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Abstract
Protein engineering is a powerful tool in biotechnology and the basis to cre-
ate unprecedented sequences, structures, and functions. The WW domains
are a family of naturally occurring proteins involved in the molecular recogni-
tion of proline-rich and phosphorylated peptide sequences with relevance in
cellular processes involved in human diseases. Due to their small size, WW
domains represent appealing small protein domains for protein engineering
and to generate novel functions as binders to non-cognate targets. Here,
we designed a synthetic protein scaffold library based on the WW prototype
sequence in which the loops were extended and randomized while main-
taining structural stability. Using in vitro evolution by phage display against
human serum albumin (HSA), we found a lead candidate that was produced
by biological and chemical means and further characterized using experi-
mental and computational tools. As a potential application for the lead
binder, it was immobilized on a matrix and used to capture the target HSA.
Overall, this work shows the versatility of WW domains as peptide scaffolds
amenable for in vitro evolution against non-cognate targets.
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1 | INTRODUCTION

Protein–protein interactions, namely affinity-based
molecular recognition events, are key for biological pro-
cesses in Nature. Rational and de novo design, as well
as in vitro evolution, are tools to engineer existent or
new protein ligands to improve binding efficiency
toward cognate targets or to recognize non-native

targets (Gray et al., 2020; Linsky et al., 2020; Wang
et al., 1979). Typically, small protein domains that are
efficiently expressed in bacterial hosts
(e.g., Escherichia coli) or easily produced by chemical
synthesis, that possess a robust folding—ideally inde-
pendent from disulfide bonds—while still allowing diver-
sity at the sequence level in determined regions, and
that present high physical and chemical stability, are
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ideal for protein engineering and ligand development. A
surplus feature is the possibility to evolve these protein
sequences by different in vitro strategies, namely
phage, ribosome, or CIS display (Dias, 2020;
Gebauer & Skerra, 2019). Apart from protein
sequences derived from antibodies and antibody frag-
ments, there are also several examples of successfully
engineered protein scaffolds which are non-antibody
derived and that were further commercially exploited,
namely centyrin (Aro Biotherapeutics), DARPins
(Molecular Partners AG), Nanofitins (Affilogic) and Affi-
bodies (Affibody AB). This demonstrates the impor-
tance of protein scaffolds engineering in different
biotechnology fields (Dias & Roque, 2017). Recently,
there has been also an increasing interest in peptide
scaffolds—sequences with molecular weight between
500 and 5000 Da typically containing 40 or fewer amino
acids—as biomedical ligands due to their increased cell
penetration and selectivity in vivo (Cooper et al., 2021).

WW domains are an interesting family of small pro-
tein domains in the frontier between proteins and pep-
tides (Figure 1). These possess 38–40 residues in
length and a molecular weight below 5 KDa, with two
tryptophan residues spaced by 20–22 amino acids,
which assemble on a three β-sheet structure connected
by two loops (Sudol & Hunter, 2000). These motifs are
found in at least 200 multidomain proteins, are localized
in recognition regions that mediate protein–protein
interactions (Macias et al., 2002), and are known to
bind proline-rich and phosphorylated sequences in
peptides or proteins. The protein–protein interactions
mediated by WW domains are associated with signal-
ing pathways that are important in cell cycle regulation
of several diseases, such as cancer (Martínez-
Lumbreras et al., 2024; Salah et al., 2012).

Due to their small size, native and mutated WW
domains have been used as prototype sequences for
theoretical and experimental biophysical studies (Jäger
et al., 2006; Piana et al., 2011), and they were pro-
duced by recombinant expression or chemically syn-
thesized in high yields (Dias et al., 2015, 2016; Patel
et al., 2013). Two of the most studied WW domains are
the human YAP65 (hYAP65_WW) and the human Pin1
(hPin1_WW). Both sequences have been used for
rational design to either improve affinity against their
natural targets (Dalby et al., 2000; Espanel et al., 2003;
Yanagida et al., 2008) or to generate new sequences
that can be further used for in vitro evolution or rational
design (Patel et al., 2013). Several modifications have
been tested in loop I, such as the incorporation of non-
natural and glycosylated amino acids (Kaul
et al., 2001), or the variation of the loop size with 4–6
amino acids (Price et al., 2011). Loop II was also
mutated, but with little impact in WW domain conforma-
tion stability (Jäger et al., 2006). Also, the incorporation
of one pair of cysteine residues close to the terminal
regions for disulfide bond formation increased structure

stability and proteolysis resistance (Patel et al., 2013).
In addition, in vitro evolution by phage (Dalby
et al., 2000; Espanel et al., 2003), ribosome (Yanagida
et al., 2008) and CIS display (Patel et al., 2013) gener-
ated binders toward native targets (GTPPPPYTVG or
PPXY, where X is any amino acid and PPLP (Dalby
et al., 2000; Espanel et al., 2003; Yanagida
et al., 2008)) or non-cognate targets (VEGFR-2 (Patel
et al., 2013)). Overall, these studies demonstrate the
high robustness and versatility of the WW domain scaf-
fold for protein engineering, as both framework and
loop regions accept mutations in up to 25% of the total
sequence, allowing randomization to any amino acid
(Patel et al., 2013).

An alignment of WW domain sequences performed
by Macias et al. (2000) revealed that loop sequences are
highly diverse, but a consensus sequence in the β-sheets
regions could be generated. Thus, the authors suggested
a WW prototype (WWp) sequence (PDB code: 1E0M,
4.4 KDa) (Figure 1a). The WWp was biologically pro-
duced (fused with glutathione-S-transferase (GST)) and
characterized by nuclear magnetic resonance (NMR)
spectroscopy and circular dichroism (CD), showing fold-
ing and thermal stability (Tm = 44.2�C) comparable to
other WW domains (Macias et al., 2000). It retained the
framework residues responsible for folding, but the loops
were reduced to two amino acids, thus eliminating binding
specificity.

Loops engineering in the complementarity-
determining regions (CDRs), including chemical diversity
and loops extension from up to 18 residues, is critical in
antibody development. For example, the nanobodies—
antibody fragments derived from libraries based on the
variable domain of the heavy chain (VHH, Ablynx,
Figure 1)– are a successful example of library design
based on the extension of the CDR3 loops
(Muyldermans, 2021). Furthermore, longer loops grant
various protein scaffolds greater shape diversity, thereby
targeting binding sites with specific geometry or difficult tar-
gets such as membrane proteins (Jiang et al., 2024;
Zimmermann et al., 2020), Large loops require specific
structural features and optimization of the loop backbone
to promote a well-balanced number of hydrophilic and
hydrophobic interactions. Previous WW domain libraries
addressed partial randomization of the loops andmodifica-
tion of the β-sheet framework to develop affinity reagents
by in vitro evolution against cognate (Yanagida
et al., 2008) and non-cognate targets (Patel et al., 2013).
Therefore, we took the challenge of exploring loop diversity
in WW domains by total randomization and extension of
the loops.

