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Introduction

Protein-protein interactions comprise the underlying mecha-
nism of a number of biological processes, such as DNA repli-
cation, transcription, translation, signal transduction and other 
complex cellular processes.1 More often, intracellular protein-
protein interactions are transient, wherein two or more pro-
teins are involved and exist as either strong transient or weak 
transient interactions.2 Elucidating these interactions is critical 
for understanding the various biological processes and disease 
conditions for the development of therapeutic interventions. 
There are many techniques available to elucidate protein-protein 
interactions, among which X-ray crystallography and NMR 
spectroscopy are the common methods employed to study the 
interactions at atomic level. However, these techniques, particu-
larly co-crystallization experiments, require the protein-protein 
complex to exist as a stable and homogeneous species. In some 
cases, it has been observed that the presence of certain crystal-
lization reagents can destabilize the protein-protein interaction, 
leading to crystallization of only one of the proteins. In other 
instances, one of the binding partners might be disordered, and 
may gain a stable secondary structure upon transiently interact-
ing with its binding partner to fulfill its biological role.3 This 

Several key biological events adopt a “hit-and-run” strategy in their transient interactions between binding partners. In 
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Neurogranin and Neuromodulin, joined via a Gly-linker to their interacting partner, Calmodulin. Moreover, the reported 
functional studies with independent full-length proteins confirmed the findings of the linked peptide complexes. Based 
on our studies, and in combination with the supporting literature, we suggest that optimized linkers can provide an 
environment to mimic the natural interactions between binding partners, and offer a useful strategy for structural 
studies to trap weak and transient interactions involved in several biological processes.

A method to trap transient and weak interacting 
protein complexes for structural studies

Vishnu Priyanka reddy Chichili, Veerendra Kumar and J Sivaraman*

Department of Biological Sciences; National University of Singapore; Singapore

Keywords: protein-protein interactions, transient binding, linked complex, co-crystallization

“hit-and-run” strategy thus poses a challenge for trapping the 
event in co-crystallization.

Transient protein-protein interactions are commonly studied 
with the use of chemical cross linking.4 This involves the for-
mation of covalent bonds between 2 proteins using bifunctional 
reagents that react with functional groups, such as primary 
amines and sulfhydryls, of amino acid residues.5 For instance, 
glutaraldehyde, one of the most common chemical cross linkers, 
is able to maintain the structural rigidity of proteins. However, 
utilizing chemical cross linkers depends on the proximity of par-
ticular amino acids (such as Asp, Cys, Glu and Lys) to the site of 
the interaction.6 Moreover, optimization of cross linking reac-
tions is required to reduce higher order oligomer formation.7

Besides chemical cross linking, the interacting peptide 
from one binding partner can be covalently linked to other 
binding partner using a Gly-rich linker to obtain a structur-
ally well-ordered complex. A protein data bank (PDB) search  
(http://www.pdb.org/pdb/home/home.do) shows that sev-
eral linked protein-peptide complexes have been studied. For 
instance, a kinetic study showed that the association between the 
TCR (T cell receptor) and a peptide-MHC (major histocompat-
ibility complex) was slow, but dissociation was fast, making it 
difficult to trap this transient interaction for structural studies.8 
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importance of the key interacting residues was validated with the 
unlinked full-length proteins. Our results, combined with the 
supporting literature, suggest that optimized flexible polypep-
tide linkers can provide an environment that mimics the natural 
interactions between 2 binding partners. The results also show 
that the linker itself plays no role in dictating the interactions 
between the partners. This method can be employed to study 
other transient protein-protein interactions in several key biologi-
cal events that have previously been unattainable.

