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ARTICLE INFO ABSTRACT

Handling Editor: Dr A Wlodawer Formins are a group of actin-binding proteins that mediate nascent actin filament polymerization, filament

elongation, and barbed end-capping function, thereby regulating different cellular and developmental processes.

Keywords: Developmental processes like vertebrate gastrulation, neural growth cone dynamics, and limb development
FNBP4 require formins functioning in a regulated manner. Formin-binding proteins like Rho GTPase regulate the
Exi\] Zomain activation of auto-inhibited conformation of diaphanous formins. Unlike other diaphanous formins, Forminl
WW domain (FMN1) a non-diaphanous formin is not regulated by Rho GTPase. FMN1 acts as an antagonist of the Bone

Morphogenetic Protein (BMP) signaling pathway during limb development. Several previous reports demon-
strated that WW domain-containing proteins can interact with poly-proline-rich amino acid stretches of formins
and play a crucial role in developmental processes. In contrast, WW domain-containing Formin-binding Protein 4
(FNBP4) protein plays an essential role in limb development. It has been hypothesized that the interaction be-
tween FNBP4 and FMN1 can further attribute to the role in limb development through the BMP signaling
pathway. In this study, we have elucidated the binding kinetics of FNBP4 and FMNI1 using surface plasmon
resonance (SPR) and enzyme-linked immunosorbent assays (ELISA). Our findings confirm that the FNBP4 ex-
hibits interaction with the poly-proline-rich formin homology 1 (FH1) domain of FMN1. Furthermore, only the
first WW1 domains are involved in the interaction between the two domains. Thus, this study sheds light on the

Protein-protein interaction

binding potentialities of WW domains of FNBP4 that might contribute to the regulation of FMN1 function.

1. Introduction

Formins have emerged as a multi-domain, sterling group of actin-
binding proteins and act as a key mechanistic regulator of actin dy-
namics (Higgs, 2005; Goode and Eck, 2007). Formins can nucleate
nascent actin filament polymerization in vitro by probity of their formin
homology 2 (FH2) domain (Zigmond, 2004). Additionally, formins aid
filament elongation in processive motion and barbed end capping
function (Zigmond, 2004).

Formins play a crucial role in developmental processes. For instance,
Daaml (Dishevelled associated activator of morphogenesis 1), a
diaphanous related formin regulates the non-canonical planar cell po-
larity pathway in cell and tissue morphogenesis during gastrulation
(Habas et al., 2001; Sato et al., 2006). Formin 2 (FMNZ2) plays a role in
membrane protrusion in the developing neurons and oocytes (Sahasra-
budhe et al., 2016). During renal and limb development, alternatively
spliced transcripts of limb deformity genes or formins are predominantly
expressed (Jackson-Grusby et al., 1992). Previous reports demonstrated

* Corresponding author.
E-mail address: spm@iiserkol.ac.in (S. Maiti).

https://doi.org/10.1016/j.crstbi.2023.100119

that during limb development the expression of the msh homeobox1
(MSX1) gene and fibroblast growth factor 4 (FGF4) gene at the
apical-ectodermal ridge (AER) were regulated by forminl (FMN1) (Zhou
et al., 2009). FMNI1 transcriptionally regulates the cis-positional
neighboring gene Germlin expression on chromosome 2 (Zuniga et al.,
2004). Germlin acts as an antagonist of bone morphogenetic protein
(BMP), whereas FMNT1 functions as a repressor of Smad phosphorylation
in the BMP signaling pathway. So Germlin and FMN1 both are acting as
negative regulators of the BMP signaling pathway (Zhou et al., 2009;
Hsu et al., 1998).

Regulation of formins is essential for the above-mentioned devel-
opmental processes. Proteins like Rho GTPase, an essential group of
formin-binding proteins (FBP), release an auto-inhibited conformation
of diaphanous formins (Li and Higgs, 2003; Liu et al., 2008; Maiti et al.,
2012). Non-diaphanous formins, like FMN1, INF, Delphilin, etc. are not
regulated by Rho GTPase (Higgs, 2005; Goode and Eck, 2007). There is
still a dearth of knowledge about the regulatory mechanism of
non-diaphanous formins. Further study is required to understand the
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mechanisms perspicuously.

Numerous proteins with Src homology 3 (SH3) and/or WW domains
can bind to formins; classified as Formin-binding proteins (FBPs) (Chan
et al., 1996; Macias et al., 2002). WW domains are comprised of 38-40
amino acid residues and nomenclature is based on the presence of two
tryptophan (W) amino acid; having an anti-parallel triple-stranded
beta-sheet and linked with two beta turns (Macias et al., 2002; André
and Springael, 1994). Proline-rich sequences are prevalent in the
inter-domain region of multi domain containing proteins, and these
poly-proline-rich sequences can bind to WW domain (Rath et al., 2005).
WW domains appear in tandem repeats in several multiple WW
domain-containing proteins. Notably, FBPs like NEDD-4, YAP-65,
FBP11, FBP21, FNBP4, etc., contain multiple WW domains (Macias
et al., 2002). Despite this, information regarding the need for the pres-
ence of these multiple copies of WW domains in different proteins or
regulations of such tandem WW domains is not well studied. Though
several proteins with WW domains have been categorized into one
group, these proteins play distinct roles in cells. For example, NEDD-4
helps in differentiation of the central nervous system (Hsia et al.,
2014). During cancer cell migration FBP17 helps in extracellular matrix
degradation and invadopodia formation (Suman et al., 2018). YAP-65
acts as a transcription regulator through chromatin remodeling (Yagi
et al.,, 1999). Interestingly, FNBP4 (also known as FBP30) plays an
essential role in eye and limb development. Chan et al. reported the
mRNA expression of FBPs like FBP17, FBP27, FBP30, etc., in 10.5 em-
bryonic day mice (Chan et al., 1996). According to Kondo et al. , family
suffering from microphthalmia with limb anomalies (MLA) has a ho-
mozygous mutation in the WW1 domain of FNBP4 (Kondo et al., 2013).