Here, we report the design of a new WW scaffold
sequence based on the WWp in which the size of the
loops is increased without affecting stability (named as
WWp5_4) (Figure 1). This new scaffold has 42 amino
acids and up to 5 KDa and it is one of the smallest scaf-
folds described in the literature or commercially
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available. We generated a naïve library for phage dis-
play by randomizing the designed loops and further
selected binders against human serum albumin (HSA).

HSA (66.5 kDa) was used as a model protein due to its
abundance in the plasma and relevance in the biomedi-
cal field (Sugio et al., 1999a). The lead ligand was

F I GURE 1 Legend on next page.
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biologically and chemically produced and then charac-
terized. Finally, as a preliminary application, we
employed the best ligand for the selective capture of
HSA. This work presents a newly designed synthetic
peptide scaffold that can be used to generate ligands
against non-cognate targets.

2 | RESULTS AND DISCUSSION

2.1 | WWp5_4 synthetic peptide scaffold
design and predicted stability

The peptide scaffold developed in this work derives
from the sequence reported in the literature as the
WWp (PDB code: 1E0M) (Macias et al., 2000)
(Figure 1a). This sequence was obtained after analyz-
ing the most frequent amino acids in 40 positions of
several WW domains known in the literature. The WWp
sequence has 37 amino acids in length, and the loops
are composed of non-conserved residues (loop I—HN
and loop II—NT) (Jiang et al., 2024). To design
the WWp-based scaffold library, we envisioned that the
loop regions would be fully randomized, whereas the β-
sheet regions would remain constant.

We divided the design strategy into two steps:
(i) selecting loop length; and (ii) assessing the predicted
stability of mutants with different loop sequences, used
as surrogate models for ligands obtained after in vitro
evolution.

First, we computationally designed the optimum
loop length that could yield maximum diversity without
compromising structure stability. In the literature, WW
domains present different loop sizes providing shape
diversity to address the cognate targets. For loop I, the
maximum size is found in hPin1_WW with 6 residues in
loop I, but 5 residues are the most frequent length.
Loop I is known to take part in recognition of Pro-rich
peptide sequences (Jäger et al., 2006). Regarding loop
II, it typically has between 3 and 4 residues. We gener-
ated a set of 8 mutants with varying number of Ala resi-
dues in the loops (between 5–13 and 4–12 for loops I
and II, respectively) (Table 1, Figures 2 and S2). The
E0MMut_NC structure was generated by homology
modeling (Swiss-model) and by AlphaFold3. The align-
ment between the two structures overlap, with small
backbone RMSD of 1.3 Å (Figure S2), thus the

homology modeling design was used to further gener-
ate all the structures used in the in silico studies. Molec-
ular dynamic (MD) simulations for 50 ns showed that
the most suitable length for loops I and II would be
5 and 4, respectively (E0MMut_NC), as the root mean
square deviation (RMSD) and root mean square fluctu-
ation (RMSF) is similar to the E0M_control
(Figures S3–S5), also represented in the b-factor analy-
sis (Figure S6). The dictionary of secondary structure in
proteins (DSSP) analysis indicates a similar folding
between the E0M_control and the E0MMut_NC variant
(Figures 2, and S7). Thus, the WW peptide scaffold to
carry on the work was selected with 5 and 4 amino acid
residues in loops I and II, and named as WWp5_4
scaffold.

Second, we assessed the resilience of the
WWp5_4 scaffold to accept distinct amino acid combi-
nations in the loops without compromising structural
stability. Therefore, we generated in silico a set of
mutant sequences: (i) two control sequences, WWp
and WWp5_4 with loops substituted with Ala residues;
(ii) six mutants from WWp5_4 with loops randomly
substituted by combinations of four amino acids
(YADS—Tyr, Ala, Asp and Ser); (iii) four mutants from
WWp5_4 with loops substituted by a random selection
of amino acids with distinct properties (Table 2). The
rationale for including combinations of the four amino
acids Tyr, Ala, Asp, and Ser arises from their high fre-
quency in antigen–antibody recognition sites (Aires
et al., 2008; Gunasekaran et al., 1997). After running
MD simulations for 50 ns with the WW variant models,
we observed that despite the chemical diversity in the
loops, similar RMSD values were obtained (variation up
to 0.2, Figures S8, S9A, S9B, S10, S11A, S11B) when
compared with the E0M_control, corresponding to a
very stable state. Interestingly, the incorporation of Ala
residues in the WWp loops did not disturb the stability
of the E0M_control structure but increased the flexibility
of the residues in the region of loop I. The RMSF values
of the residues in loop I are variable (variation
<0.3 nm); however, the RMSF values in loop II are very
similar between the mutants and the E0M_control (vari-
ation <0.2 nm) (Figures S9C, S9D; S11C, S11D) as is
possible to visualize in the b-factor analysis
(Figure S12). Finally, the DSSP analysis shows the
maintenance of the characteristic folding into β-sheets
for the different mutants during the time of the

F I GURE 1 Structure of the designed WW scaffold and overall research strategy. (a) Structures used for design of the phage display library.
The structure used as starting point for the design of the synthetic and näive library was the WW prototype sequence (PDB: 1E0M) developed by
Macias et al. (2000)). This structure has 2 residues in the loops. Through rational design it was generated a WWp5_4, which has 5 and
4 residues respectively in loop I and loop II and through in silico studies we evaluated the effect of different loop compositions. The amino acid
sequence of the WW prototype is represented with the residues in the limits of the loops shown in bold. The randomized positions in loop I and
loop II of the WWp5_4 näive library are represented as an underlined X in gray. (b) Comparison between protein scaffolds sizes commonly used
in biotechnology applications. Antibody (PDB code: 1HZH); Darpin (PDB code: 2QYJ); Nanobody (PDB code:1MEL); Adnectin (PDB code:
7L0G); Affitin (PDB code: 4CJ2 chain C); Affibody (PDB code: 1Q2N); and WWp5_4 designed in this work. c) The research strategy adopted in
this work. Protein models were produced in Pymol visualization software.
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simulations (Figures 2, S13, S14). Overall, the in silico
results showed that the WWp5_4 scaffold has a high
structural resilience toward chemical diversity in loops I
and II.

