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Abstract Synergistic-aggregation and cross-seeding by two different proteins/peptides in the 
amyloid aggregation are well evident in various neurological disorders including Alzheimer’s disease. 
Here, we show co-storage of human Prolactin (PRL), which is associated with lactation in mammals, 
and neuropeptide galanin (GAL) as functional amyloids in secretory granules (SGs) of the female rat. 
Using a wide variety of biophysical studies, we show that irrespective of the difference in sequence 
and structure, both hormones facilitate their synergic aggregation to amyloid fibrils. Although each 
hormone possesses homotypic seeding ability, a unidirectional cross-seeding of GAL aggregation 
by PRL seeds and the inability of cross seeding by mixed fibrils suggest tight regulation of functional 
amyloid formation by these hormones for their efficient storage in SGs. Further, the faster release of 
functional hormones from mixed fibrils compared to the corresponding individual amyloid, suggests 
a novel mechanism of heterologous amyloid formation in functional amyloids of SGs in the pituitary.

Editor's evaluation
This study unravels the formation of prolactin/galanin functional amyloids and their storage in 
secretory granules of the anterior pituitary gland. Our understanding of the regulation of hormonal 
release from the pituitary gland is improved with this report. It will be of interest to the field of 
endocrinology, neurobiology and cancer.

Introduction
Protein/peptide misfolding, aggregation, and amyloid formation is associated with various neurolog-
ical disorders such as Alzheimer’s disease and Parkinson’s disease (Wszolek et al., 2001; Katzman 
and Saitoh, 1991). However, several studies have suggested that amyloid formation is also associated 
with the native biological function of the host organism. The protein fibrils formed to aid in the func-
tionality of the host organisms are called functional amyloids (Talbot, 2003; Destoumieux-Garzón 
et al., 2003; Oh et al., 2007; Maddelein et al., 2002; Ritter et al., 2005). For example, Pmel-17 
amyloid fibrils template melanin polymerization inside melanosomes (Berson et al., 2001; Watt et al., 
2009; Harper et al., 2008; Fowler et al., 2006; Huff et al., 2003); Curli fibrils of E. coli support the 
organism to adhere to a surface and also help their colonization process inside biofilms (Barnhart and 
Chapman, 2006; Chapman et al., 2002). In this line, another very interesting aspect is the formation 
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of functional amyloid by protein/peptide hormones (such as prolactin [PRL] and galanin [GAL]) during 
their storage inside the secretory granules (SGs) of pituitary (Maji et al., 2009a; Jacob et al., 2016). 
The amyloid formation, in this case, not only enriches the protein concentration to serve as a protease-
resistant protein/peptide storage depot but is also able to release the functional monomeric proteins 
upon dilution and pH changes (Maji et al., 2009a; Jacob et al., 2016; Jacob et al., 2010; Maji and 
Riek, 2010; Anoop et al., 2014).

Protein/peptide aggregation and amyloid formation generally follow nucleation-dependent polym-
erization mechanism (Wood et al., 1999; Srivastava et al., 2019; Eden et al., 2015), where protein/
peptide slowly associates to form aggregation competent nuclei (in the lag phase of aggregation) 
(Arosio et al., 2015; Ghosh et al., 2013; Mehra et al., 2018). Once formed, the aggregation compe-
tent nuclei further recruit the monomeric counterpart for their growth into mature amyloid fibrils 
(elongation phase) (Arosio et al., 2015; Ghosh et al., 2013; Mehra et al., 2018). The progression of 
aggregation eventually reaches a steady-state equilibrium between the fibrils and monomeric protein 
(stationary phase) (Srivastava et al., 2019; Alberti et al., 2010). Recent evidences however suggest 
that fragmentation/elongation and secondary nucleation may contribute to a significant decrease in 
the lag time of aggregation, similar to an external addition of preformed nuclei in amyloid growth 
reaction (seeding) (Daskalov et al., 2021; Törnquist et al., 2018; Buell, 2019). Although homotypic 
aggregation and seeding is the most favored mechanism of protein aggregation and amyloid forma-
tion, synergistic aggregation (co-aggregation) by two different proteins/peptides and heterologous 
seeding are also suggested to be involved in many neurodegenerative disorders (Köppen et  al., 
2020; Nisbet et al., 2015; Bennett et al., 2017; St-Amour et al., 2018; Spires-Jones et al., 2017). 
This is one of the possible mechanisms by which one disease aggravates the other disease such as 
Alzheimer’s disease together with either Type 2 diabetes (Bharadwaj et al., 2017; Biessels et al., 
2005 or Parkinson’s disease Guo et al., 2013; Giasson et al., 2003).

eLife digest The formation of plaques of proteins called ‘amyloids’ in the brain is one of the 
hallmark characteristics of both Alzheimer’s and Parkinson’s disease, but amyloids can form in many 
tissues and organs, often disrupting normal activity. A lot of the research into amyloids has focused 
on their role in disease, but it turns out that amyloids can also appear in healthy tissues. For example, 
some protein hormones form amyloids that act as storage depots, helping cells to release the 
hormone when it is needed.

Normally, amyloids are made mostly of a single type of protein or protein fragment associated 
with a particular disease like Alzheimer's. Often, this type of amyloid promotes plaque formation in 
other proteins, which aggravates other diseases (for example, the amyloids that form in Alzheimer’s 
can lead to Parkinson’s disease or type II diabetes getting worse).The plaques start growing from 
small amyloid fragments called seeds. In mixed amyloids – amyloids made of two types of proteins 
– seeds made of one protein can trigger the formation of amyloids of the other protein. This raises 
the question, is this true for hormones? The body often releases more than one hormone at a time 
from the same tissue; for example, the pituitary gland releases prolactin and galanin simultaneously. 
However, these hormones have completely different structures, so whether they can form a mixed 
amyloid is unclear.

