −20.2 6.08

0.495 Ni2+ 0.2348 1.211 Tris-HCl
1.753 NaCl 0 0 0 0 0

CNAKHHPRCGGG 0.284 Co2+ 0.0589 6.057 Tris-HCl
8.766 NaCl 0 0 0 0 0

CTQMLGQLCGGG

0.552 Co2+ 0.0589 1.211 Tris-HCl
1.753 NaCl

1.04 ±
7.8 × 10−3

5.09 × 10−6 ±
6.03 × 10−7 −35.6 ± 0.342 −30.2 5.35

0.502 Co2+ 0.236 6.057 Tris-HCl
8.766 NaCl 0 0 0 0 0

0.502 Co2+ 0.236 10.463 MOPS
8.766 NaCl 0 0 0 0 0

0.502 Co2+ 0.236 2.383 HEPES
1.753 NaCl 0 0 0 0 0

CTQMLGQLCGGG 0.2760 Ni2+ 0.0587 1.211 Tris-HCl
1.753 NaCl

0.837 ±
7.8 × 10−3

7.69 × 10−6 ±
6.59 × 10−7 −35.6 ± 0.434 −29.2 6.40
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In contrast, the cobalt-binding cyclic peptide with the motif CTQMLGQLCGGG showed
a different performance. Neither in HEPES with NaCl, nor in MOPS with NaCl, nor higher
concentrated TBS with NaCl complexation with Co2+ occurred. Only in a TBS with NaCl
concentrated five times lower could a complexation be detected. Figure 3 shows that the curve
followed an almost ideal sigmoidal Wiseman plot. The stoichiometry of the complex formed
is 1:1. The entropic contribution is relatively small. The enthalpy change, on the other hand,
represents a considerable contribution to the complexation reaction. With an affinity constant
of 5.09 × 10−6 M ± 6.03 × 10−7, this peptide has a 20-fold greater affinity for its target ion
compared with the nickel-binding cyclic peptide.



Separations 2022, 9, 354 5 of 9Separations 2022, 9, x FOR PEER REVIEW 6 of 10 
 

 

 
Figure 3. Isothermal titration calorimetry results of the cyclic cobalt-binding peptide 
CTQMLGQLCGGG with Co2+ ions in Tris-HCl + NaCl, pH 7.4. Top: raw heat rate (µW) vs. time 
(min). Bottom: changes in enthalpy (kJ/mol) vs. molar ratio of the reactants. The data were fitted 
using a one-set-of-sites model. 

Additional cross-binding experiments were performed with both cyclic peptides to 
demonstrate selectivity (Figure 4). The cobalt-binding peptide was found to interact with 
Ni2+ as well, with a nearly identical affinity of KD = 7.69 × 10−6 M ± 6.59 × 10−7 and similar 
enthalpic and entropic contributions. In contrast, no interaction was detectable between 
the nickel-binding peptide and Co2+. 

  
(a) (b) 
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Additional cross-binding experiments were performed with both cyclic peptides to
demonstrate selectivity (Figure 4). The cobalt-binding peptide was found to interact with
Ni2+ as well, with a nearly identical affinity of KD = 7.69 × 10−6 M ± 6.59 × 10−7 and
similar enthalpic and entropic contributions. In contrast, no interaction was detectable
between the nickel-binding peptide and Co2+.
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Separations 2022, 9, 354 6 of 9

4. Discussion

The aim of our work was to characterize the earlier identified peptides that can
distinguish between the chemically very similar elements cobalt and nickel, thus making it
possible to separate both elements selectively from each other from aqueous mixtures.