2.2 | Phage display library construction
and selection

In the design of the WWp5_4 library, we used the WWp
sequence with 5 and 4 residues in loops I and II,
respectively, in a total of 9 randomized positions. The
loop regions in the gene sequence were randomized
using degenerated codons NNN (N = A, T, G or C)
(Figure S15). The library was assembled and cloned
successfully into pComb3� phagemid vector, which
includes a capsid pIII protein. To show the potential of
the new WWp5_4 library to find binders against non-
cognate targets, we selected HSA as a first target
example. HSA plays important roles for biomedical and
biotechnological applications due to its abundance in
the plasma (80%) (Sugio et al., 1999a), its natural car-
rier function, and its long half-life in plasma (19 days in
humans) (Elsadek & Kratz, 2012). Thus, HSA is used
as a therapeutic or therapeutic adjuvant. Ligands tar-
geting HSA can be useful to capture or detect HSA
from complex mixtures (Millioni et al., 2011) or to
develop strategies to increase the half-life of small ther-
apeutics (Zorzi et al., 2019).

Three rounds of selection were used in the panning,
and in each step the stringency conditions were
increased by: (i) reducing the amount of immobilized
target (1, 0.5–0.25 μg/ well HSA) and (ii) increasing the
number of washes (5, 10–15 times). After three rounds,
we proceed for the identification of binders from the
selection against HSA. The phages from the third pan-
ning elution were used for infection of E. coli TOP10F’,
as recommended in Barbas III et al., (2001). In total,
186 clones were expressed in pComb3� phagemid
vector, and the soluble fraction (SF) was isolated. The
SF was used in an ELISA assay to verify binding
against the target HSA and a negative control, as well
as to assess expression levels. The 186 clones pre-
sented different binding and expression profiles
(Figure S16) and we selected 12 clones with high bind-
ing signal (comparing to the negative control) and high
expression signal to carry on.

The 12 clones were renamed 1–12, and were
recombinantly expressed at three different induction
temperatures—25, 30, and 37�C—using 1 mM IPTG.
After cell lysis, the SF of the crude extract was used to
repeat the ELISA assay (Figure S17). Figure 3a shows
the ELISA screening of the SF of the extracts after pro-
duction at 25�C. The 12 clones show distinct expres-
sion levels and some unspecific binding against the
negative control (blocking solution, 5% v/v Soya Milk in
PBS1�). Nevertheless, clones 3 and 9 present the
highest expression level. The binding signal is the high-
est for clones 3, 5, and 9, well above the signal of clone
NC (SF of E. coli Top10F’ extract and negative control
for the expression of WW domains).

The 12 clones plus other 8 randomly selected
(renamed from 13 to 20) were Sanger sequenced to
evaluate the diversity of the library after the third round
of panning. Figure 3b shows as an example the align-
ment of 10 sequences identified during Sanger
sequencing. The alignment of the sequences demon-
strated high chemical diversity in loops I and II without
repeated sequences (Figure 3b, c; Table S2). Clone
5 appeared as a double WW domain (tandem
sequence), probably due to a recombination process
during library assembly, presenting in total four loops
with different compositions. Although, clone 5 presented
the highest binding signal toward HSA, it was poorly
expressed, most probably due to its high hydrophobic
character. We analyzed the loop sequences in terms of
amino acid relative abundance (Figure 3c). In loop I the
most predominant amino acids are hydrophobic ali-
phatic, particularly Leu, that appears in all positions in
loop I. Loop II is predominantly hydrophilic and can be
polar and uncharged (Ser, Thr, and Asn) or basic (Lys
and Arg). WW domains present high variability in the
loops as demonstrated by Macias et al. (2000)). How-
ever, the most common amino acids tend to be hydro-
philic and polar, such as Ser, Thr, Asn and hydrophilic
with an acidic character (Glu or Asp), followed by
hydrophobic and aliphatic as Pro. In our selection the
recovered loop sequences are highly diverse and have
a strong hydrophilic and polar character.

We decided to select clone 3 (CW3, full sequence
in Figure 4a and Table S2) to carry on the work, since it
presented one of the highest binding signals and good
expression at different temperatures and in several rep-
licates. Nevertheless, clone 9 could be an interesting

TAB LE 1 Mutant structures generated from the WW prototype sequence used in molecular dynamics studies with loops of varied lengths
composed of alanine residues.

Structure name
WW prototype
(WWp, E0M_control) E0MMut_NC E0ML

Size LoopI_LoopII 2_2 5_4 6_5 7_6 8_7 9_8 10_9 10_10 13_12

Number of Ala residues in loops - 9 11 13 15 17 19 20 25

Protein Length 37 42 44 46 48 50 52 53 58

DIAS ET AL. 5 of 16
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F I GURE 2 Design of a WW prototype-based peptide scaffold (WWp5_4). (a) Assessing the size of loop I and II through the substitution with
alanine residues. (b) DSSP analysis during the simulations for the sequences with different loop size, showing the variability in secondary
structure during simulation as the loops are extended. The most stable secondary structure is the E0MMut_NC with 5 residues in loop I and
4 residues in loop II substituted by Ala residues. (c) DSSP analysis during the all-atom simulations for mutants with 5 residues in loop I and
4 residues in loop II, modified with different combination of amino acids. E0MMut_NC is the structure with alanine in the loops and E0MMut1 and
E0MMut3 are structures with “YADS” combinations in the loops, while the E0MMut10 is an example of a mutant with totally randomized loops.
The mutants have similar secondary structures composed with β-sheets (regions identified in red), which are stable during the simulation.
Indicating that the characteristic folding of the WW domain is maintained despite the mutated loops with different composition of amino acids.

6 of 16 DIAS ET AL.
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ligand to pursue as a second lead candidate, and clone
5 could be used as an inspiration for future designs.

2.3 | Biological production of CW3S
protein and characterization of HSA-
binding

The production of WW domains has been previously
demonstrated by recombinant expression in E. coli as
fusion protein with glutathione S-transferase (GST)
tag or green fluorescent protein (GFP) (Macias
et al., 2000; Villegas-Méndez et al., 2012). In this
work, we produced CW3 by recombinant expression
alone and as a GFP fusion. Sanger sequencing
results revealed that CW3 has a Cys residue in the
second loop (position 29), which can cause dimeriza-
tion. We mutated this amino acid for a Ser residue,
naming the new sequence as CW3S. This is a resi-
due that appears with high frequency in selections
and several reports in literature change Cys for Ser
residues since their side chain is structurally similar
(Mouratou et al., 2007). Thus, we attempted the
expression of the CW3S alone in small scale using
E. coli Rosetta (DE3) cells. We also produced the
WWp described by Macias et al. (2000) under the
same conditions to be used as a control in ELISA.
After cell lysis the SF of the crude extracts was char-
acterized by SDS-PAGE showing the expression of
CW3S and WWp with the expected molecular weight
(�6 KDa) in the SF (Figure S18). We then analyzed
the SF of the crude extract by ELISA (Figure S19).
The ELISA was performed using an anti-His tag anti-
body conjugate HRP. Results show Abs405nm in the
same range as described for the CW3 clone when
expressed in E. coli TOF10F’, and this signal is 3.5

times higher than WWp and the clone NC (SF of
E. coli Rosetta extract). Hence, CW3S is binding HSA
and the framework of the WWp5_4 library that corre-
sponds to the sequence of the WWp sequence does
not bind to the target (Figure S19). These results
strengthen the interest in the CW3S clone, thus we
continued with the production in a different system to
improve the solubility and protein yield, as well as to
study the versatility of the novel affinity ligand.