FNBP4 has been annotated as a formin-binding protein but its
interaction with FMN1 is yet to be characterized in detail. Character-
izing FNBP4 and FMNI1 binding interaction led us to elucidate the
physiological role of these two proteins. In this present study, we used
surface plasmon resonance (SPR) technique and enzyme-linked immu-
nosorbent assay (ELISA) to characterize the binding of FNBP4 and
FMN1. We observed that FNBP4 exhibits interactions towards poly-
proline-rich FH1 domain of FMN1 but does not interact with the FH2
domain of FMN1. We also studied WW1 and WW2 to collate their
binding potentialities and likeliness. In order to demonstrate that we
accomplished the binding experiment, the poly-proline-rich FH1
domain of FMN1 interacts with WW1 but does not exhibit interaction
with the WW2 domain of FNBP4.

2. Materials and methods
2.1. Plasmid construction

C-terminal FH1-FH2 (amino acids 870-1466), C-terminal FH2
(amino acids 983-1466), only FH1 (amino acids 870-970) regions of
FMN1 were constructed with pET28a (+) (Novagen). N-terminal WW1-
WW2 FNBP4 (amino acids 214-629), WW1 FNBP4 (amino acids
214-430), WW2 FNBP4 (amino acids 384-629), and N-terminal AWW1
FNBP4 (amino acids 249-629) were constructed into the vector pET28a
(+).

2.2. Protein purifications

Plasmid constructs were transformed into Escherichia coli BL21 DE3
(Stratagene) stains. Cells were grown in LB media with 30 pg/ml
kanamycin concentration at 37 °C and induced at 0.5 O.D. at Agog, with
0.5 mM IPTG (Himedia) at 19 °C for 12 h and 25 °C for 8 h for FMN1
constructs and FNBP4 constructs respectively. Cells were harvested then
resuspended and lysed by sonication in lysis buffer (0.2% IGEPAL, 150
mM NacCl, 30 mM imidazole at pH 8, 0.5 mM DTT, 50 mM Tris at pH 8)
with a protease inhibitor cocktail (Aprotinin, PepstatinA, Leupeptin,
Benzamidine hydrochloride, Phenylmethylsulfonyl). Then proteins
were affinity purified using Ni2*-NTA bead (Moseley et al., 2006). The
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proteins were then eluted with elution buffer (100 mM NaCl, 350 mM
imidazole at pH 8, 50 mM Tris at pH 8). For SPR experiment eluted
proteins were dialyzed against HBS-N buffer (HEPES-0.01 M, NaCl-0.15
M pH-7.4) for 4 h at 4 °C.

2.3. Antibody production

Anti-FMN1 sera was raised against 6xHis-tagged FH1-FH2 FMNI.
BALB/C mice were used for anti-FMN1 sera production using a standard
70 days protocol. Protocol reference no. was IISERK/IAEC/2022/024
has been approved by the institutional animal ethics committee (IAEC).
Terminal bleeds for anti-FMN1 antibody checked against recombinant
protein by Western blot analysis (Fig. S. 1).

2.4. Enzyme-linked immunosorbent assay (ELISA)

FMN1 and FNBP4 interaction tested with ELISA. 10 pg purified
FNBP4 was coated into the wells (Maxisorp surface) of ELISA plates
(Nunc, Maxisorp) along with 1X PBS for the control experiment and
allowed to incubate overnight at 4 °C. The wells were blocked with 5%
BSA in 1X PBS for 2 h at room temperature. The wells were then incu-
bated with either FH1-FH2 FMN1 or FH2 FMN1 protein for 2 h at room
temperature in a concentration-dependent manner. The bound FH1-FH2
FMN1 and FH2 FMN1 was detected by its specific polyclonal antibodies
(raised in mice) at a dilution of 1:1000 Mice anti-FMN1 antibody can
detect FNBP4 and FH1-FH2 FMN1 complex or FNBP4 and FH2 FMN1
complex. Followed by HRP-conjugated goat anti-Mouse IgG secondary
antibody (Invitrogen) was added at a dilution of 1:10000 for 45 min at
room temperature. Color was developed with tetramethylbenzidine
(Sigma Aldrich) at a 1X dilution for 15-20 min and the reaction ended
with H2SO4 (5N). Wells were washed three times with PBST containing
0.02% (v/v) Tween-20 (Ambrescopropure) in 1X PBS after each incu-
bation step. The absorbance was taken at 450 nm using a microplate
reader (Epoch2). Graphs were plotted using Graphpadprism-8.

2.5. Surface plasmon resonance (SPR)

The binding kinetics of FNBP4 and FMN1 was determined by SPR
BIAcore T200 (GE Healthcare Life sciences). The surface of the CM5
sensor chip (Series S) was activated by EDC/NHS mixture using an
amine coupling kit (BR-1000-50, GE Health care Life sciences). 10 pg/
mL FNBP4 diluted in sodium acetate buffer pH-4.5 (for WW1-FNBP4
fragment pH-4 was used). FNBP4 was immobilized on a CM5 sensor
chip in HBS-EP (HEPES-0.01M, EDTA 0.03M, NaCl- 0.15M, surfactant
P20-0.05%, pH-7.4) running buffer at a flow rate of 30 pL/min. After
immobilization with FNBP4, ethanolamine was used to block any
remaining reactive succinimide ester groups on sensor surface. The non-
immobilized flow cell served as reference surface for blank correction.
All immobilization experiments were carried out at 25 °C. Different
concentrations of analytes were prepared in HBS-EP buffer and flowed
over the sensor chip at 30 pL/min. HBS-EP buffer was also used as a
running buffer. Duplicate concentration for a single concentration of
analyte and zero concentration (HBS-EP buffer) were used as positive
and negative controls respectively. The association phase was monitored
for 120 s or 180 s and the dissociation phase was monitored for 300 s.
Regeneration was initiated by 50 mM NaOH solution (GE Healthcare).
Obtained SPR sensorgrams were fitted with a 1:1 Langmuir binding
model using BIAcore evaluation software, version 2.0. We have also
calculated equilibrium dissociation constants (Kp), association rate (kj,),
and dissociation rate (kq).