To answer this question, Chatterjee et al. first determined that, within the pituitary gland of female 
rats, prolactin and galanin could be found together in the same cells, forming mixed amyloids. To 
understand out how this happens, Chatterjee et al. tried seeding new amyloids using either prolactin 
or galanin. This revealed that only prolactin seeds were able to trigger the formation of galanin 
amyloids. Chatterjee et al. also found that the mixed amyloids could release the hormones faster 
than amyloids made from either protein alone. Together, these results suggest that the collaboration 
between these two proteins may help maintain hormone balance in the body.

Problems with hormone storage and release lead to various human diseases, including prolac-
tinoma. Understanding amyloid storage depots could reveal new ways to control hormone levels. 
Further research could also help to explain more about well-studied diseases linked to amyloids, like 
Alzheimer's.

https://doi.org/10.7554/eLife.73835
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PRL and GAL secretion is synergistic and promoted by common secretagogues (Koshiyama et al., 
1987; Murakami et al., 1993; Wynick et al., 1998). PRL/GAL co-storage has been also reported 
in the anterior pituitary of female rats or estrogen-treated male rats (Hyde et al., 1991). Here, we 
investigate the synergistic aggregation and amyloid formation by these hormones for their secretory 
storage and release from SGs. Indeed, both of these hormones are co-stored in the female rat pitu-
itary and possess amyloid-like characteristics. In this study, we show that both hormones not only 
engage in homotypic amyloid aggregation in the presence of specific glycosaminoglycans as helper 
molecules but also synergistically aggregate (in absence of glycosaminoglycans) to form heterotypic 
amyloid containing PRL and GAL as suggested by double immunoelectron microscopy. Intriguingly, 
cross-seeding with PRL fibril seeds resulted in fibrillation of GAL. However, GAL fibrils could not 
seed PRL monomers for fibrillation. This suggests a tightly controlled regulation of hormone amyloids 
for their homotopic and heterotypic storage. Furthermore, our in vitro release assay showed faster 
release of functional monomers by heterotypic, hybrid amyloid (PRL-GAL) compared to its homotypic 
counterparts. This supports the storage and release are highly controlled and conserved in pituitary 
tissue for the optimum function to be served.

Results
PRL and GAL are co-stored as amyloids in SGs of the anterior pituitary 
of female rats
Previously, it was shown that PRL and GAL co-store in the anterior pituitary of female rats or estrogen-
treated male rats (Hyde et al., 1991; Koshiyama et al., 1990a; Koshiyama et al., 1990b). PRL is a 
23 kDa protein and consists of four-helix bundles comprising residues 14–42 (helix 1), 78–104 (helix 
2), 110–138 (helix 3), and 160–194 (helix 4) (Teilum et  al., 2005; Keeler et  al., 2003). The helix 
bundles are spaced with three loop regions (Figure 1a). On the other hand, GAL is a small unstruc-
tured neuropeptide, which is 30 residues in length (Evans and Shine, 1991; Bersani et al., 1991; 
Figure 1a). PRL showed amyloid-prone sequences predicted by TANGO (Fernandez-Escamilla et al., 
2004); GAL, however, did not contain any amyloid-prone sequences (Figure 1b–c). Since previously 
it was established that protein/peptide hormones (including PRL and GAL) can be stored as amyloids 
inside the SGs (Maji et al., 2009a), we tested whether PRL and GAL are colocalized in the cells of 
the anterior pituitary in the amyloid state or not. To examine this possibility, the immunofluorescence 
study of female rat pituitary was performed using anti-GAL and anti-PRL antibodies (see Materials 
and methods). Our results showed that PRL and GAL were substantially co-localized in the pituitary 
tissue (Figure 1d) indicating their co-storage inside the SGs. Further, to test whether both PRL and 
GAL remain in the amyloid state, we performed immunostaining of the pituitary tissue sections with 
amyloid-specific antibody OC along with Thioflavin-S (ThioS) (Bussière et al., 2004). Double immuno-
fluorescence of PRL and GAL along with amyloid specific OC antibody showed strong colocalization 
suggesting both the hormones are in the amyloid state (Figure 1e), which was also observed in ThioS 
staining (Figure 1—figure supplement 1). In contrast to the female rats, when a similar study of 
double immunofluorescence was performed in the male rat pituitary tissues, we did not observe any 
co-localization of PRL and GAL (Figure 1—figure supplement 2), which is consistent with the earlier 
studies (Hyde et al., 1991; Steel et al., 1989). Altogether, our data confirmed that both PRL and GAL 
are co-stored as amyloid aggregates in the female rat pituitary.