For that, we recombinantly expressed the fusion
protein CW3S with GFP (CW3S_GFP). The crude
extracts were analyzed by SDS-PAGE gel and we
observed a band correspondent to the expected size
(�33 KDa) and further confirmed by Western-blot,
where a signal for the His-tag in the construct was iden-
tified (Figure S20). The amount of total protein and the
fusion protein in the SF of the crude extracts were
quantified by BCA assay and gel densitometry, respec-
tively. In the best expression condition (temperature
30�C) we estimated 164 mg of CW3S_GFP per Liter of
culture. This yield is lower comparing with the same
expression condition for the fusion hPin1_GFP
(1840 mg/L), which may be due to the lower water solu-
bility of CW3S, as predicted by PepCalc.com. The pro-
tein produced at 30 �C in the SF was purified by affinity
chromatography using a resin developed in house to
capture GFP (Pina et al., 2015). After purification, all
fractions were analyzed in terms of Total Protein and
GFP concentration (Figure S20). The elutions were
analyzed by SDS-PAGE gel and the fractions with
higher fluorescence intensity (higher concentration of
GFP, E9 to E12) were pooled, dialyzed, and concen-
trated. At the end of the purification process, we
obtained CW3S_GFP with a concentration of 97 μg/mL
(recovery 70% ± 7%, >70% purity). This protein was
used for further binding studies by ELISA assays

TAB LE 2 Mutant sequences generated from the WWp5_4 scaffold sequence and used in molecular dynamic studies to assess resilience to
chemical diversity in the loops.

Structure name Sequence Loops

WWprototype,
(WWp, E0M_control)

SMGLPPGWDEYKTH---NGKTYYYNHN--TKTSTWTDPRMSS Designed

WW näive library (WWp5_4) SMGLPPGWDEYKTXXXXXGKTYYYNHXXXXKTSTWTDPRMSS n.a.

E0MMut_NC SMGLPPGWDEYKTAAAAAGKTYYYNHAAAAKTSTWTDPRMSS Alanine

E0MMut1 SMGLPPGWDEYKTASYSAGKTYYYNHSYDYKTSTWTDPRMSS Combination of four amino
acids (YADS—Tyr, Ala, Asp
and Ser)

E0MMut2 SMGLPPGWDEYKTAYSYSGKTYYYNHAYASKTSTWTDPRMSS

E0MMut3 SMGLPPGWDEYKTDASYDGKTYYYNHDDYAKTSTWTDPRMSS

E0MMut4 SMGLPPGWDEYKTYAYSYGKTYYYNHSYSAKTSTWTDPRMSS

E0MMut5 SMGLPPGWDEYKTYAYSDGKTYYYNHDSYSKTSTWTDPRMSS

E0MMut6 SMGLPPGWDEYKTYDYDAGKTYYYNHYDYAKTSTWTDPRMSS

E0MMut7 SMGLPPGWDEYKTILKSNGKTYYYNHRSWAKTSTWTDPRMSS Combination of a selection
of random amino acidsE0MMut8 SMGLPPGWDEYKTERNDSGKTYYYNHKDLSKTSTWTDPRMSS

E0MMut9 SMGLPPGWDEYKTDEVKHGKTYYYNHMSTRKTSTWTDPRMSS

E0MMut10 SMGLPPGWDEYKTAFSKSGKTYYYNHQSLHKTSTWTDPRMSS

DIAS ET AL. 7 of 16

 1469896x, 2025, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pro.70164 by N

ova M
edical School, W

iley O
nline L

ibrary on [29/07/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://pepcalc.com


showing the high selectivity for binding HSA
(Figures 3d, S1). It was also observed that the binding
signal improved when the WW domain is in fusion with

GFP. We postulate that this effect is due to the stability
of the WW domain structure when it is in fusion with
another molecule. In nature WW domains are often in

F I GURE 3 Selection of HSA
binders. (a) ELISA screening of top
12 clones selected after in vitro
selection. These 12 clones were
expressed in E. coli TOP10F’ at 25�C
and 1 mM IPTG. The SF of the crude
extracts was used for ELISA against
HSA: (i) Binding, well with immobilized
target; (ii) negative control, well without
target with only blocking solution (5%
(v/v) soya milk in PBS 1�);
(iii) expression, well without target and
the crude extract was directly
immobilized in the microplate. As
negative control of the expression
(clone NC) was used an extract from
E. coli TOP10F’. The plotted data
corresponds to the average of duplicate
assays and error bars represent the
standard deviation. (b) DNA
Sequencing results with protein
sequences selected by phage display
for HSA compared with WWp
sequence. (c) Amino acid relative
abundance in the loops of the different
clones. Loop I—amino acid position 14–
18 and Loop II—amino acid position
27–30. (d) Binding between
CW3S_GFP and HSA assessed by
ELISA, using 1 μg/well of each protein,
a well without HSA–NC1 (no HSA) was
used as negative control. GFP (1 μg/
well) was used as a positive control
since a primary antibody anti-GFP was
used for detection. Thus, two control
were used—(i) NC2 (HSA), HSA was
immobilized in the well; (ii) PC
(no HSA), well without target, the GFP
solution was immobilized in the well and
the well was blocked (5% (v/v) Soya
Milk in PBS1�).

8 of 16 DIAS ET AL.
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fusion with large proteins and enzymes or in
tandem with other WW domains (Martínez-Lumbreras
et al., 2024).