Results

We adopted the strategy that has been described in the Materials 
and Methods section to study the transient and weak protein-
protein interactions between the intrinsically disordered, neu-
ron-specific substrate proteins, Ng and Nm, with Calmodulin 
(CaM). Figure 1 summarizes the key steps employed in this 
approach. Our previous attempts to co-crystallize either of these 
proteins with CaM, using the full-length proteins or the com-
mercially synthesized Ng/Nm IQ peptides (24 aa) did not yield 
complex crystals. When crystals were obtained under certain 
conditions, the crystals contained only CaM. This was likely due 
to the combined effect of the disordered nature of these proteins/
peptides and the weak or transient interactions between these 
proteins and CaM. As such, the Ng/Nm and CaM interaction 
was deemed an appropriate model to demonstrate the efficacy of 
this methodology.

Identification of minimum binding region. Prior knowledge 
on the CaM binding regions of Nm/Ng were used to design the 
minimum binding region (MBR) peptides of the IQ motifs. 
Initially, a sequence analysis was performed for CaM binding IQ 
peptides, whose structures were solved in complex with CaM. It 
was identified that the average length of the binding peptides used 
for complex formation was 25 amino acids where the IQ motif 
was located in the middle of the sequence. Previously, different 
lengths of IQ motif peptides of Nm and Ng have been used to 
study their interaction with CaM by NMR and fluorescence tech-
niques.14,15 Thus, based on the literature and the structural analy-
sis of the CaM complexes, we designed 2 MBRs (19 aa and 24 aa 
long) each for Nm and Ng to mimic the natural interactions of its 
full-length counterparts with CaM. The ITC analysis with CaM 
and these MBRs showed that the 24 aa MBR of both Nm and Ng 
had a higher affinity for CaM than the 19 aa MBRs.16 Thus, a 24 
aa MBR IQ motif peptide was selected to fuse with CaM.

Computational analysis and docking studies. Linking of 
Calmodulin Binding Domain (CBD) of calcineurin to the 
C-terminus of CaM using (Gly)

5
 has been previously reported.17 

This CaM binding partner does not possess an IQ motif and 
hence could not be used as an example for modeling in this study. 
As such, we employed computational modeling for the CaM-IQ 
motif complexes using Deep View.18 The template model was 
derived from a 2.5 Å crystal structure of the apo-CaM and IQ 
motif of myosin V complex (PDB code 2IX7).19 A modeling anal-
ysis showed that the distance between N-terminus of the MBR 
peptide and the C-terminus of CaM was ~17 Å in the case of Nm 
and ~19 Å in the case of Ng (Fig. 2A).

Later studies, however, were able to exploit the use of linked pep-
tides to study this interaction.9-12 In order to mimic the natural 
interactions between binding partners and to trap the complex 
formed, numerous glycine-rich linkers have been used, with 
lengths that vary from 5 to 31 amino acids, as reviewed previ-
ously.13 Although several linked complexes have been studied, 
there is no report available in the literature on the methodology 
by which this can be achieved.

Here, we describe a method to trap transient protein-protein 
interactions using an example for which one of the partners is 
intrinsically disordered but gains a stable secondary structure 
upon binding with its partner. For several years, our efforts to 
obtain a stable complex for this intrinsically disordered bind-
ing partner were unsuccessful. Now, using this approach, we are 
able to show that stable protein complexes can be obtained by 
linking a peptide of the minimum binding region (MBR) of the 
disordered partner to a structurally well-ordered protein. Using 
a computational model of the complex (generated with the avail-
able structural and binding details), we optimized the length and 
type of a linker to retain natural binding. To demonstrate this 
approach, here we report the interactions between the intrinsi-
cally disordered neuron-specific substrate proteins, Neurogranin 
(Ng) and Neuromodulin (Nm) with Calmodulin (CaM), using 
an optimized 5aa-Gly linker to fuse the MBR peptides (24 aa) of 
these two proteins with the C-terminal of CaM. Subsequently, 
the structures of these fused constructs were determined, and the 

Figure 1. Flowchart representation of the various key steps involved in 
the linked peptide complex method.
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recombinant proteins were expressed in Escherichia coli BL21 
(DE3) cells grown in LB broth medium and were purified using 
Ni-NTA affinity column (Qiagen). Eluted proteins from the 
Ni-NTA column were further purified by size exclusion chroma-
tography (SEC) (Superdex™75; GE Healthcare).