3. Results
3.1. Proline-rich FH1 domain interacts with WW domains of FNBP4

In order to assess FNBP4 and FMNI1 interaction, the binding
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potentialities of WW1-WW2 FNBP4 to FH1-FH2 FMN1 or FH2 FMN1
had been analyzed, using ELISA and SPR analysis. Based on the domain
orientation of FNBP4 and FMN1; WW1-WW2 FNBP4, FH1-FH2 FMN]1,
and FH2 FMNT1 clone constructs were prepared (Fig. 1 A & B). These
recombinant WW1-WW2 FNBP4, FH1-FH2 FMN1, and FH2 FMN1frag-
ments were purified as 6x- His tagged with molecular weights of 48.6
kDa, 68.6 kDa, and 56 kDa respectively (Fig. 1 C & D). The functional
properties of FH1-FH2 FMN1 and FH2 FMN1 protein fragments had
been confirmed with fluorometric pyrene-actin polymerization assays
(Kobielak et al., 2004). Both the protein fragments were active as they
had the ability to initiate actin filament polymerization in vitro and
induced actin filament polymerization in a concentration gradient
manner (Fig. S. 2). Mouse FMN1 sequence was retrieved from GenBank
(accession no. Q05860). FH1 domain of FMN1 comprises multiple
consensus sequences rich in proline (Fig. 1 E).

ELISA-based binding studies were performed where WW1-WW2
FNBP4 was coated in the 96 well plate as a ligand and incubated with
different concentrations of FH1-FH2 FMN1 or FH2 FMNI1 as analytes
(Syedbasha et al., 2016). The absorbance was increased with increasing
concentration of FH1-FH2 FMN1 which indicates complex formation
between WW1-WW2 FNBP4 and FH1-FH2 FMNI1 and reached a satu-
ration of binding (Fig. 2 A). When we used FH2 FMNI1 as an analyte
there was very negligible absorbance, which indicated an inability for
binding to WW1-WW2 FNBP4 (Fig. 2 A). Subsequently, SPR analysis had
been performed for FH1-FH2 FMN1 with WW1-WW2 FNBP4 to char-
acterize binding kinetics like equilibrium dissociation constant (Kp),
association constant (k,), and dissociation constant (kq). We have
immobilized WW1-WW2 FNBP4 on the CM5 sensor chip as a ligand, and
different concentrations of FH1-FH2 FMN1 or FH2 FMN1 flowed over
the immobilized surface as analytes in respective independent experi-
ments. A significant increase in positive response was detected in the
case of FH1-FH2 FMNI1 as an analyte (Fig. 2 B & C). FH1-FH2 FMN1
interacting with WW1-WW2 FNBP4 at high affinity, and Kp value was
calculated as 1.84 nM, k, 0.31%*10° M~'s™!, and kq 5.705*10~% s7L.
When we used FH2 FMN1 as an analyte it did not interact with
WW1-WW2 FNBP4 (Fig. 2 D). Finally, we examined WW1-WW2 FNBP4
binding activity with FH1-FMN1. From our data FH1-FMN1 construct
expressed as 25 kDa protein despite FH1-FMN1 expected molecular
weight is 14.4 kDa (Fig. 3 A & B). This FH1-FMN1 aberrantly migrates
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due to presence of poly-proline-rich sequences. Our SPR data confirmed
that WW1-WW2 FNBP4 interacts with FH1 domain of FMN1 (Fig. 3 C).
FH1 FMNI1 interacting with WW1-WW2 FNBP4 at high affinity, and Kp
value was calculated as 0.56 nM, k, 1.939%107 M’ls’l, and kg
1.068%102 s~1. So, our results suggested that poly-proline-rich FH1
domain of FMN1 is responsible for binding with the WW1-WW2 FNBP4.

3.2. WW1 and WW2 domain resemblance in FNBP4: Human and
mouse FNBP4 sequences were retrieved from GenBank (accession no.
Q8N3X1 and Q6ZQO03 respectively). Multiple sequence alignment of
WW1 (amino acids 214-248) and WW2 (amino acids 595-629) domain
from FNBP4 had been checked using ClustalW. The sequence alignment
showed WW1 domain is 31.43% identical to the WW2 domain (Fig. 4 A).
It is noteworthy that the WW1 and WW2 domain of humans are fully
identical to the WW1 and WW2 domain of mouse FNBP4 respectively
(Fig. S. 3 A & B).

3.2. WW1 and WW2 domain of FNBP4 behave differently

To distinguish the role between WW1 and WW2 domains of FNBP4,
we compared the binding activity of N-terminal AWW1 FNBP4 and
WW1 FNBP4 with FH1-FH2 FMN1. In ELISA, WW1 FNBP4 was coated in
the well and incubated with different concentrations of FH1-FH2 FMN1
or FH2 FMNT1 as analytes. We find FH1-FH2 FMN1 significantly binds to
WW1 FNBP4 whereas FH2 FMN1 has no binding (Fig. 5 A). SPR data
also corroborates the above result that WW1-FNBP4 binds with FH1-
FH2 FMN1 (Fig. 5 B & C). Binding sensorgram revealed that WW1-
FNBP4 fragment binds with FH1-FH2 FMN1 fragment with a 2 nM Kp
and in addition, their k, and kq value was 0.6372*10° M~!s~! and
1.273*1073 571, respectively.