2.4 | Chemical synthesis of the lead
peptide and its characterization

Given the small size of WW domains, they can also be
produced by solid-phase peptide synthesis (Dias
et al., 2015, 2016; Patel et al., 2013). Thus, we
attempted CW3S production by solid-phase peptide
synthesis. For the chemical synthesis of CW3S, we used
the sequence in Figure 4a named as CW3S_Cys. In this
sequence, the Ser at position 42 was removed since two
serine amino acids in the C-terminal can be difficult to

start the synthesis, and the N-terminal Ser was mutated
for a Cys. Previous works with WW domains strongly
suggest that the Ser deletion will not interfere with the
stability or function of the peptide produced since it is in
the C-terminal of the peptide (Macias et al., 2000) and
the introduction of cysteine at the N-terminal allows fur-
ther immobilization of the peptide in a solid support, as
we already demonstrated for other WW domains
(e.g., hPin1_WW (Dias et al., 2015) or hYAP65_WW
(Dias et al., 2016)). For CW3S_Cys chemical produc-
tion, we used the strategy with pseudoproline units
already implemented before with success (Dias
et al., 2015). Briefly, this synthesis strategy is interesting
for peptides and small proteins that possess hydropho-
bic sequences and tend to aggregate during chemical
synthesis. The pseudoproline units resemble a proline

F I GURE 4 Purification and characterization of the CW3S sequence produced by solid-phase peptide synthesis. (a) CW3 has a Cys in loop I
and in CW3S the Cys was mutated to a Ser (in red). The sequence used for chemical synthesis (CW3S_Cys) was the same as CW3S with
incorporation of a Cys in the N-terminal for further immobilization in a solid-support. For the chemical synthesis two pseudoproline dipeptide units
were incorporated in the amino acid positions highlighted in yellow. (b) CW3S_Cys was purified using reverse-phase HPLC, the purified peptide
was eluted with a linear gradient of solvent B (0%–100% in 40 min) at a flow rate of 0.6 mL/min (Rt = 19.26 min). (c) Mass spectrum of the
collected peak obtained by ESI-MS. [M + 2H]2+ 2416.2 (calculated)/2416.2 (determined), [M + 3H]3+ 1611.1 (calculated)/1611.1 (determined),
[M + 4H]4+ 1208.6 (calculated)/1208.6 (determined), [M + 5H]5+ 967.1 (calculated)/967.1 (determined). (d) Far-UV Circular Dichroism spectra of
CW3S_Cys solutions at 4, 23, and 88�C, and (e) fitting to the two state-model curve for determination of melting temperature (Tm) between 4 and
88�C, monitoring the change in signal at 230 nm. The plotted data corresponds to the average of triplicate assays. The data were fitted with
Origin software.

DIAS ET AL. 9 of 16
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amino acid structure known to promote specific confor-
mational changes in the peptide backbone (Morgan &
Rubenstein, 2013) by extending the peptide sequence
being produced and increasing the synthesis yield.
Therefore, two pseudoproline units—Fmoc-Lys(Boc)-
Thr(ψMe,Mepro)-OH and Fmoc-Ser(tBu)-Ser(ψMe,Mepro)-
OH—were incorporated at specific locations identified
as KT and SS (in yellow, Figure 4a). After synthesis, the
crude peptide was recovered, purified by preparative
reversed-phase HPLC, and characterized by mass
spectrometry (ESI-MS). The product had a final purity of
99% as determined by analytical HPLC (Figure 4b), and
ESI-MS confirmed the identity of the peptide (Figure 4c).

After synthesis and purification of CW3S_Cys, we
proceeded for further characterization by CD to deter-
mine the folding and thermal stability of the peptide.
Peptide characterization by CD was performed in simi-
lar conditions used for hPin1_WW (Dias et al., 2015)
and hYAP65_WW (Dias et al., 2016). The spectra were
recorded in the Far-UV region to search for the charac-
teristic signal of the WW domain—a positive ellipticity
at 230 nm and a maximum negative ellipticity at
206 nm (Koepf et al., 1999). The spectra were acquired
at 4, 23, and 88�C (Figure 4d). At 4 and 23�C, the
results show a positive ellipticity signal at 230 nm and a
maximum negative ellipticity close to 200 nm. The sig-
nal at 230 nm is not so intense as for the other WW
domains reported by our research group (Dias
et al., 2015, 2016), the major difference was the buffer
composition and pH—for hPin1_WW, we used a
HEPES buffer, and for hYAP65_WW, we used a phos-
phate buffer with pH 6 and a different equipment.
Besides, at 260 nm, we observe that the signal is not
completely zero, suggesting the protein is not totally
solubilized in these buffer conditions (10 mM sodium
phosphate buffer pH 7.2, 100 mM NaCl). Therefore, we
believe the buffer composition could be adjusted to
improve the signal at 230 nm and reduce the signal at
260 nm. At 88�C, the signal at 230 nm disappeared,
indicating the denaturation of the small protein. After
denaturation, the solution was submitted to 4�C, and
the signal is recuperated, indicating the refolding of the
small protein. The temperature denaturation studies
were performed between 4 and 88�C and monitoring
the change in signal at 230 nm (Figure 4e). The melting
curve was fitted to a two-state model, and a
melting temperature (Tm) value of 27.3 ± 3.2�C
(R2 = 0.99) was obtained. This Tm value is lower
than the value calculated for the WWp sequence,
44.2 ± 0.2�C (R2 = 0.99) (Macias et al., 2000). The CD
results indicate that CW3S_Cys presents the folding of
a WW domain, despite the increase in loop size com-
pared with the WWp sequence. In addition, the Tm can
indicate that this novel structure (42 residues in length)
is less stable than the WWp, but the Tm value is compa-
rable to other WW domains previously studied under
similar buffer conditions (with 38 residues in length,

hPin1_WW—56.3 ± 0.5�C (R2 = 0.99) (Dias
et al., 2015) or hYAP65_WW—31.4 ± 2.9�C
(R2 = 0.99) and 28.5 ± 2.6�C (R2 = 0.99) (Dias
et al., 2016)). These Tm values are lower when com-
pared with other protein scaffolds that have Tm higher
than 55�C, for example, ABD (48–58�C) (Jonsson
et al., 2008), Affibody (55–57�C) (Nygren, 2008), or
Affilin (56–80�C) (Fiedler et al., 2006). Nevertheless, to
stabilize the scaffold, we could incorporate a Cys in the
end terminals to promote a disulfide bond and introduce
more rigidity in the sequence, as it was described for
the Pin1 scaffold by Patel et al. (2013).