For the characterization of the synthesized cyclic peptides, the complex formation
with the respective metal salt was investigated with UV/VIS spectroscopy and isothermal
titration calorimetry. Thanks to the absorption behavior of cobalt and nickel ions in the
visible range, the stoichiometry of the complexes formed can be determined using the
continuous variation method. For complexes of both peptides with the respective target
ion, specifically, a nickel-binding peptide with nickel and a cobalt-binding peptide with
cobalt, a stoichiometry of 1:1 was found. However, this method has some limitations in
such cases when more than one complex species is formed between the metal ion and the
peptide, but these cannot be discussed in detail here [41–43]. One of the disadvantages is
the relatively large amount of peptide required for spectroscopic measurements, which
is a limiting factor. The use of highly sensitive microcalorimetry represents a convincing
alternative in this respect. The titration experiments with ITC clearly showed that there are
differences in binding behavior between both cyclic nickel- and cobalt-binding peptides.
The cross-measurements showed that although the nickel peptide is a rather moderate
binder overall, it selectively binds to nickel in TBS with NaCl at higher ionic strength.
No interaction with cobalt could be detected under these conditions. The cobalt-binding
peptide, in turn, was not selective in TBS buffer containing NaCl with fivefold reduced ionic
strength. The pI values for both peptides themselves provide evidence for differences in
binding behavior. The nickel peptide has a value of 11.48, so it is positively charged at a pH
of 7.4. The cobalt peptide, on the other hand, with a pI value of 3.97, is negatively charged
in the neutral range. This could give an indication of the lack of selectivity. The different
behavior of both peptides in different buffer systems was also remarkable. While the nickel-
binding peptide was active with a high ionic background, the cobalt-binding peptide was
very sensitive in these environments. Comparing the performance of the nickel-binding
peptide in TBS and MOPS buffers with a higher ionic background of NaCl, it is noticeable
that the free or Gibbs energy contributions are almost identical, while the enthalpic and
entropic fractions significantly differ. This often observed and still discussed phenomenon
is described as enthalpy-entropy compensation (EEC) [44–46]. This behavior of the reactants
describes physical changes emanating from the reorganization/release of water, change
of hydrogen bonds, and change of peptide conformation and hydrophobic interactions. It
can be further assumed that the functional side chains of cysteine, methionine, histidine
as well as glutamic acid, tyrosine and others are mainly responsible for the interaction
between a metal ion and peptide [47]. Some are present in both the nickel-binding peptide
CNAKHHPRCGGG and the cobalt-binding peptide CTQMLGQLCGGG. Possible metal-
binding sites in these peptides have already been discussed in detail by Braun et al. [37].
The negative free energy contributions in all measured complexation reactions indicate
spontaneously occurring reactions. In all these reactions, enthalpic contributions were
significantly larger than entropic ones, suggesting a stronger involvement of solvation
processes. The lower entropic contributions suggest that hydrophobic interactions or
conformational changes play a minor role. ITC has proven to be a very well-suited tool
for the sensitive measurement of the interaction of peptides with metal ions. However,
when interpreting the data, it must be taken into account that very complex processes are
involved, in which thermal contributions are made, for example, by protonation processes,
dilution reactions or complex formations between metal ions and buffer. A careful data
interpretation must also take into account possible sources of error, such as pH changes,
changes in ion concentration, denatured portions of the peptide, etc. In the meantime,
there are a large number of publications that address these processes and provide possible
solutions [48–52]. However, with due caution, the data obtained using ITC provides
valuable information for the characterization and screening of metal ion-binding peptides.
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In addition, modern, highly sensitive measuring microcalorimeters offer a high degree of
time and cost savings thanks to the small volume of material required.

5. Conclusions

Using the two chemically similar elements nickel and cobalt as an example, we have
shown how UV/VIS spectroscopy and isothermal titration calorimetry (ITC) can be used
to characterize stoichiometry, binding strength and selectivity of one nickel-binding pep-
tide CNAKHHPRCGGG and one cobalt-binding peptide CTQMLGQLCGGG. While the
cobalt-binding peptide showed better affinities of about factor 20 for both elements, the
more moderately binding nickel peptide showed selectivity for its target ion under these
particular experimental conditions. Using the highly sensitive ITC technique, various ther-
modynamic parameters of the molecular binding events between metal ions and peptides
could be reliably and reproducibly detected. ITC has now become an indispensable tool for
the characterization of peptides.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/separations9110354/s1.
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