In SPR analysis, we had immobilized AWW1 FNBP4 on the CM5
sensor chip and FH1-FMN1 was flowed over the ligand-immobilized
sensor surface. The binding sensorgrams revealed that the AWW1
FNBP4 fragment did not bind to FH1-FMN1 (Fig. 5 D). We also examined
N-terminal AWW1 FNBP4 binding activity with FH1-FH2 FMN1. From
our SPR analysis, we had shown that N-terminal AWW1 FNBP4 did not
interact with FH1-FMN1 (Fig. S. 4). So, our results had suggested that
only the WW1 domain of FNBP4 responsible for binding with the poly-
proline-rich FH1 domain of FMN1 where WW2 domain of FNBP4 did not
involve in the interaction. Furthermore, we had also tried to dock FH1
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Fig. 1. Schematics of constructs and purified fragments of FNBP4 and FMN1. (A) Schematic illustration of N-terminal WW1-WW2 FNBP4 (amino acids
214-629). (B) Schematic representation of FH1-FH2 FMN1 (C-terminal of FMN1: amino acids 870-1466) and FH2 FMN1 (amino acids 983-1466) constructs. (C)
Coomassie stained 10% SDS-PAGE of purified 6x-His tagged WW1-WW2 FNBP4 (amino acids 214-629) (48.6 kDa). (D) Purified FH2 FMN1 (amino acids 983-1466)
and FH1-FH2 FMN1 (amino acids 870-1466) in Coomassie stained 10% SDS-PAGE (56 kDa and 68.6 kDa respectively). (E) Sequence of FH1 domain of FMN1
showing poly-proline consensus sequences are highlighted in red. (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)
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Fig. 2. Binding between WW1-WW2 FNBP4 and FMN1. (A) Results of WW1-WW2 FNBP4 and FH1-FH2 FMN1 or FH2 FMN1 interaction obtained by ELISA. WW1-
WW2 FNBP4 coated in well. FH1-FH2 FMN1 and FH2 FMN1 were used as analytes. Then mice anti FMN1 Ab (1:1000) was used, followed by anti-IgG HRP con-
jugated Ab (1:10000) was added. TMB was used as a substrate. Absorbance was taken at 450 nm. (B) SPR sensorgrams of the binding kinetics for WW1-WW2 FNBP4
with FH1-FH2 FMN1, (D) for FH2 FMN1 at 25 °C. WW1-WW2 FNBP4 was covalently immobilized on a CM5 (Series S) biosensor surface at pH 4.5 Sensorgrams were
plotted as response unit (RU) versus time (Second). Color-coded sensorgrams indicate increasing concentrations of analytes. Sensorgrams were fitted to Langumir
binding rate equation and indicated with respective colored dash-line. Sensorgrams were blank-corrected for all cycles. RU depicts, 1 pg of analytes bound on a ligand
immobilized one mm square surface. (C) Binding affinity curve for FH1-FH2 FMN1 vs WW1-WW2 FNBP4 was fitted with a non-linear regression equation (one-site
specific binding model). Duplicate concentration of 20 nM was used for positive control. (For interpretation of the references to color in this figure legend, the reader
is referred to the Web version of this article.)
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Fig. 3. Binding between WW1-WW2 domain of FNBP4 and poly-proline rich FH1 domain of FMN1. (A) Schematic representation of FH1 FMN1 (amino acids
870-970) construct. (B) Coomassie stained 10% SDS-PAGE of purified 6x-His tagged FH1 FMN1 (amino acids 870-970). (C) SPR sensorgrams of the binding kinetics
for WW1-WW2 FNBP4 with FH1 FMN1 at 25 °C. WW1-WW2 FNBP4 was covalently immobilized on a CM5 (Series S) biosensor surface at pH 4.5 Increasing con-
centration of FH1-FMN1 (5 nM, 15 nM, 20 nM, and 25 nM) are shown in colored sensorgrams. Association phase was 120 s and dissociation phase was 180 s.
Sensorgrams were fitted to Langumir binding rate equation and indicated with respective colored dash-line. Sensorgrams were blank-corrected for all cycles.

domain of FMN1 and WW1 domain of FNBP4 using ClusPro2.0 (Fig. S. been performed; where WW1-WW2 FNBP4 immobilized on CM5 chip,
5). and WW1 FNBP4 and WW2 FNBP4 had flowed over the immobilized
surface. It was observed in both cases that the sensorgrams generated
negligible negative responses close to base line (Fig. 6 A &B). Above
result indicates that WW1 does not interact with the WW2 domain of
FNBP4. Therefore, there was no inter-domain interaction between WW1
and WW2. In addition, we concluded that no intra-domain interactions
exist since the WW1 FNBP4 and WW2 FNBP4 constructs are available to

3.3. WW1 and WW2 domains of FNBP4 are independent

We checked the interaction between the WW1 and WW2 domains of
FNBP4. WW2 FNBP4 construct was purified as 6x- His tagged with
molecular weights of 29.9 kDa (Fig. S. 6 A & B). Then SPR analysis had



S. Das and S. Maiti Current Research in Structural Biology 7 (2024) 100119

(A) (C) .
1 18 20 38 35 Q
| t + ¥ | é‘nlv L%b
HH1_FNBP4 GIEMGDHQEVHDENTGCYYYHNTQTNEVTHELPQY g
HH2_FNBP4 NATPKGHSCHHDRDHRRYFYVNEQSGESQHEFPDG - §
Consensus naengdHqchHDr #hrrYZYuNeQsnEsqHELP #g § =
kDa
(B) & 120
WW1 WW2 66
l ™ - - .
O] wWw1FNBP4 P
[ ["] N-terminal 28
AWW1 FNBP4
“ 20