We also assessed the binding affinity between
CW3S_Cys and HSA by microscale thermophoresis
(MST) (Figure S21). Using the equipment software,
data was automatically fitted with a Hill model, and
EC50 was estimated to be 0.96 μM and Hill coefficient
at 0.75, indicating non-cooperative binding. Further-
more, the estimated values for KD and Ka were
284 ± 86 nM and 3.5 � 106 M�1, respectively. We con-
cluded that the WWp5_4 naïve phage display library
generated a lead molecule that efficiently recognized
HSA. The binding constant calculated for the complex
is within the range of other albumin binding domains
reported in the literature from evolved protein scaffolds
(G148-ABDY22A (5 KDa), 330 nM) to bind HSA
(Table S3). Nevertheless, to improve the affinity of
CW3S, it would be necessary to perform affinity matu-
ration experiments or start off-rate selections with the
third round outputs from phage display selection.

2.5 | Potential application for HSA
capture

WW domains can be used for the capture of phosphor-
ylated proteins and proline-rich peptides (Dias
et al., 2015, 2016). Thus, we decided to test if the novel
domain could selectively capture HSA after immobiliza-
tion on a solid support. This property would be interest-
ing for future applications, since there are several
commercially available kits to capture HSA, either for
depletion (e.g., ProteoPrep® Blue Albumin Depletion
Kit, Sigma-Aldrich) or purification (e.g., Affibody anti-
HSA immobilized in SulfoLink® Coupling Gel, Affibody).
For that, we used the CW3S_Cys, since this sequence
has a Cys residue in the N-terminal, which allows for
oriented protein immobilization into the chromato-
graphic support. We applied the same immobilization
protocol already developed by our team for hPin1_WW
and hYAP65_WW, through the Sulfo-SMCC chemistry
(sulfosuccinimidyl 4-[N-maleimidomethyl]cyclohexane-
1-carboxylate) (Dias et al., 2015, 2016). We were able
to immobilize 1.35 � 10�3 μmol peptide/mg support, in
the same range as observed in the previous works.
This novel support (CW3S_Cys_Ag) was then tested
for binding HSA and human IgG (here considered as the
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contaminant) at two distinct temperatures typically used
in affinity capture (Figure 5). The best results were
obtained at 4�C, where the CW3S_Cys_Ag bound
88.50 %± 0.67% of loaded HSA (Figure 6a), thus cap-
turing 291 ng protein/mg support (versus agarose with
24.50% ± 16.20%, 80.30 ng protein/mg agarose sup-
port), and bound 32.1% ± 5.40% of loaded IgG (107 ng
protein/mg support). This is almost negligible since
unmodified agarose binds IgG with 23 ± 3.4% (76.40 ng
protein/ mg support). At 23�C, for both targets the bind-
ing is lower than 5%. These results suggest that the
immobilized CW3S selectively captures HSA at low tem-
perature. It is important to note that the chemical immobi-
lization of a protein ligand on a chromatographic matrix
creates local microenvironments and partitioning
effects, can potentially alter the conformation, and affect
the accessibility to interact with the target. Thus, it is not
possible to directly correlate the temperature effect on
the binding between HSA and CW3S immobilized on
chromatographic beads with the stability of the structure
in solution as observed by CD spectroscopy.

2.6 | Understanding structural features
of the interaction between CW3S and HSA

We started by assessing the stability of CW3S folding
and compared it with the other mutants (CW3 and

CW3S_Cys). The results show that all three molecules
have a similar stability in the last 10 ns of the simulation
(RMSD<0.5) and the DSSP analysis shows that these
structures maintain the folding with β-sheets
(Figures S22–S24).

Second, to have a prevision of the possible intermo-
lecular interactions, a model of CW3S in complex with
HSA was assembled using Alphafold3 (Abramson
et al., 2024). According to this model, CW3S interacts
with domains IB, IIIB, and IIIA from HSA. Thus, CW3S
is expected to interact with HSA in different sites than
other ligands, as the albumin binding domain (ABD)
(Nilvebrant & Hober, 2013) (domains IIA and IIB) and
on similar domains but on the opposite side from the
neonatal Fc receptor (FcRn) (Oganesyan et al., 2014)
(domains IIIB, IIIA, IB, IA) (Figure 6a).

To test the stability of the predicted binding mode of
CW3S to HSA, molecular dynamics simulations were
performed. After 100 ns of MD, the small protein
remains in the predicted region and slightly adapts to fit
the crevice created by the interface of the three
domains, IB, IIIA, IIIB. The molecular dynamics simula-
tions trajectories were clustered, and the clusters with
>10% frames were further analyzed. During 100 ns of
MD, the CW3S structure remained stable (Figures S25,
S26) and the N and C terminals were not facing the rec-
ognition surface (Figure 6b).

Table 3 summarizes the amino acids identified in
the contacts between the CW3S and HSA for the three
most populated clusters from the MD simulation. In bold
are identified the amino acids that were present in all
three clusters. Regarding the contacts between the
WW domain and HSA, it can be noted that loop I
Ser14, Leu16, Phe17 residues interact with the HSA
domain IB region supporting the importance of the
modified loop I for the binding, with its residues contrib-
uting energetically to HSA binding (Table 3 and for
more details see Tables S4–S6). Important hydrogen
bond networks around Phe17 backbone and Ser14
side chain, and ionic interactions with Lys20 are among
the contacts that most contribute to the binding. In fact,
if we look into the sequences discovered in this work
(Figure 3b, c), the best binders always have in Loop I a
hydrogen donor that is typically a Ser (Clone 3, 4, and
5), thus indicating that this is critical for binding against
HSA. Loop II interfaces HSA at domain IIIB, mainly
through a network of hydrogen bonds and hydrophobic
interactions around Ser29. The β-sheet regions of
CW3S interact with domains IB and IIA of HSA, resi-
dues Tyr22, Thr32, Trp35, and Thr36, mainly through
hydrogen bonds and hydrophobic interactions.

3 | CONCLUSIONS

In this work we designed a protein scaffold inspired by
the WWp sequence, but possessing extended loops to
increase diversity and geometric flexibility to bind non-

F I GURE 5 Selective capture of human serum albumin (HSA)
and human Immunoglobulin G (IgG) at 4 and 23�C using a matrix
with immobilized CW3S_Cys. (a) HSA and (b) IgG. The plotted data
corresponds to the average of triplicate assays and error bars
represent the standard deviation. The binding buffer used was
PBS1� pH 7.4.
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cognate targets. After extensive study of the loop size
we identified that the ideal size to maintain the scaffold
stability is in—Loop I 5 to 7 residues and Loop II—4 to
6 residues. Inspired by the maximum loop size found in
Nature, we designed the new scaffold named WWp5_4
with 5 and 4 residues in loops I and II, respectively. We
generated a naïve library based on the WWp5_4
sequence with full randomization of the loops, which
evolved through phage display against HSA. After the
third round of selection, we identified one lead ligand
(CW3S) that binds HSA. This protein was recombi-
nantly expressed alone (CW3S), as a fusion protein to
GFP (CW3S_GFP), as well as chemically synthesized
(CW3S_Cys). The binding constant between CW3S
and HSA was established in the nM range. The
CW3S_Cys maintained the characteristic folding of
other native WW domains. After immobilization in a
chromatographic support, it selectively captured HSA
at 4�C (291 ng protein/mg support). The binding mode
of CW3S with the target HSA was predicted in silico

showing that Loop I, followed by Loop II, are the
regions which mostly contribute to these interactions.