Characterization of the fused protein and crystallization. 
SEC showed that the CaM-(Gly)

5
-Nm IQ motif had a similar 

elution profile to that of CaM, indicating the existence of a well-
folded intact complex (Fig. 3). However, the CaM-(Gly)

5
-Ng IQ 

motif eluted a little earlier than the CaM, suggesting the possi-
bility of a non-interacting linked peptide. Consistently, the DLS 
results suggested that CaM and CaM-(Gly)

5
-Nm-IQ existed 

as possible monomers in solution, whereas CaM-(Gly)
5
-Ng-IQ 

existed in a size between monomer and dimer. Nonetheless, 
both linked complexes were determined to be homogeneous in 
solution and thus suitable for crystallization. Interestingly, we 
observed that the complexes with the longer (Gly)

8
 linker eluted 

in the void volume in the SEC, revealing the possible disordered 
nature of the chimeric proteins. Thus, optimizing the length of 
the linker is important for obtaining stable protein-protein com-
plexes. However, if the linker length is not sufficient to maintain 

Linking the MBR peptide to protein. Previously, it was 
shown that the IQ motifs of Ng and Nm interact with the 
C-lobe of apo-CaM;20-22 thus, the IQ peptides were fused to the 
C-terminus of CaM for this study. Moreover, the structural anal-
ysis of the known CaM-peptide complexes also suggested linking 
the peptide to the C-terminus of CaM using a (Gly)

5
 linker.17 

While we believed that the (Gly)
5
 linker would be sufficient, we 

also developed complexes using a longer linker ([Gly]
8
) to avoid 

any possible hindrances that could arise due to the shorter (Gly)
5
 

linker. In brief, the IQ motifs (24 aa) of Nm and Ng were linked 
to the C-terminus of CaM via a flexible 5/8-Gly linker (CaM-
[Gly]

5/8
-NmIQ or NgIQ) using a three-step fusion PCR proce-

dure, as described by Ye et al.17 The first round of PCR involved 
amplification of the CaM gene with primers that incorporated 
the Gly linker at the C-terminus of CaM. The second round of 
PCR involved amplification of the Nm/Ng IQ motif gene with 
primers incorporating the Gly linker at the N-terminus of the 
IQ motif. The final round of PCR was done using CaM and 
IQ motif genes that were amplified in previous PCR rounds as 
templates, with a forward primer corresponding to the CaM gene 
and a reverse primer corresponding to the IQ motif genes. The 

Figure 2. (A) Computational models of apo-CaM-Nm IQ and apo-CaM-Ng IQ complexes obtained with Deep View analysis using apo-CaM-myosin V 
IQ peptide complex as a template (PDB code: 2IX7). Computational models show that the IQ motif peptide interacts mainly with the C-lobe of CaM.  
(B) Crystal structures of apo-CaM-Nm (PDB code: 4e53) and apo-CaM-Ng (PDB code: 4e50) complexes obtained by linking the binding partners using 
a (Gly)5 linker. CaM adopts an extended conformation and the IQ motif peptides interact with the C-lobe of CaM. (C) ribbon representation of different 
orientations adopted by Nm (magenta) and Ng (green) IQ peptides when CaM-Nm IQ (PDB code: 4e53) and CaM-Ng IQ (PDB code: 4e50) structures 
were superimposed.
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the bound peptide could not be established and this was true in 
the case of CaM-Nm complex.