In vitro amyloid aggregation kinetics and synergistic co-fibrils of PRL 
and GAL
The colocalization of both PRL and GAL in the amyloid state suggested that PRL and GAL might 
interact with each other and might co-aggregate inside the same SGs. We hypothesized that there 
could be four possibilities (case 1–4) when PRL and GAL are co-stored as amyloids (Figure 2a). The 
two proteins can form separate filaments and these filaments can be incorporated into heterogeneous 
fibrils (case 1). They can form completely separate, homogeneous fibrils either by PRL or GAL or by 
both hormones (case 2). It is also possible that the PRL and GAL together can form the fibril forming 
unit to form heterogeneous amyloid fibrils (case 3); and lastly, the PRL monomers can simply adhere 
to the GAL fibrils (case 4 a) or vice-versa (case 4b).

https://doi.org/10.7554/eLife.73835
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To explore these possibilities, we asked whether two hormones with completely different 
sequences, length and without any sequence similarity/identity (Figure 2—figure supplement 1) can 
co-assemble to form hybrid fibrils. To do this, we mixed the 1:1 molar ratio of both the hormones, 
incubated at 37 °C, and probed the amyloid formation by Thioflavin T (ThT) binding and CD spec-
troscopy for 15 days (Figure 2b, Figure 2—figure supplement 1). As a control, both hormones were 
incubated alone. Since PRL and GAL are known to form amyloid in presence of specific glycosami-
noglycans such as chondroitin sulfate A (CSA) and Heparin (Hep) (Maji et al., 2009a), we also incu-
bated both the hormones in presence of their respective glycosaminoglycans as positive controls. As 
expected, both PRL and GAL showed fibril formation in the presence of CSA and Hep, respectively. 
No ThT binding was observed by either PRL or GAL in absence of glycosaminoglycans (Figure 2b, 
Figure 2—figure supplement 1).

Figure 1. Amyloid propensity and co-storage of PRL and GAL. (a) Schematic showing amino acid sequence and 
secondary structures of PRL & GAL with different color codes. (Upper panel) PRL is 191 amino acids in length and 
contains a four-helix bundle (green). The short helix and loop regions are also represented between helix-1 and 
helix 2 (shown in green and blue colors, respectively). (Lower panel) GAL showing 30 residue peptide with no 
definite secondary structure (Evans and Shine, 1991; Bersani et al., 1991). (b) (Left panel) The three-dimensional 
structure (obtained in Pymol) (Teilum et al., 2005) of PRL showing its major helices and two tryptophan residues 
(shown in purple) (PDB ID: 1RW5). (Right panel) Natively unstructured conformation of GAL is also shown. 
(c) TANGO algorithm showing the aggregation-prone residues of PRL and GAL at pH 6.0 (SGs relevant pH). The 
residues 18–29 and 80–88 of PRL showing amyloid aggregation potential. However, TANGO analysis of GAL 
revealed no amyloid aggregation propensity. Immunofluorescence studies showing (d) colocalization of PRL (red) 
and GAL (green) in the female rat anterior pituitary. (e) (left panel) Colocalization of amyloid fibrils (OC, green) and 
PRL (red) and amyloid fibrils (OC, green) and GAL (red) (Right panel) in the anterior pituitary of female rat. The 
merged microscopic image showing colocalization (yellow). The experiments (d-e) are performed three times with 
similar observations.

The online version of this article includes the following source data and figure supplement(s) for figure 1:

Source data 1. TANGO β-Aggregation propensity.

Source data 2. Protein/peptide hormone sequence used in this study.

Figure supplement 1. ThioS co-localization of PRL and GAL expressing cells in female rat pituitary tissue.

Figure supplement 2. Double immunofluorescence of PRL-GAL in male rat pituitary tissue.

https://doi.org/10.7554/eLife.73835
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Figure 2. Amyloid aggregation kinetics & co-fibril formation by PRL and GAL. (a) Schematic showing different possibilities for the formation of PRL-GAL 
co-fibrils. (b) Normalized ThT fluorescence intensity over time showing faster aggregation kinetics for GAL-Hep followed by PRL-GAL and PRL-CSA. The 
experiment is performed three times with similar results. Values represent mean ± SEM. (c) TEM images showing amyloid fibrils for PRL-CSA, GAL-Hep, 
and PRL-GAL after 15 days of incubation. Representative images are shown. The dotted box marks are the representative area from which the fibril 
diameters are measured. (d) XRD of PRL-CSA, GAL-Hep, and PRL-GAL fibrils at day 15 showing ~4.7 Å meridional and ~10 Å equatorial reflections, 
as commonly seen for most amyloid fibrils (Sunde et al., 1997; Sunde and Blake, 1997). (e) (Left panel) Representative TEM images showing fibril 
diameter measured at random positions (marked with red arrows) on individual fibrils. (Right panel) The normalized frequency distribution of fibril 
diameters of PRL-CSA, GAL-Hep, and PRL-GAL fibrils is shown. 200 data points are collected for individual samples for n = 3 independent experiments. 

Figure 2 continued on next page

https://doi.org/10.7554/eLife.73835
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Strikingly, the mixture of both the hormones showed high ThT binding during time indicating 
amyloid formation (Figure 2b, Figure 2—figure supplement 1). CD spectroscopy showed a substan-
tial decrease of helical content in PRL-GAL and PRL-CSA during aggregation. Notably, PRL is known 
to form amyloid without structural conversion to β-sheet (Maji et al., 2009a). On the other hand, 
GAL-Hep showed random coil to β-sheet conversion during amyloid formation (Figure  2—figure 
supplement 1). The lag times of aggregation for PRL-CSA, PRL-GAL, and GAL-Hep were calculated 
as ~9.2 days, ~ 8.8 days, and ~7 days, respectively (Figure 2—figure supplement 1). This is also 
consistent with the plot of molar ellipticity value (θ) at 222/218  nm with incubation time demon-
strating the structural changes for each of the PRL/GAL samples (Figure 2—figure supplement 1).