Fig. 4. Sequence alignment, characteristic and purification of WW1 and WW2 domain of FNBP4. (A) Multiple sequence alignment of WW1 and WW2 domain
of human FNBP4. Positions that are highly conserved are indicated by red uppercase letters, while weakly conserved positions are denoted by blue lowercase letters.
The percent symbol (%) denotes either F or Y, and hash symbol (#) indicates any one of N, D, Q, E, B, or Z (Additionally, "B" stands for either D or N, and "Z" stands
for either E or Q). (B) Schematic representation of WW1 FNBP4 (amino acids 214-430) and N-terminal AWW1 FNBP4 (amino acids 249-629) constructs. (C)
Coomassie stained 10% SDS-PAGE of purified 6x-His tagged WW1 FNBP4 (amino acids 214-430) and N-terminal AWW1 FNBP4 (amino acids 249-629) (26.7 kDa
and 44.8 kDa from left to right). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. Binding between WW1 FNBP4 and poly-proline rich FH1 domain of FMN1. (A) Results of WW1 FNBP4 interaction with FH1-FH2 FMN1 and FH2 FMN1
obtained by ELISA. WW1 FNBP4 coated in well. FH1-FH2 FMN1 and FH2 FMN1 were used as analytes. (B) SPR sensorgrams of the binding kinetics for WW1 FNBP4
with FH1-FH2 FMN1 at 25 °C. WW1 FNBP4 was covalently immobilized on a CM5 (Series S) biosensor surface at pH 4. Increasing concentration of FH1-FH2 FMN1
(10 nM, 25 nM, 50 nM, 100 nM & 200 nM) are shown in colored sensorgrams. Association phase was 180 s and dissociation phase was 300 s. The Langumir binding
rate equation was used to fit the sensorgrams, which are shown with the corresponding-colored dashed lines. (C) Binding affinity curve for FH1-FH2 FMN1 with WwW1
FNBP4 was fitted with a non-linear regression equation (one-site specific binding model). Duplicate concentration of 100 nM was used for positive control (D) SPR
sensorgrams of the binding kinetics for N-terminal AWW1 FNBP4 with FH1 FMN1 at 25 °C. N-terminal AWW1 FNBP4 was covalently immobilized on a CM5 (Series
S) biosensor surface at pH 4.5. Increasing concentration of FH1 FMN1 (100 nM, 200 nM, 300 nM, and 500 nM) are shown in colored sensorgrams.

bind freely with WW1 and WW2 domains of the WW1-WW2 FNBP4 Kp value of 0.56 nM, which is lower than the observed Kp value of 1.84

immobilized ligand, respectively. nM for the FH1-FH2 FMN1 and WW1-WW2 FNBP4 interaction. The
lower Kp value, signifying higher affinity, implies that the FH1 domain
4. Discussion singularly governs the interaction. Presumably, the high affinity of

FNBP4 for FMN1 might play a significant role in their functional regu-

In this study, we had deciphered the interaction between FNBP4 and lations. So far FMN1 has not yet been characterized in terms of its
FMN1 with high affinity. Our findings highlight the exclusive involve- regulation. FH1 domain of FMNI1 contains several proline-rich
ment of the FH1 domain of FMNT1 in its interaction with FNBP4. The consensus sequences (Fig. 1 E). Fyn, Src, and FBPs proteins have the
interaction between FH1-FMN1 and WW1-WW2 FNBP4 demonstrated a ability to interact with poly-proline-rich regions using their EVH1, SH3,
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Fig. 6. WW1 and WW2 does not exhibit interdomain interaction. SPR sensorgrams of the binding kinetics for WW1-WW2 FNBP4 to WW1 FNBP4 (A) and WW1-
WW2 FNBP4 to WW2 FNBP4 (B) at 25 °C. Various concentrations of WW1 FNBP4 or WW2 FNBP4 (50-400 nM) passed over WW1-WW2 FNBP4 immobilized surface.

and WW domains, respectively (Aspenstrom, 2010). FH1 domain of
formins can interact with the SH3 domain-containing proteins.
Remarkably, the binding motif of the SH3 domain of the Sem5 protein is
PxxP, which is also similar to the PPxPP binding motif of the WW do-
mains of the Npw38 protein, in both cases recognizing the PPPVPPR
peptide (Macias et al., 2002). Additionally, SH3 and WW domains have
similar XP2 binding grooves (Kato et al., 2006). Maria J Macias et al.
showed bioinformatically that the SH3 domain of Sem5 protein and WW
domain of Npw38 protein have a similar conserved binding pocket for
ligand (Macias et al., 2002). As a consequence, it is possible to ideate
that FBPs influence the binding of SH3 domain-containing proteins to
interact with the FH1 domain. In previous reports, proline-rich short
synthetic peptides were used as ligands to examine their interaction with
WW domains (Chan et al., 1996; Bedford et al., 2000). Due to abundant
poly-proline-rich sequence FH1 domain is an unstructured region. In our
attempts to dock the interaction between FMN1 and FNBP4, our findings
indicate that the FH1 domain appears to lack structure in its unbound
state. However, there is a possibility that structural changes occur,
leading to the formation of a defined structure, when the FH1 domain
binds with FNBP4. Further exploration is needed to fully understand the
dynamics of FH1 domain conformational changes during interaction
with FNBP4 (Fig. S. 5).

FNBP4 contains two WW domains, where WW1 and WW2 are spaced
by long stretches of amino acid. To address the different binding spec-
ificity of the WW1 and WW2 domains, we prepared WW1 and WW2
domain-containing constructs and checked their binding potentialities.
From our results, it’s clear that the FNBP4 WW1 domain was only
involved in interaction with the poly-proline-rich FH1 domain of FMN1.
In contrast, WW2 domain did not bind to the FMN1 FH1 domain.
Therefore, there was no binding, so ligand accessibility might not likely
be the reason. WW2 domain of FNBP4 is fine-tuned for different motifs
that are not present in FMN1 FH1 domain. Different binding specificity
of WW1 and WW2 might allow different formins to interact and play
important roles in cytoskeleton regulation.