Validation. To further confirm that the interactions between 
CaM and the linked MBR peptides of Ng or Nm were the same 
as those in the unlinked proteins, the key interacting residues 
of Ng/Nm and CaM were mutated and validated using in vitro 
and in vivo experiments.16 ITC experiments were performed with 
full-length, unlinked proteins to determine the binding affin-
ity between various mutants of CaM and Ng/Nm. Further, the 
physiological role of the identified key residues of Ng, which are 
involved in its interactions with CaM, were determined using 
electrophysiological experiments. The key residues were identi-
fied as Ser36, Ile33, Arg38 of Ng, and Ser41, Phe42 and Arg43 
of Nm. These residues were previously shown to be involved in 
interactions with the full-length, unlinked proteins by us and 
others.16,20,27-29 This confirmed that the linker had no impact on 
dictating the orientation and interactions of the binding partners.

Discussion

Here, we have demonstrated a methodology to understand the 
transient protein-protein interactions, for which one partner is 
an intrinsically unstructured protein; i.e., Nm/Ng. Often, the 
intrinsically unstructured proteins gain secondary structure 
upon binding with their partners. For instance, this is true for 
the Myelin Basic Protein (MBP), another CaM binding partner, 
that is intrinsically disordered on its own and attains secondary 
structure upon its interaction with CaM.30

It is known that CaM interacts with the intrinsically disor-
dered proteins Ng and Nm.31,32 Based on the literature combined 
with the structure analysis of CaM-IQ motif complexes and 
binding studies, MBR peptides from Nm and Ng were derived. 
Moreover, computational modeling and literature analysis sug-
gested that an appropriate linker length to allow for a natural 
interaction between CaM and Nm or Ng. These linked con-
structs were purified, crystallized and their structures were deter-
mined and validated.16

It is worth mentioning here that the crystal structure of CaM 
linked to the CBD peptide of calcineurin was previously deter-
mined.17 In this crystal structure, the chimeric protein formed 
a tight dimer, where each CBD peptide was surrounded by the 
C-lobe of CaM to which the peptide is fused and the N-lobe of 
an adjoining molecule.17 The crystal structure of the CaM-CBD 
of calcineurin in the absence of a linker was also determined. 
Both crystal structures (in the presence and absence of linker) 
illustrated this tight dimer formation.33,34 However, the solu-
tion structure determined using Small Angle X-ray Scattering 
(SAXS) showed that the complex was a monomer with the pep-
tide wrapped by the N- and C-lobes of a single CaM. Further, 
the complex required bending of the central helix between the 2 
lobes of CaM.34 A comparison of these 2 structures revealed that 
domain swapping was required to obtain the crystal structure of 
the same complex, and it is possible that the dimer crystal struc-
ture was stabilized by the crystal contacts.34 Nonetheless, the 
interactions identified between CaM and CBD from both solu-
tion structure and crystal structure were the same. This further 

the natural interactions between the binding partners, the bind-
ing partners will adopt intermolecular interactions instead of 
intramolecular interactions to retain the natural interaction. 
Similar intermolecular binding was observed between the phos-
phoprotein (P) and nucleocapsid protein (N) in another study 
(Fig. 4B).23 Collectively, linkers do not interfere with the natural 
interactions between the binding partners.13

We attempted to crystallize the linked complex in the pres-
ence and absence of Ca2+. However, crystals were obtained only 
for the apo form (Ca2+-free form).16 The co-crystallization of the 
unlinked CaM and MBR peptides of Ng or Nm did not yield 
crystals, even in the same conditions in which the linked com-
plex proteins were crystallized. The Seleno-l-methionine-labeled 
crystals of the linked complexes were produced and the structure 
was solved by ShelxC/D/E program.24 The model was manually 
built using COOT25 when necessary, and refinement was per-
formed in Refmac5.26 Both complex structures were refined to 
R-factors less than 30%, with good stereochemical parameters.16