Moreover, PRL-GAL aggregates showed fibril like morphology under TEM (Figure  2c), strong 
apple-green/golden birefringence under cross-polarized light (Figure  2—figure supplement 2), 
exhibited cross β-sheet diffraction patterns (Sunde et al., 1997; Sunde and Blake, 1997) ( ~ 4.7 Å for 
inter-strand and ~9.8 Å for inter-sheet) (Figure 2d) and showed FTIR peaks corresponding to β-sheet 
structure (Jackson and Mantsch, 1995; Kong and Yu, 2007; Figure 2—figure supplement 3). Similar 
observations supporting amyloid structure were also obtained for PRL-CSA and GAL-Hep aggregates 
(Figure 2c–d and Figure 2—figure supplements 1–3).

Although there are various possibilities regarding how PRL-GAL can form fibrils (any of the compo-
nent hormones can form fibrils separately or together, as described in Figure 2a), we analyzed the 
frequency distribution of the fibril diameters from TEM images. Fibril diameters were measured from 
a particular sample (n = 200 randomized points) (Figure 2e, left panel) and the normalized frequency 
distribution was plotted (Figure 2e, right panel). Our data indicated that the diameter of PRL-CSA 
fibrils was least (Figure 2e, right panel) having a median value of ~7.5 nm (Figure 2f, left panel) 
and an average of ~7.8 nm (Figure 2f, right panel). The diameter of GAL-Hep fibrils was highest 
(Figure 2e, right panel) having a median value of ~12.3 nm (Figure 2f, left panel) and an average 
of ~12 nm (Figure 2f, right panel). Intriguingly, the PRL-GAL fibrils showed an intermediate diameter 
(median ~10 nm, average ~9.8 nm) (Figure 2e–f). This data suggest that PRL-GAL fibrils might be a new 
type of hybrid fibrils, which is neither similar to GAL nor PRL fibrils. We further analyzed the diameter 
from the same fibril bundle along its length. Consistent with our random point analysis (Figure 2e–f), 
we found that the diameter of a single PRL-CSA fibril was indeed the lowest (average ~7 nm) followed 
by PRL-GAL (average ~10 nm) and GAL-Hep (average ~12 nm) fibril (Figure 2g, Figure 2—figure 
supplement 1). Our data indicate that PRL-GAL fibrils possess unique morphology, which could be 
due to the incorporation of both PRL as well as GAL molecules into the same fibril (co-fibril).

(f) (Left panel) Median values of different fibril diameters are shown with violin plots. (Right panel) Average values of different fibril diameters are shown. 
Values represent mean ± SD. The statistical significance (***p ≤ 0.001, **p ≤ 0.01) is calculated by one-way ANOVA followed by an SNK post hoc test 
with a 95% confidence interval. (g) Representative TEM images of PRL-CSA, GAL-Hep, and PRL-GAL fibrils (scale bar-200 nm). From a single fibril, 
200 data points are collected along the length to calculate the diameter. (h) SDS-PAGE depicting two bands for isolated aggregates from the PRL-
GAL mixture (lane 3). The two bands correspond to PRL and GAL, which suggests that the isolated aggregates are composed of both PRL and GAL. 
(i) Amyloid fibrils obtained from the PRL-GAL mixture showing 10 nm gold particles (against GAL primary) and 5 nm gold particles (against PRL primary), 
confirming synergistic co-fibril formation by PRL and GAL (Left and Right panel). The experiment is performed three times with similar observations. 
(j) Schematic representation of incubation of PRL and GAL at various concentrations showing optimum concentration is required to initiate PRL-GAL 
co-aggregation.

The online version of this article includes the following source data and figure supplement(s) for figure 2:

Figure supplement 1—source data 1. Conformational transition and aggregation by PRL-GAL.

Figure supplement 2—source data 1. Congo red binding of hormone amyloids.

Figure supplement 3—source data 1. Time-dependent amyloid fibril formation by hormones using FTIR study.

Figure supplement 4—source data 1. Concentration regime of PRL-GAL co-aggregation.

Source data 1. Amyloid aggregation kinetics & co-fibril formation by PRL and GAL.

Figure supplement 1. Conformational transition and aggregation by PRL and GAL.

Figure supplement 2. Congo red (CR) binding of hormone amyloids.

Figure supplement 3. Time-dependent amyloid fibril formation by hormones using TEM and FTIR study.

Figure supplement 4. Concentration regime of PRL-GAL co-aggregation.

Figure 2 continued

https://doi.org/10.7554/eLife.73835
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To further analyze whether both PRL and GAL are part of the same insoluble fibril fraction, we 
isolated the fibrils using centrifugation and performed SDS-PAGE. The presence of two bands 
corresponding to PRL and GAL indicated that both PRL and GAL formed fibrils when co-incubated 
together (Figure  2h). Further, we performed immuno-electron microscopy (Immuno EM) with the 
PRL-GAL fibrils in the presence of secondary antibodies against PRL and GAL attached with 5 nm and 
10 nm gold nanoparticles, respectively (Figure 2i). Co-localization of both 5 and 10 nm nanoparticles 
within the same fibril bundle confirmed that both PRL and GAL were part of the same fibril bundle 
(Figure 2i). However, due to extensive bundling of fibrils, it remains to be seen whether PRL and GAL 
are incorporated in the same filament or not.

Since 400 µM (each) PRL-GAL could undergo aggregation even in the absence of any helper mole-
cules, we wanted to understand the optimum concentration and stoichiometry for PRL-GAL co-ag-
gregation. To do this, we chose increasing concentration of PRL and GAL in an orthogonal (X-Y axis) 
manner (from 100 to 600 µM, each) (Figure 2j, Figure 2—figure supplement 4). All combinations of 
this concentration regime of hormone mixture were incubated for 15 days. We observed that amyloid 
fibril formation only occurred (within a feasible experimental timeframe [15 days]) as determined by 
ThT binding and electron microscope study (Figure 2j, Figure 2—figure supplement 4) when the 
concentration of each hormone PRL and/or GAL was kept ≥400 µM. The equal molar ratio of PRL: GAL 
and above 400 µM concentration of each hormone showed fibril formation. However, if any of the 
components (PRL or GAL) was taken below 400 µM, we could not observe fibril formation. Therefore, 
the area of the fibril space would be at a 1:1 ratio with little deviation on either side provided that the 
minimum concentration of each of PRL and GAL is 400 µM.