These encouraging results show the potential of a
totally synthetic design, non-existing in nature WW
domain library for the development of affinity reagents.
Due to their small size, we envision these reagents in
various constructs, as in tandem, in fusion, or conju-
gated with probes. Thus, they can generate innovative
reagents with applications in different biotechnological
fields, such as affinity chromatography, in vitro diagnos-
tics, or therapeutics.

4 | MATERIALS AND METHODS

4.1 | Molecular modeling

WW Loop elongation studies: The structure of the
WWp (PDB code: 1E0M (Macias et al., 2000)) was ini-
tially engineered with Ala residues to generate several

F I GURE 6 Binding characterization
between CW3S and HSA. (a) Predicted
binding region for CW3S (deep blue) to
HSA (surface) by Alphafold3 and
comparison to superimposed co-
crystalized structures for ligands ABD
(PDBID: 1TF0) and FcRn (PDBID: 4K71)
(gray). HSA domain color code (as per
Sugio et al., 1999b): IA–yellow, IB–green,
IIA–red, IIB–magenta, IIIA–cyan, IIIB–
blue. (b) Most relevant interactions
(Energy < �5.0 kcal/mol) from molecular
dynamics simulations, of cluster 1 central
structure, between CW3S (dark blue,
underlined residues) and HSA (green);
salt bridge—continuous line, hydrogen
bond—dashed line.
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structures with distinct lengths in loops I and II. The
homology models were created with SwissModel
(Arnold et al., 2006) using the 1E0M structure as a tem-
plate and automatic sequence alignment from Swiss-
Model. The obtained models of different loop lengths
were prepared in PyMol software (DeLano, 2002) by
incorporating in the N and C terminals capping groups,
an acetyl or amine group respectively. The proteins
were solvated in a box with 1.2 nm minimum distance
between box faces and protein surface. The molecular
dynamics Simulations were carried out on the GRO-
MACS (Lindahl et al., 2020) 2023.5 simulation pack-
age. The force field used was Charmm36 all-atom
(Huang & Mackerell, 2013), TIP3P water model, and
the simulations were performed in triplicates during
100 ns. The systems were previously minimized with
steepest descent and conjugate gradient algorithms, to
a convergence criterion of 1000 and 400 kJ/mol�nm�1,
respectively. The minimized systems were submitted to
a heating and equilibration step. The systems were
heated using annealing to 298 K during 100 ps and
equilibrated for another 100 ps at 298 K, with Berend-
sen temperature coupling on an NVT ensemble. The
system was further equilibrated in NPT for 200 ps using
V-rescale thermostat at 298 K and C-rescale barostat
at 1.0 bar. LINCS constraints were used for hydrogen
bonding atoms, Particle Mesh Ewald for electrostatics
with a cut-off of 1.0 nm and a Van der Waals cut-off of
1.0 nm. Triplicates of molecular dynamics runs were
done from the heating step, where velocities were

randomly assigned. For visualization of the results, we
used PyMol 1.3 and 3 (DeLano 2002), VMD 1.9
(Humphrey et al., 1996), and Moe (Anon, 2024).

WWp5_4 library design: The selected length WW
prototype-based scaffold with 5 and 4 amino acids in
loops I and II, respectively, was proposed and desig-
nated as the WWp5_4 scaffold. Then, two controls and
10 mutants were generated using SwissModel, as pre-
viously described, to assess resilience to chemical
diversity in the loops: (i) WW prototype; (ii) WWp5_4
with loops substituted with Ala residues; (iii) six
WWp5_4 mutants with loops substituted by combina-
tions of four amino acids (YADS—Tyr, Ala, Asp and
Ser); (iv) four WWp5_4 mutants with loops substituted
by a random selection of amino acids (Table S3). The
mutant structures were generated by homology model-
ing, as previously described. The obtained mutant
models of each structure were prepared and followed
by molecular dynamics simulations, as described
above. The selected binder from phage display CW3
and its mutant sequences (CW3S and CW3S_Cys)
were also submitted to the same model assembly and
molecular dynamics simulations as the other mutants.

CW3S and HSA complex. The clone CW3S interac-
tion with HSA was predicted using Alphafold3
(Abramson et al., 2024). The sequences of CW3S and
HSA (Uniprot: P02768) were submitted to the webser-
ver. The obtained complex (pTM of 0.82) was also sim-
ulated using the previously described pipeline for
100 ns in triplicates. The analysis of all simulations was

TAB LE 3 Amino acids in HSA surface that interact with CW3S (energy lower than �0.5 kcal/mol) from central structure of MD clusters with
more than 10% of frames.

Cluster number
(%frames) Amino acids in HSA surface Amino acids in CW3S

Cluster 1 (50%) Asp173, Lys181, Glu167 N-Ter/β-sheet I: Tyr11, Lys12, Ser13

Glu167, Lys159, Lys181, Arg160, Glu184, Ala164, Leu185 Loop I: Ser14, Leu16, Phe17, Leu18

Glu184, Ala176, Ala175 β-sheet II: Lys20, Tyr22, Tyr24

Lys560 Loop II: Ser29

Glu518, Ser517, Pro180, Lys181, Glu184, Lys436, Phe395,
Lys439, Glu396

β-sheet III/C-Ter: Thr32, Trp35, Thr36, Met40,
Ser41, Ser42

Cluster 2 (34%) Lys560, Glu556, Val555, Arg521, Glu518, Asp173 N-Ter/β-sheet I: Gly3, Leu4, Pro5, Pro6, Trp8,
Ser13

Asp173, Gln170, Ala171, Cys177 Loop I: Ser14, Leu16, Phe17

Asp173, Leu179, Glu518, Lys519 β-sheet II: Tyr22, Tyr24, Asn25

Thr515, Glu119, Lys519 Loop II: Asn28, Ser29, Pro30

Glu119, Arg117, Leu179, Asp183, Glu518, Ala176, Asp549,
Lys402, Gln397, Leu398

β-sheet III/C-Ter: Thr32, Ser33, Thr36, Asp37,
Met40

Cluster 3 (12%) Asp173, Glu167 N-Ter/β-sheet I: Lys12, Ser13

Glu167, Gln170, Thr166 Loop I: Ser14, Leu16, Phe17

Cys177, Leu179, Lys519 β-sheet II: Tyr22, Tyr24, His26

Lys519, Glu518, Ser517, Lys432, Glu400 Loop II: Asp27, Asn28, Ser29

Asp183, Glu520, Pro180, Glu184, Lys181 β-sheet III/C-Ter: Lys31, Thr32, Ser33, Trp35

Note: In bold are the amino acids that are present in three clusters as contact points.