Structures of the linked complexes. The Nm and Ng IQ pep-
tides bound to the C-lobe of CaM and gained a secondary struc-
ture. Interestingly, the direction of the bound peptides in these 
complexes was different (Fig. 2C).16 Moreover, the computational 
model and the determined crystal structure were different in the 
case of CaM-Nm complex and are similar in the case of CaM-Ng 
complex. Nm IQ peptide bound to the C-lobe of CaM is in a dif-
ferent orientation compared with the computational model and 
CaM-Ng complex (Fig. 2). Although the modeling analysis iden-
tified the binding region of the peptide based on known CaM-IQ 
peptide complex structures, the exact orientation and direction of 

Figure 3. Comparison among Size exclusion Chromatography elu-
tion profiles for CaM, CaM-(Gly)5-Nm and CaM-(Gly)5-Ng using 16/60 
Superdex 75 prep grade column. a similar elution profile for CaM and 
CaM-(Gly)5-Nm shows that the CaM and CaM linked Nm complex have 
similar hydrodynamic radii and indicates that the linked complex is 
well-folded. The CaM-(Gly)5-Ng shows a small difference in the elution 
profile, indicating the possibility of a non-interacting linked complex. 
This was further verified using dynamic light scattering (DLS) (data not 
shown).
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on the crystals. In some cases, if the length of the linker is not 
sufficient to mimic the natural binding, intermolecular protein-
peptide interactions can form to stabilize the complex. This was 
observed in the case of apo CaM-(Gly)

5
-NgIQ, where the NgIQ 

peptide interacted with CaM from the nearby symmetry-related 
molecule in the crystal (Fig. 4A). Previously, it was reported that 
where 2 proteins are linked there is a possibility for an intermo-
lecular interaction. Phosphoprotein (P) is a component of viral 
RNA polymerase involved in facilitating the binding between 
RNA polymerase and the nucleocapsid protein (N). In order to 
understand the interaction between these 2 proteins, a glycine-
rich linker (GSGSGSGS) was used to fuse the C-terminal of 
phosphoprotein (P

459–507
) to the N-terminal of nucleocapsid pro-

tein (N
486–505

). However, the structure of the complex revealed 
that, to maintain its natural interactions, the N

486–505
 helix from 

the adjacent symmetry-related molecule formed intermolecular 
interactions with P

459–507
 (Fig. 4B).23

Despite the highly flexible nature of the poly-Gly linker, the 
length of the linker may prevent the peptide from flipping to 
interact with its partner. However, as shown in the previous stud-
ies and in CaM-Ng IQ complex, if the linker is not long enough 

confirmed that the linker did not affect the interactions between 
the binding partners.

Advantages. There are several advantages of the linked pep-
tide complex method. The first advantage is the most obvious: 
the ability to trap transient interactions. Most cellular processes 
involve protein-protein interactions, which are transient in 
nature3 and thus are difficult to study at the atomic level. The 
linked peptide complex method alleviates these concerns by 
covalently linking the 2 binding partners.

Second, the ease and simplicity of sample preparation in this 
method means that it is not difficult to replicate. The process 
requires a three-step PCR procedure to create the linked peptide 
fusion protein, and purification is simplified by purifying a single 
construct instead of two different constructs. Furthermore, since 
the peptide is fused to the protein, it will result in a homoge-
neous protein-peptide complex with a 1:1 ratio, which will help 
facilitate the crystallization process. Tying into this, the third 
advantage is that crystals of the fused peptide are obtained, 
thus guaranteeing the presence of the linked complex of the 2 
interacting species, not just crystallization of one protein. This 
can then be verified using mass spectrometry and SDS-PAGE 