Cross-seeding of PRL and GAL
Amyloid aggregation is a nucleation-dependent polymerization process (Wood et al., 1999; Srivas-
tava et al., 2019). It is well-known fact that the presence of preformed nuclei of amyloid (also called 
‘seeds’) greatly affects the kinetics of aggregation of monomers (Daskalov et al., 2021; Ren et al., 
2019; Morales et al., 2013). Since PRL and GAL co-aggregate into mixed amyloids, we asked whether 
both PRL and GAL could cross-seed (Daskalov et al., 2021; Ren et al., 2019; Morales et al., 2013; 
Ivanova et al., 2021; Hartman, 2013) to induce amyloid aggregation of each other and help their 
possible storage in SGs. To understand this in detail, we performed both homotypic (PRL monomer+ 
PRL seed; GAL monomer+ GAL seed) and heterotypic seeding (PRL monomer+ GAL seed and GAL 
monomer+ PRL seed).

The preformed fibrils were sonicated to obtain PRL and GAL amyloid fibril seeds (see materials and 
methods). One percent, 2%, and 5% (v/v) of PRL and GAL seeds were mixed with freshly prepared 
400 µM PRL and GAL, respectively, and incubated with slight agitation at 37 °C for homotypic seeding 
(Figure 3b, Figure 3—figure supplement 1). Our ThT fluorescence data showed accelerated aggre-
gation by both PRL and GAL for homotypic seeding as lag time decreased significantly in the presence 
of 2% and 5% seeds (Figure 3b and e). However, 1% seed did not show any fibril formation for both 
PRL as well as GAL (Figure 3b, Figure 3—figure supplement 1) even after 10 days of incubation. 
Fibril formation via homotypic seeding mechanism was further supported by TEM imaging and time-
dependent CD spectroscopic measurements (Figure 3b–c, Figure 3—figure supplement 1).

Similar experiments were done where various concentrations of PRL seeds were mixed with 
GAL monomer and GAL seeds were mixed with PRL monomer (heterotypic seeding). We hypoth-
esized two possibilities of secondary nucleation (Linse, 2017)—the heterotypic monomers can be 
recruited at the ends of the seeds and facilitate the growth of amyloid fibril (elongation) or the seed 
surface will help in the nucleation of the heterotypic monomer (Linse, 2017; Figure 3a). Our data 
showed that GAL aggregation was accelerated with PRL seeds in a concentration-dependent manner 
(Figure 3d, left panel). Surprisingly, we observed no ThT fluorescence for all seed concentrations 
even after 10 days of incubation when GAL seeds were incubated with PRL monomers, indicating 
that GAL fibrils are incapable of inducing amyloid fibril formation of PRL monomers (Figure 3d, right 
panel). This was also evident with CD spectroscopic measurements (Figure 3—figure supplement 2). 
Interestingly, no aggregation was observed when PRL/GAL monomer was incubated in presence of 
different percentages of PRL-GAL mixed fibril seeds (1%, 2%, and 5%) as confirmed by CD spectros-
copy, ThT fluorescence, and TEM imaging (Figure 3—figure supplements 3–4). This suggests that 
seeding (both homo and hetero) event is very specific for the life cycle of PRL/GAL amyloid formation 

https://doi.org/10.7554/eLife.73835
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Figure 3. Seeding and cross-seeding of PRL and GAL. (a) Schematic showing possible homo and hetero seeding with fibril elongation and surface-
mediated secondary nucleation mechanism for seed-mediated fibril growth. (b–c)  Homo-seeding of PRL and GAL. (Left panel) PRL and GAL homo-
seeding. Normalized ThT fluorescence intensity values with time indicating aggregation of PRL/GAL and in the presence of different concentrations of 
PRL seeds and GAL seeds respectively (2% and 5% v/v). Only seeds and only PRL/GAL was used as controls. (Right panel) The corresponding EM images 
of PRL/GAL seeds alone and PRL/GAL monomer in presence of 5% PRL/GAL seeds showing fibrils formation by PRL/GAL homo-seeding. (d) Cross-
seeding of PRL and GAL. (Left panel) Normalized ThT fluorescence intensity values with time indicating aggregation of GAL in the presence of different 
concentrations of PRL seeds (1%, 2%, and 5% v/v). However, PRL in presence of different percentages of GAL seeds does not show any aggregation 
(Right panel). Only seed and only GAL/PRL were used as controls where no aggregation is observed. (e) The lag times of GAL aggregation in presence 
of 2% and 5% (v/v) PRL seeds and GAL seeds are compared. The values represent mean ± SEM. The significance (***p ≤ 0.001) is calculated using one-
way ANOVA followed by an SNK post hoc test with a 95% confidence interval. (f) TEM images of GAL fibrils formed in presence of PRL seeds are shown. 
GAL fibrils formed in presence of 5% (v/v) PRL seeds are analyzed for frequency distribution (red arrows indicating the diameter of the fibrils measured 
for analysis). (g) (Left panel) Normalized frequency distribution of fibril diameter showing GAL fibrils formed in presence of PRL seeds have a similar 
diameter to GAL-Hep fibrils. A total of 200 random data points from different individual fibrils were collected from n = 3 independent experiments for 
the frequency distribution analysis. (Right panel) Average values of different fibril diameters are shown. Values represent mean ± SD. The statistical 
significance (***p ≤ 0.001, **p ≤ 0.01) is calculated by one-way ANOVA followed by an SNK post hoc test with a 95% confidence interval. (h) FTIR spectra 
showing fibrils of GAL +5% GAL seed and GAL +5% PRL seed are of similar secondary structure.