In the endocytic pathway, the suppressor of Deltex [Su(dx)] interacts
with the PY motif of Notch (Jennings et al., 2007). Su(dx) has four WW
domains (WW1, WW2, WW3, and WW4); individually or in pairs
WW1-WW2 and WW3-WW4 can interact with Notch (Jennings et al.,
2007). Interestingly WW3 associates with the WW4 domain and obstruct
WW4 to reach proper folding structure for Su(dx) (Jennings et al.,
2007). FBP21 interacts with pre-mRNA splicing factor SIPP1 with the
help of two tandem WW domains (Huang et al., 2009). FBP21 binding to
SIPP1 was diminished when either one of the WW domains was mutated
(Huang et al., 2009). This is clear evidence of the cooperation between
the two WW domains in FBP21. In contrast, the tandem domains of
FNBP4 might independently fold and behave differently for ligand
binding (Fig. S. 7). Moreover, N-terminal WW1-WW2 FNBP4 together
and WW1 FNBP4 solo confer a similar binding affinity for the FH1
domain of FMN1. From our results, it was clear that WW1 and WW2 did
not interact with each other. Consequently, there was no co-operativity
between WW1 and WW2 of FNBP4 for this FMN1 FH1 domain binding

context or with other interacting partners also. Increasing corroboration
assist the notion that in some tandem WW domain there is
co-operatively due to the pliable linker region of the interdomain.
FBP28, FBP11, and Su(dx) are all these protein’s tandem domains linked
with a short flexible linker region (Sudol et al., 2005). Whereas FNBP4
WW1 and WW2 domain were spaced by a long stretch around 347 amino
acid residues might be the probable reason for solo acting rather than
synergistically. However, the solo and tandem domains’ regulation and
binding kinetics are very poorly understood. Extensive structural studies
of the tandem FNBP4 WW domain will allow us to decipher the mo-
lecular picture of the regulation and co-operativity.

In previous reports, WW domains are classified as Gr-I, IL, III, and IV
based on binding with proline-rich consensus sequence. Group-I WW
domains bind with PPxY motif, where ’x’ can be any acid residues
including proline; Group-II recognizes PPLP consensus motif; Group-III
prefers to bind with poly-proline stretch flanked by an arginine amino
acid at C-terminus, and Group-IV showed an affinity for phospho-
Serine/Threonine proceeded by proline amino acid residues (Bedford
et al., 2000). Later, due to ambiguity in the grouping of Gr-II and III as
both Gr-II and Gr-III domains can bind to PPLP and PPR motifs along
with simple poly-proline stretch, Gr-II/III is considered a single group
(Kato et al., 2006). Previous reports have demonstrated that FNBP4 WW
domains were categorized in this large group-III based on oriented
peptide library screening (Peptide library sequence MAXXXXPPRXXX-
XAKK; where X denoted as any amino acid except cysteine) and in vitro
binding experiments. Furthermore, both the WW1 and WW2 domains of
FNBP4 exhibit similar Pro-Arg peptide selectivity (PPR consensus se-
quences) (Bedford et al., 2000). Here, we observed that the FNBP4
WW-1 domain fulfills these Gr-II/III criteria for the motif binding pref-
erence. Nevertheless, the FNBP4 WW-2 domain was classified into
Gr-1I/111, but further study using long ligands is needed to correctly
classify this domain.

5. Conclusion

In this study, our primary focus was on the interaction between
FMNT1, a non-diaphanous formin, and FNBP4. Our experimental findings
strongly support the interaction between the FH1 domain of FMN1 and
the WW domains of FNBP4. Furthermore, among the two WW domains
(WW1 and WW2), only WW1 exhibits an interaction with the FH1
domain of FMN1. These findings suggest that exploring the interactions
between the WW1 and WW2 domains with different formins presents a
new avenue for studying the regulation of formin activity in the dy-
namics of the actin cytoskeleton. Finally, we have identified FNBP4 as
an interacting partner of FMN1, as both have been reported as regulators
of the BMP signaling pathway for limb development. Analyzing the
expression patterns of FNBP4 and FMN1 in different developmental
phases in a mice model should provide additional insights into this.



S. Das and S. Maiti
CRediT authorship contribution statement

Shubham Das: Conceived and designed the experiments, Data
curation, Formal analysis, Investigation, Methodology, Software, Vali-
dation, Visualization, Writing — original draft, Writing — review &
editing. Sankar Maiti: Conceived and designed the experiments, Formal
analysis, Funding acquisition, Investigation, Project administration,
Resources, Supervision, Writing — original draft, Writing — review &
editing.

Declaration of competing interest

The authors declare no competing interests.
Data availability

Data will be made available on request.
Acknowledgements

SM thanks DST-FIST for funding the Central Analytical Instrumen-
tation Facility and IISER-KOLKATA for extending institutional funding.
SD acknowledges the University Grants Commission for fellowship. We
thank Mr. Somnath Halder at Central Analytical Instrumentation Facil-
ity at IISER-Kolkata for his assistance during SPR experiments. A special
thanks to Mr. Jajati Keshari Ray for his assistance with the animal house
facilities. We thank Dr. Pragyan Parimita Rath for helping in the mo-
lecular docking studies. We are grateful to Prof. Rupak Datta and Dr.
Arnab Gupta for their valuable comments in the preparation of the
manuscript.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.crstbi.2023.100119.

References

André, B., Springael, J.Y., 1994. WWP, a new amino acid motif present in single or
multiple copies in various proteins including dystrophin and the SH3-binding Yes-
associated protein YAP65. Biochem. Biophys. Res. Commun. 205, 1201-1205.
https://doi.org/10.1006/bbrc.1994.2793.

Aspenstrom, P., 2010. Formin-binding proteins: modulators of formin-dependent actin
polymerization. Biochim. Biophys. Acta 1803, 174-182. https://doi.org/10.1016/j.
bbamecr.2009.06.002.

Bedford, M.T., Sarbassova, D., Xu, J., Leder, P., Yaffe, M.B., 2000. A novel pro-arg motif
recognized by WW domains. J. Biol. Chem. 275, 10359-10369. https://doi.org/
10.1074/jbc.275.14.10359.