Figure 4. (A) Molecular surface and ribbon representations for the binding of Ng MBr peptide on CaM in the CaM-(Gly)5-Ng linked peptide complex 
(PDB code: 4e50). CaM interacts with the linked MBr peptide of the nearby molecules (symmetry-related molecule) to mimic their natural interactions. 
Predicted position of the linker is shown as a green dotted line. (B) ribbon representation of phosphoprotein (P457–507) of paramyxoviral polymerase 
(cyan) - nucleocapsid protein (N486–505) (orange) (PDB code: 1T6O). C-terminus of P457–507 is linked using an 8 amino acid-long Gly-rich linker to the 
N-terminus of N486–505. But, N486–505 linked to P457–507 of an adjacent symmetry-related molecule is involved in the interaction. Predicted position of the 
linker is shown as a black dotted line. This clearly indicates that the linker does not restrict the orientation of the binding.
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Identification of the minimum binding region. The MBR 
peptide should be preferably derived from the structurally 
unknown or relatively unstructured binding partner. To deter-
mine the MBRs between the binding partners, deletion studies 
and point mutational analyses can be employed, based on their 
existing functional knowledge. Moreover, chemical crosslinking 
and limited proteolysis, combined with mass spectrometry analy-
sis, can provide information about the various protein domains 
or regions that are involved in the interaction.35 Further, the role 
of these regions in protein-protein interactions can be verified 
using co-immunoprecipitation, gel-shift assays and biophysical 
binding studies, such as Surface Plasmon Resonance (SPR) and 
Isothermal Titration Calorimetry (ITC), by comparing the bind-
ing of the wild-type and respective mutant proteins. This would 
lead to the identification of the MBR from structurally unknown 
binding partners. It is also recommended to examine the MBR 
peptides of various lengths to identify the peptide that will most 
closely mimic the interaction attained by the full-length proteins. 
Notably, biophysical binding experiments will provide the stoi-
chiometric ratio and binding affinity between the protein and 
MBR peptide.

Computational analysis and docking studies. Once the 
boundaries of the MBR peptides are identified through experi-
mental methods, various investigations should be performed to 
predict the interaction site of the MBR peptide on the surface 
of the stable protein (other binding partner): this includes, but 
is not limited to, a literature search, sequence analysis, muta-
genesis experiments, docking experiments, limited proteolysis 
and Hydrogen/Deuterium (H/D) exchange experiments.36 
Moreover, a DALI search37 against the PDB database using 
the coordinates of the structurally known binding partner will 
lead to the identification of other similar protein-peptide com-
plexes and perhaps more information as to the potential site of 
interaction. Besides, the positioning of the MBR peptide in the 
appropriate orientation and direction at the site of the interac-
tion requires some clue about the residues from both partners, 
which are likely to mediate the interaction. The docked com-
plex model of the MBR peptide with the full-length binding 
partner can be obtained using software such as 3D-Garden,38 
3D-Dock Suite,39 and Cluspro 2.0.40 Previously, studies have 
used the program Auto Dock41 to identify the binding sites of 
MBR peptides on a protein, with or without prior knowledge of 
their site of interaction.42 Together, these investigations can be 
used to predict the approximate distance between the docked 
peptide at the site of interaction and the N- or C-terminus of 
the protein, which will ultimately lead to the design of an opti-
mum linker length.

Linking the MBR peptide to the protein. Using a glycine-
rich linker, the MBR peptide can be linked to its binding part-
ner either on the N- or C-terminus, whichever is closest to the 
site of the interaction. Each glycine residue in the linker cor-
responds to an approximate length of ~3.8 Å.43 If the site of 
the interaction is known, an appropriate linker length can be 
designed to facilitate the positioning of the MBR peptide in the 
binding region of the stable protein. If the site of the interaction 
is unknown, various linker lengths can be tested to identify an 

to interact with the specific region of the binding partner it may 
engage with the nearest molecule in order to retain its natural 
interactions.

Collectively, this indicates that the linker is not dictating the 
mode of binding and orientation of the linked peptide; rather, 
the linked peptide interaction will mimic the binding between 
the respective full-length independent proteins. If the linker is 
not properly optimized, it may introduce conformational hetero-
geneity and will inhibit the crystallization.

Finally, the linked peptide complex method offers a more 
cost-effective method for crystallization than the independent 
protein-peptide complex method, which requires purified or 
commercially synthesized peptides. Besides applying this method 
for crystallographic studies, this approach may also be employed 
to study protein interactions using NMR and other spectroscopic 
methods where trapping the transient/weak complex is also 
challenging.