DIAS ET AL. 13 of 16

 1469896x, 2025, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pro.70164 by N

ova M
edical School, W

iley O
nline L

ibrary on [29/07/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



performed using rms, rmsf, energy, and dssp tools from
the GROMACS package (Lindahl et al., 2020) and Moe
(Anon, 2024).

4.2 | Phage display selection of
WWp5_4 library

Library construction is described in detail in Supplemen-
tary Information—Materials and Methods (Table S1).
For the phage display selection of the WWp5_4 library
against HSA, the target was dissolved in PBS1� and
immobilized overnight into two wells of the microplate
(Corning 3690, high-binding microplates) using 1 μg
(first panning), 0.5 μg (second panning) and 0.25 μg
(third panning) at 4�C. The target was removed, and the
wells washed with PBS1� sterile, the plate was blocked
with 150 μL 5% Soya Milk (dilute from 6.9% total protein)
in PBS1� filtered with 0.22 μm. This solution was incu-
bated for 60 min at room temperature. The blocking
solution was removed and 100 μL of phages library solu-
tion was added to the microplate wells and incubated for
2 h at room temperature. The non-bounded phages
were removed, and the wells were washed with:
PBS1�-0.05% Tween-20. This procedure was repeated
5� (first panning), 10� (second panning) and 15� (third
panning) and between each wash the plate was incu-
bated 1 min with washing solution. Finally, the wells
were washed with PBS1�. The elution of the bounded
phages was achieved with a trypsin solution in PBS1�
(10 mg/mL), the microplate wells were incubated for
30 min at 37�C. The eluted fractions were resuspended
and collected, the wells were washed with PBS1� and
the solution recovered. The eluted phages were used to
infect 2 mL of exponentially growing E. coli ER2738
(OD600nm = 0.6–0.7) and were incubated for 15 min
(first panning and 30 min in third panning), 37�C. From
the infected culture 2 μL were collected to perform dilu-
tions to titer the number of output clones, these cultures
were plated in LB ampicillin plates. The titer calculations
were performed as described in Barbas III et al., (2001).
The remaining infected culture was used to continue for
the next panning step. For that it was prepared as
described in Barbas III et al., (2001). Afterwards, the sec-
ond round of panning started as described above, after
the third panning the eluted phages were used to
infected E. coli TOP10F’ to proceed for protein expres-
sion. The details for the clones protein expression and
ELISA screening please see the Supplementary
Information—Materials andMethods.

4.3 | CW3S-GFP expression, purification
and characterization

The gene of CW3 was mutated in loop II to change a
Cys to a Ser to avoid dimerization and was named

CW3S. This gene was cloned into an expression vector
that contained the gene of GFP (pET21c_GFP) (Pina
et al., 2014). CW3S was cloned into pET21c_GFP, and
one positive clone was transformed into E. coli BL21
(DE3) to proceed for protein expression. Protein
expression using pET21c_CW3S_GFP was performed
using 1 L of LB culture medium as described before for
WW domain (human Pin1 WW domain) in Fernandes
et al., (2014). After expression, the bacterial extracts
were treated, as in Fernandes et al., (2014). The pro-
tein content in the SF and in the insoluble fractions
(ISF) was characterized by SDS-PAGE and Western
blot as described in Fernandes et al., (2014). The SF
was further purified using AKTA Pure System using
agarose resin modified with Ugi Ligand A4C7, a 5.4 mL
of a 50% slurry, as described in Pina et al. (2015). The
purification protocol was followed as described in Fer-
nandes et al. (2014). After purification, CW3S_GFP
was quantified by total protein, and fluorescence inten-
sity was determined. More details regarding protein
expression and purification are described in Supple-
mentary Information—Materials and Methods.

The purified protein CW3S_GFP was used to study
the binding toward the target HSA. To assess selectivity,
we used the ELISA scheme shown in Figure S1. The
negative controls used were: (i) one well with blocking
solution PBS1�-5%Soya Milk; well with HSA (1 μg/well)
immobilized with GFP protein (1 μg/well), instead of
CW3S_GFP; and (ii) one well without a target where the
CW3S_GFP or GFP was added, after which the wells
were blocked, and all other components were added. To
determine the equilibrium constant of association, we
employed an ELISA-based method. Assays were made
in triplicate. The full details of the method can be found in
Supplementary Information.

4.4 | Solid-phase peptide synthesis,
purification, and characterization of CW3S

The sequence of CW3S was modified at the N-terminal
to incorporate a Cys residue that will be useful for
immobilization in a solid-support (CW3S_Cys), as
already described for hPin1 and hYAP65 WW domains
(Dias et al., 2015, 2016). The chemical synthesis proto-
col, as well as characterization by CD and Mass Spec-
trometry, is described in detail in the Supplementary
Information—Materials and Methods. MST was used to
determine the affinity between CW3S_Cys peptide
labeled with a fluorescent agent (Fluorescein Diacetate
5-Maleimide) and HSA, the target molecule. Briefly, the
peptide was labeled with Fluorescein Diacetate
5-Maleimide (Sigma-Aldrich) and purified by PD10
desalting column (GE Healthcare Life Sciences) in
accordance with manufacturer instructions. MST
assays were performed with Monolith NT.115 Standard
Treated Capillary K002 in NT.115 Nanotemper, with
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filter BLUE/RED (for fluorescein, blue filter was used).
A more detailed description can be found in Supple-
mentary Information—Materials and Methods.

4.5 | Solid-support immobilization of
CW3S for HSA capture

The CW3S_Cys produced chemically was immobilized
through the sulfhydryl group of a Cys in an aminated
matrix (Sepharose CL6B) using Sulfo-SMCC chemis-
try. The protocol for immobilization was the same as
described for hPin1_WW domain in Dias et al. (2015).
Thus, a novel support CW3S_Cys_Ag was generated.
The CW3S_Cys_Ag (50 mg) was used to determine
the binding capacity against HSA (20 μg in 300 μL in
PBS1� pH 7.4). We further studied the support speci-
ficity by using a solution of human Immunoglobulin G
(IgG) in the same conditions. Full details of the protocol
can be found in Supplementary Information.
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