Chan, D.C., Bedford, M.T., Leder, P., 1996. Formin binding proteins bear WWP/WW
domains that bind proline-rich peptides and functionally resemble SH3 domains.
EMBO J. 15, 1045-1054.

Goode, B.L., Eck, M.J., 2007. Mechanism and function of formins in the control of actin
assembly. Annu. Rev. Biochem. 76, 593-627. https://doi.org/10.1146/annurev.
biochem.75.103004.142647.

Habas, R., Kato, Y., He, X., 2001. Wnt/frizzled activation of Rho regulates vertebrate
gastrulation and requires a novel formin homology protein Daaml. Cell 107,
843-854. https://doi.org/10.1016/50092-8674(01)00614-6.

Higgs, H.N., 2005. Formin proteins: a domain-based approach. Trends Biochem. Sci. 30,
342-353. https://doi.org/10.1016/j.tibs.2005.04.014.

Hsia, H.-E., Kumar, R., Luca, R., Takeda, M., Courchet, J., Nakashima, J., Wu, S.,
Goebbels, S., An, W., Eickholt, B.J., Polleux, F., Rotin, D., Wu, H., Rossner, M.J.,
Bagni, C., Rhee, J.-S., Brose, N., Kawabe, H., 2014. Ubiquitin E3 ligase Nedd4-1 acts
as a downstream target of PI3K/PTEN-mTORC1 signaling to promote neurite
growth. Proc. Natl. Acad. Sci. U.S.A. 111, 13205-13210. https://doi.org/10.1073/
pnas.1400737111.

Current Research in Structural Biology 7 (2024) 100119

Hsu, D.R., Economides, A.N., Wang, X., Eimon, P.M., Harland, R.M., 1998. The Xenopus
dorsalizing factor gremlin identifies a novel family of secreted proteins that
antagonize BMP activities. Mol. Cell 1, 673-683. https://doi.org/10.1016/51097-
2765(00)80067-2.

Huang, X., Beullens, M., Zhang, J., Zhou, Y., Nicolaescu, E., Lesage, B., Hu, Q., Wu, J.,
Bollen, M., Shi, Y., 2009. Structure and function of the two tandem WW domains of
the pre-mRNA splicing factor FBP21 (formin-binding protein 21). J. Biol. Chem. 284,
25375-25387. https://doi.org/10.1074/jbc.M109.024828.

Jackson-Grusby, L., Kuo, A., Leder, P., 1992. A variant limb deformity transcript
expressed in the embryonic mouse limb defines a novel formin. Genes Dev. 6, 29-37.
https://doi.org/10.1101/gad.6.1.29.

Jennings, M.D., Blankley, R.T., Baron, M., Golovanov, A.P., Avis, J.M., 2007. Specificity
and autoregulation of Notch binding by tandem WW domains in suppressor of
Deltex. J. Biol. Chem. 282, 29032-29042. https://doi.org/10.1074/jbc.
M703453200.

Kato, Y., Hino, Y., Nagata, K., Tanokura, M., 2006. Solution structure and binding
specificity of FBP11/HYPA WW domain as Group-II/III. Proteins 63, 227-234.
https://doi.org/10.1002/prot.20880.

Kobielak, A., Pasolli, H.A., Fuchs, E., 2004. Mammalian formin-1 participates in
adherens junctions and polymerization of linear actin cables. Nat. Cell Biol. 6,
21-30. https://doi.org/10.1038/ncb1075.

Kondo, Y., Koshimizu, E., Megarbane, A., Hamanoue, H., Okada, I., Nishiyama, K.,
Kodera, H., Miyatake, S., Tsurusaki, Y., Nakashima, M., Doi, H., Miyake, N.,
Saitsu, H., Matsumoto, N., 2013. Whole-exome sequencing identified a homozygous
FNBP4 mutation in a family with a condition similar to microphthalmia with limb
anomalies. Am. J. Med. Genet. 161A, 1543-1546. https://doi.org/10.1002/ajmg.
a.35983.

Li, F., Higgs, H.N., 2003. The mouse formin mDial is a potent actin nucleation factor
regulated by autoinhibition. Curr. Biol. 13, 1335-1340. https://doi.org/10.1016/
$0960-9822(03)00540-2.

Liu, W., Sato, A., Khadka, D., Bharti, R., Diaz, H., Runnels, L.W., Habas, R., 2008.
Mechanism of activation of the formin protein Daam1. Proc. Natl. Acad. Sci. U.S.A.
105, 210-215. https://doi.org/10.1073/pnas.0707277105.

Macias, M.J., Wiesner, S., Sudol, M., 2002. WW and SH3 domains, two different scaffolds
to recognize proline-rich ligands. FEBS Lett. 513, 30-37. https://doi.org/10.1016/
50014-5793(01)03290-2.

Maiti, S., Michelot, A., Gould, C., Blanchoin, L., Sokolova, O., Goode, B.L., 2012.
Structure and activity of full-length formin mDial. Cytoskeleton (Hoboken) 69,
393-405. https://doi.org/10.1002/cm.21033.

Moseley, J.B., Maiti, S., Goode, B.L., 2006. Formin proteins: purification and
measurement of effects on actin assembly. Methods Enzymol. 406, 215-234. https://
doi.org/10.1016,/50076-6879(06)06016-2.

Rath, A., Davidson, A.R., Deber, C.M., 2005. The structure of “unstructured” regions in
peptides and proteins: role of the polyproline II helix in protein folding and
recognition. Peptide Sci. 80, 179-185. https://doi.org/10.1002/bip.20227.

Sahasrabudhe, A., Ghate, K., Mutalik, S., Jacob, A., Ghose, A., 2016. Formin 2 regulates
the stabilization of filopodial tip adhesions in growth cones and affects neuronal
outgrowth and pathfinding in vivo. Development 143, 449-460. https://doi.org/
10.1242/dev.130104.