Limitations. Although this method has many advantages, 
there are some limitations too. First, it requires some structural 
knowledge of at least one of the binding partners in order to 
design and optimize the linker. In addition, it is essential that 
there is some knowledge of the site of the interaction on the pro-
tein surface, such that the peptide is fused to the correct terminus 
with an appropriate number of glycine residues in the glycine-
rich linker to provide adequate flexibility. The third limitation 
of this method is the inability to provide any post-translational 
modifications to the fused protein if it is expressed using a bacte-
rial expression system. While in vitro post-translation methods 
can be attempted (e.g., phosphorylation), it is recommended that 
the linked peptide complex be expressed either in yeast or bacu-
lovirus expression systems if post-translational modifications are 
required for the interaction.

The fourth limitation concerns crystallization. Sometimes the 
crystallization of the linked peptide complex will be challenging 
due to proteolytic cleavage. This may happen during crystalliza-
tion, and the chance of only getting one partner in the crystal 
cannot be ruled out. If this happens, adequate measures can be 
taken to prevent this proteolytic cleavage. In addition, as the 2 
interacting partners are linked, the stoichiometric ratio is limited 
to 1:1. Thus, this method is not recommended if the ratio is more 
than 1:1; however, we propose that a 1:2 stoichiometric ratio can 
be attempted by fusing the peptide to 2 appropriate linkers from 
both the N and C-terminals of the full-length protein. However, 
this technique should be approached cautiously and needs fur-
ther experimental validation.

Materials and Methods

The following sections describe the various steps involved in 
studying transient and weak protein-protein interactions using 
our proposed methodology of employing an optimized flexible 
polypeptide linker (Fig. 1). Although the interacting partners 
vary in size, the interacting region, herein called the minimum 
binding region (MBR), will be relatively small in most cases. The 
identification of the MBR from one of the binding partners is a 
key step for elucidating the binding.
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vivo studies should be performed to validate the role of the key 
residues in the protein-protein interaction.

Conclusions

We believe that the advantages of this method offer an excel-
lent solution for trapping and characterizing transient and weak 
complexes that are otherwise unattainable. Here, we have dem-
onstrated for the first time the study of the interactions of 2 
intrinsically disordered proteins, both of which participate in 
transient binding with their partner and only gain secondary 
structure upon binding. This method has wide application for 
studying similar, transient protein-protein interactions involved 
in various catalytic and biological processes that have remained, 
until now, a challenge for structural studies.
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appropriate length to facilitate the formation of a stable, intact 
complex.

Characterization of fused proteins and structure deter-
mination. Next, additional experiments should be performed 
to verify the integrity of the intact complex. Size Exclusion 
Chromatography (SEC) and Dynamic Light Scattering (DLS) 
experiments reveal the compactness of the fused protein.44,45 If 
required, analytical ultra-centrifugation (AUC) can also be per-
formed to analyze the intact fold of the fused MBR peptide-pro-
tein construct. Further, Circular Dichroism (CD) can be used 
to assess the fold of the fused construct. Any significant changes 
in the SEC/DLS/AUC/CD profiles compared with that of the 
unlinked full-length proteins may indicate improper folding of 
the fused construct. If this is the case, the length of the glycine-
rich linker needs to be optimized before any further steps are 
taken. Characterization of the fused proteins is followed by crys-
tallization and structure determination.

Validation. Once the structure of the linked complex is 
obtained, it is necessary to perform structure-guided validation 
experiments to confirm that the observed interactions are the 
same as the full-length unlinked protein-protein complex using 
in vitro and in vivo experiments. The key interacting residues 
should be mutated to study their implication in the interaction. 
This could be verified using various in vitro methods, such as 
ITC, SPR and/or pull-down assays. Besides, the appropriate in 
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