The online version of this article includes the following source data and figure supplement(s) for figure 3:

Source data 1. Seeding and cross-seeding of PRL and GAL.

Figure supplement 1. Aggregation and secondary structural transformations during seeding of PRL and GAL fibrils.

Figure supplement 1—source data 1. Aggregation and secondary structural transformations during seeding of PRL and GAL fibrils.

Figure supplement 2. Secondary structural transformations due to cross-seeding of PRL and GAL fibrils.

Figure supplement 2—source data 1. Secondary structural transformations due to cross-seeding of PRL and GAL fibrils.

Figure supplement 3. Cross-seeding of PRL and GAL by PRL-GAL co-fibrils.

Figure supplement 3—source data 1. Cross-seeding of PRL and GAL by PRL-GAL co-fibrils.

Figure supplement 4. Electron microscopy of cross seeding of PRL and GAL by PRL-GAL co-fibril seed.

Figure 3 continued on next page

https://doi.org/10.7554/eLife.73835
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in SGs. Important to note that these homotypic and heterotypic seeding studies were done in the 
absence of any helper glycosaminoglycans molecules. When lag times were compared, the hetero-
typic seeding rate was significantly higher than homotypic seeding for GAL aggregation suggesting 
surface-mediated secondary nucleation might be triggering GAL aggregation in the presence of PRL 
seeds (Koloteva-Levine et al., 2020; Figure 3e).

To further understand whether PRL seeds engage the GAL monomer for secondary nucleation 
(Buell, 2019) where elongation and/or surface-mediated aggregation could happen (Linse, 2017), 
fibril diameters of GAL (formed by PRL cross-seeding) were analyzed from the TEM images (Figure 3f). 
If only the elongation mechanism is occurring, GAL will form PRL-like fibrils. If PRL seeds engage 
GAL monomer for surface-mediated secondary nucleation, GAL will essentially form GAL-like fibrils. 
Intriguingly, analysis of frequency distribution of the GAL fibril diameters indicated that the distribu-
tion of diameter of PRL seeded GAL fibrils was very similar to that of GAL-Hep fibrils (Figure 3g, left 
panel). The median and mean fibril diameter analysis also suggests that GAL fibril formed in presence 
of PRL seed (median and mean diameter 12.35 nm) is very similar compared to GAL fibrils formed in 
presence of GAL seed (median and mean diameter 12 nm) as well as GAL fibrils formed in presence 
of heparin (median and mean diameter 11.20 nm) (Figure 3g, right panel, Figure 3—figure supple-
ment 1). This means that the incorporation of GAL monomers does not happen to the PRL fibril end 
(elongation) (Katzman and Saitoh, 1991; Ritter et al., 2005; Ren et al., 2019; Sarell et al., 2013; 
Cohen et al., 2018), rather, GAL monomers use PRL seeds as surface and form amyloid fibrils via 
secondary (or surface-mediated) nucleation (Törnquist et al., 2018; Ivanova et al., 2021; Hartman, 
2013; Koloteva-Levine et  al., 2020) mechanism. This was further confirmed with the FTIR study, 
which suggested that GAL fibrils formed in presence of GAL seeds and GAL fibrils formed in the pres-
ence of PRL seeds possessed similar FTIR spectral signature, which was substantially different from the 
PRL-CSA fibril spectrum (Figure 3h, Figure 2—figure supplement 3).

We also performed the global fitting analysis of the PRL-GAL cross-seeding kinetics data at different 
PRL seed concentrations (1%, 2%, and 5%) using Amylofit (Meisl et al., 2016) (version 2.0), which has 
been extensively used to identify the underlying mechanism behind the kinetics of amyloid aggrega-
tion (Kumari et al., 2021; Andreasen et al., 2019; Rasmussen et al., 2019; Frankel et al., 2019). 
We observed the data poorly fit with the ‘nucleation-elongation model’, which exclusively considers 
primary nucleation and elongation steps. However, the kinetics data of GAL aggregation in presence 
of various PRL seeds (1%, 2%, and 5%) could be satisfactorily fit with the secondary nucleation model, 
which considers surface catalyzed secondary nucleation, along with classical elongation. Further, 
the mean residual error (M.R.E.) in fitting in the elongation mechanism was observed to be higher 
compared to the fitting using the model with surface catalyzed secondary nucleation. The fitting data, 
therefore, is in line with our hypothesis of surface-mediated amyloid assembly playing a dominant role 
in the aggregation mechanism of GAL in the presence of PRL seed (Figure 3—figure supplement 5).