Sato, A., Khadka, D.K., Liu, W., Bharti, R., Runnels, L.W., Dawid, 1.B., Habas, R., 2006.
Profilin is an effector for Daam1 in non-canonical Wnt signaling and is required for
vertebrate gastrulation. Development 133, 4219-4231. https://doi.org/10.1242/
dev.02590.

Sudol, M., Recinos, C.C., Abraczinskas, J., Humbert, J., Farooq, A., 2005. WW or WoW:
the WW domains in a union of bliss. IUBMB Life 57, 773-778. https://doi.org/
10.1080/15216540500389039.

Suman, P., Mishra, S., Chander, H., 2018. High expression of FBP17 in invasive breast
cancer cells promotes invadopodia formation. Med. Oncol. 35, 71. https://doi.org/
10.1007/512032-018-1132-5.

Syedbasha, M., Linnik, J., Santer, D., O’Shea, D., Barakat, K., Joyce, M., Khanna, N.,
Tyrrell, D.L., Houghton, M., Egli, A., 2016. An ELISA based binding and competition
method to rapidly determine ligand-receptor interactions. JoVE, e53575. https://
doi.org/10.3791/53575.

Yagi, R., Chen, L.F., Shigesada, K., Murakami, Y., Ito, Y., 1999. A WW domain-containing
yes-associated protein (YAP) is a novel transcriptional co-activator. EMBO J. 18,
2551-2562. https://doi.org/10.1093/emboj/18.9.2551.

Zhou, F., Leder, P., Zuniga, A., Dettenhofer, M., 2009. Forminl disruption confers
oligodactylism and alters Bmp signaling. Hum. Mol. Genet. 18, 2472-2482. https://
doi.org/10.1093/hmg/ddp185.

Zigmond, S.H., 2004. Formin-induced nucleation of actin filaments. Curr. Opin. Cell Biol.
16, 99-105. https://doi.org/10.1016/j.ceb.2003.10.019.

Zuniga, A., Michos, O., Spitz, F., Haramis, A.-P.G., Panman, L., Galli, A., Vintersten, K.,
Klasen, C., Mansfield, W., Kuc, S., Duboule, D., Dono, R., Zeller, R., 2004. Mouse
limb deformity mutations disrupt a global control region within the large regulatory
landscape required for Gremlin expression. Genes Dev. 18, 1553-1564. https://doi.
org/10.1101/gad.299904.


https://doi.org/10.1016/j.crstbi.2023.100119
https://doi.org/10.1016/j.crstbi.2023.100119
https://doi.org/10.1006/bbrc.1994.2793
https://doi.org/10.1016/j.bbamcr.2009.06.002
https://doi.org/10.1016/j.bbamcr.2009.06.002
https://doi.org/10.1074/jbc.275.14.10359
https://doi.org/10.1074/jbc.275.14.10359
http://refhub.elsevier.com/S2665-928X(23)00025-9/sref4
http://refhub.elsevier.com/S2665-928X(23)00025-9/sref4
http://refhub.elsevier.com/S2665-928X(23)00025-9/sref4
https://doi.org/10.1146/annurev.biochem.75.103004.142647
https://doi.org/10.1146/annurev.biochem.75.103004.142647
https://doi.org/10.1016/S0092-8674(01)00614-6
https://doi.org/10.1016/j.tibs.2005.04.014
https://doi.org/10.1073/pnas.1400737111
https://doi.org/10.1073/pnas.1400737111
https://doi.org/10.1016/S1097-2765(00)80067-2
https://doi.org/10.1016/S1097-2765(00)80067-2
https://doi.org/10.1074/jbc.M109.024828
https://doi.org/10.1101/gad.6.1.29
https://doi.org/10.1074/jbc.M703453200
https://doi.org/10.1074/jbc.M703453200
https://doi.org/10.1002/prot.20880
https://doi.org/10.1038/ncb1075
https://doi.org/10.1002/ajmg.a.35983
https://doi.org/10.1002/ajmg.a.35983
https://doi.org/10.1016/S0960-9822(03)00540-2
https://doi.org/10.1016/S0960-9822(03)00540-2
https://doi.org/10.1073/pnas.0707277105
https://doi.org/10.1016/s0014-5793(01)03290-2
https://doi.org/10.1016/s0014-5793(01)03290-2
https://doi.org/10.1002/cm.21033
https://doi.org/10.1016/S0076-6879(06)06016-2
https://doi.org/10.1016/S0076-6879(06)06016-2
https://doi.org/10.1002/bip.20227
https://doi.org/10.1242/dev.130104
https://doi.org/10.1242/dev.130104
https://doi.org/10.1242/dev.02590
https://doi.org/10.1242/dev.02590
https://doi.org/10.1080/15216540500389039
https://doi.org/10.1080/15216540500389039
https://doi.org/10.1007/s12032-018-1132-5
https://doi.org/10.1007/s12032-018-1132-5
https://doi.org/10.3791/53575
https://doi.org/10.3791/53575
https://doi.org/10.1093/emboj/18.9.2551
https://doi.org/10.1093/hmg/ddp185
https://doi.org/10.1093/hmg/ddp185
https://doi.org/10.1016/j.ceb.2003.10.019
https://doi.org/10.1101/gad.299904
https://doi.org/10.1101/gad.299904

	Probing the ligand binding specificity of FNBP4 WW domains and interaction with FH1 domain of FMN1
	1 Introduction
	2 Materials and methods
	2.1 Plasmid construction
	2.2 Protein purifications
	2.3 Antibody production
	2.4 Enzyme-linked immunosorbent assay (ELISA)
	2.5 Surface plasmon resonance (SPR)

	3 Results
	3.1 Proline-rich FH1 domain interacts with WW domains of FNBP4
	3.2 WW1 and WW2 domain of FNBP4 behave differently
	3.3 WW1 and WW2 domains of FNBP4 are independent

	4 Discussion
	5 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