Specific interactions of PRL and GAL leading to amyloid aggregation
Next, we wanted to further investigate if interactions leading to co-aggregation and amyloid forma-
tion of PRL and GAL are specific to themselves. To do this, we co-incubated PRL with adrenocorti-
cotropic hormone (ACTH) as this hormone is of similar length to GAL and does not form amyloid by 
itself (Maji et al., 2009a; Ranganathan et al., 2012). Similarly, GAL was also incubated with growth 
hormone (GH), a hormone structurally and functionally related to PRL (Schmidt et al., 1991; Nilsson 
et al., 2001; ). ThT aggregation kinetics and CD spectroscopy were performed at the beginning of 
the aggregation (day 0) and after 15 days of incubation for both PRL-ACTH and GAL-GH. Our data 
showed negligible ThT fluorescence for both PRL-ACTH and GAL-GH even after 15 days (Figure 4a) 
suggesting no co-aggregation. This observation was consistent with no structural conversion observed 
in CD and TEM, where the PRL-ACTH and GH-GAL mixtures were devoid of any fibrils (Figure 4b, 
Figure 4—figure supplement 1). Overall, our observations suggest that interaction and co-aggre-
gation/amyloid formation by PRL and GAL are specific and are mutually beneficial for the storage of 
these hormones in SGs. This specific co-aggregation of PRL and GAL could be due to their favorable 

Figure supplement 5. Fitting of PRL-GAL cross-seeding kinetics. (a, b, and c).

Figure supplement 5—source data 1. Fitting of PRL-GAL cross-seeding kinetics.

Figure 3 continued

https://doi.org/10.7554/eLife.73835
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Figure 4. Specific interaction drives co-aggregation of PRL and GAL. (a) Comparative ThT fluorescence showing amyloid formation by different pairs 
of hormones at days 0 and 15. PRL-CSA, GAL-Hep, PRL-GAL showed the highest ThT fluorescence signals after 15 days of incubation. Values represent 
mean ± SEM for n = 3 independent experiments. The statistical significance is calculated between day 0 and day 15 for each sample using a t-test. 
(b) The morphology observed under TEM for various hormones and the mixture of hormone samples is shown (after 15 days of incubation). Amorphous 
structures are seen for PRL-ACTH and GAL-GH; whereas PRL-GAL, PRL-CSA, GAL-Hep showed fibrillar morphology similar to amyloids. The experiment 
is performed three times with similar observations. (c) (Left panel) Surface Plasmon Resonance (SPR) spectra showing strong binding of PRL on 
immobilized GAL compared to other pairs of hormones. (Right panel) The dissociation constant (KD) of PRL to GAL showing strong interaction between 
PRL and GAL for their co-aggregation and co-storage. The experiments are performed three times with similar results. (d) Double immunofluorescence 
microscopic images of the anterior pituitary of female rats showing ACTH (red) and GH (green) expressing cells. The merged microscopic image (right) 
shows no co-localization of ACTH (red) and GH (green). The data indicate that ACTH and GH are not co-stored in the female rat anterior pituitary. 
The experiments were performed three times with similar observations. (e) Snapshot from in silico analysis (MD simulation) of PRL-GAL complex 1 
using GROMOS 53a6 force field (when GAL is docked near residues 18–28 of PRL). (f) Snapshot showing MD simulation of PRL-GAL complex 2 (when 
GAL is docked near residues 80–88 of PRL) using GROMOS 53a6 force field. Complex 1 induced the formation of an antiparallel β-sheet at the PRL-
GAL interface (6–8 PRL and 24–26 GAL) and also an intra-molecular parallel β-sheet in PRL itself (59–61 PRL and 149–151 PRL). Complex 2 shows the 
formation of a parallel β-sheet constituted by the β-strand from PRL and GAL (145–147 PRL and 4–6 GAL). (g) Snapshot of MD simulation of complex 2 
using Amber ff99SB force field showing the appearance of parallel β-sheet at 147–149 residue of PRL and 2–4 residue of GAL. The snap-shot of complex 
1 is included in Figure 4—figure supplement 3. (h) A point mutation is introduced in the PRL of the complex 2 structure, which is Y147P to examine if 
there is a loss in the β-sheet formation. The initial structure of the complex had the β-sheet formed between residues 147–149 of PRL and residues 2–4 
of GAL (Left panel), which went missing during the 400 ns MD simulation run of the mutated system (right panel).

The online version of this article includes the following source data and figure supplement(s) for figure 4:

Source data 1. Specific interaction drives co-aggregation of PRL and GAL.

Source data 2. Parameter values for surface plasmon resonance spectroscopy (SPR) table.

Source data 3. Parameter values for surface plasmon resonance spectroscopy (SPR).

Figure supplement 1. Conformational transition by different pairs of hormone co-aggregation using CD.

Figure 4 continued on next page
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interaction when the monomeric hormone is mixed together. This is further evident from the surface 
plasmon resonance (SPR) study, where GAL monomers were immobilized on a CM-5 chip and a range 
of concentrations of PRL monomeric protein was passed over it. We observed a significant increase in 
the response unit (RU) indicating binding of PRL to GAL (Figure 4c, Figure 4—figure supplement 2). 
The relative dissociation constant (KD) was calculated to be 4.1 × 10–7 M, which indicates the binding 
of PRL with GAL (Figure 4c). In comparison, we observed no significant binding when ACTH was 
passed through immobilized PRL or when GH was passed through immobilized GAL, which could 
be due to low but non-specific transient interactions between GH-GAL and PRL-ACTH (Figure 4c). 
This suggests that PRL monomers can readily bind GAL monomers, possibly contributing to their 
initial interaction that eventually drives the synergistic aggregation and amyloid formation. To further 
experimentally verify the specificity of PRL-GAL interaction, which is responsible for their co-aggre-
gation and co-storage, we chose another combination of hormones (GH and ACTH), which generally 
expressed in anterior pituitary for their possible co-localization in the SGs of the female rat. Using the 
double immunofluorescence study, we found that GH and ACTH do not co-localize with each other 
(Figure 4d). The data suggest that specific interaction between two hormones might dictate their 
co-aggregation and co-storage irrespective of several hormones, which are present inside the anterior 
pituitary of the female rat.

To understand the mechanism of PRL and GAL interactions at the atomic level, docking, and molec-
ular dynamics (MD) simulation studies were performed. GAL was docked at two different regions of 
PRL that showed high TANGO score (Figure 1b and c). Thus, two sets of PRL-GAL complexes were 
generated (a) Set 1: GAL was docked near residues 18–28 of PRL and (b) Set 2: GAL was docked 
near residues 80–88 of PRL. The lowest energy docked complexes from each set, named complex 1 
and complex 2 respectively, were obtained (Figure 4—figure supplement 3). Both these complexes 
were then subjected to independent 250 ns long MD simulations to examine their stability. Since the 
choice of force fields may play an important role in the MD simulation results (Cino et al., 2012), we 
performed MD simulations with two different force fields – GROMOS 53a6 force field (Oostenbrink 
et al., 2004) and Amber ff99SB force field (Tian et al., 2020). As controls, we have also simulated indi-
vidual PRL and GAL proteins. We observed that the PRL and GAL alone did not show any noticeable 
structural changes (Figure 4—figure supplement 3) during simulation time.

On the contrary, the PRL-GAL complexes exhibited significant conformational changes upon 
binding to each other, in both complexes (Figure 4e–g). The respective structures of complex 1 and 
complex 2 at the end of the MD simulation using GROMOS force field showed the structural transition 
from unstructured region to β-strand in both PRL and GAL with the emergence of a parallel or anti-
parallel β-sheet at the protein-protein interface (Figure 4e and f). The interaction of GAL in complex 
1 induced the formation of an antiparallel β-sheet at the PRL-GAL interface (residues 6–8 of PRL, resi-
dues 24–26 in GAL) and also an intra-molecular parallel β-sheet in PRL itself (PRL residues 149–151 and 
58–60) (Figure 4e). In complex 2, GAL induced the formation of parallel β-sheet at PRL-GAL interface 
(residues 145–147 of PRL, residues 4–6 of GAL) (Figure 4f). From the MD simulations using the Amber 
force field, however, the complex 1 did not show any notable structural changes, except that the 
terminal loops in PRL wrap around the existing secondary structures for higher stability (Figure 4—
figure supplement 3). However, the PRL-GAL interactions in complex 2 resemble very well with the 
results from the GROMOS force field exhibiting a parallel β-sheet constituted by the β-strand from 
PRL and GAL proteins (Figure 4g). These results corroborate very well with our experimental data that 
suggested the formation of amyloids when PRL and GAL were co-aggregated. The residues involved 
in the formation of this β-sheet in complex 2 were PRL residues 147–149 and GAL residues 2–4 in the 
Amber ff99SB force field (Figure 4g). Thus, irrespective of the force field used, our MD simulation 

Figure supplement 1—source data 1. Conformational transition by different pairs of hormone co-aggregation using CD.

Figure supplement 2. Surface plasmon resonance spectroscopy (SPR) for inter-hormone interactions.

Figure supplement 2—source data 1. Surface plasmon resonance spectroscopy (SPR) for inter-hormone interactions.

Figure supplement 3. Protein-protein docking and MD simulations of PRL-GAL complexes.

Figure supplement 4. Mutation/deletion of certain interface residues disrupt PRL-GAL interaction.

Figure 4 continued
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results convincingly show that the co-aggregation of PRL and GAL induce the formation of β-sheet at 
the protein interface.

To validate our MD simulation results, further we have performed mutagenesis studies by mutating 
or deleting certain PRL/GAL residues in silico. We have examined four different cases where GAL 
residues 2–5 (WTLN) (case 1); PRL residues 146–149 (IYPV) (case 2) are mutated to alanine (Figure 4—
figure supplement 4). These amino acids were observed to involve in the inter-protein β-sheet 
formation.

In the other two cases, we introduced a point mutation in PRL as Y147P, since proline is known as 
β-sheet breaker (Soto et al., 1998) (case 3), and in case 4 we deleted first two N-terminal residues 
(GW) of GAL (Figure 4h and Figure 4—figure supplement 4). We did not simulate the PRL deletion 
system, as deletion at the middle of the PRL helical structure (PRL residues 146–149) would bring in 
conformational changes in the PRL secondary structure itself, and correlating that with our interest of 
PRL-GAL β-sheet formation will be difficult.

We further simulate the systems for 400 ns (150 ns for two residues deletion in GAL) after intro-
ducing these changes. Interestingly, in all the cases (Case 1 to Case 4), we observed loss of inter-
actions (H-bonds) at the PRL-GAL interface, which eventually led to the loss of β-sheet structures 
(Figure 4h, Figure 4—figure supplement 4). It is worth mentioning here that a single mutation in PRL 
(Y147P; Case 3) was sufficient to disrupt the secondary structure formation, suggesting its key role in 
inducing the formation of β-sheet during co-aggregation of PRL and GAL (Figure 4h). Thus, the MD 
simulation results convincingly show that mutation or deletion at the PRL-GAL interface could result in 
the loss of β-sheet formation, which eventually affects the PRL-GAL co-aggregation.

Release of functional PRL and GAL from PRL-GAL amyloids
Protein/peptide misfolding and aggregation lead to irreversible amyloid formation, which is stable 
and does not readily disassemble to monomer. However, many studies recently showed the release 
of monomers and oligomers from disease-associated amyloids (Bemporad and Chiti, 2012; Cascella 

Figure 5. Monomer release from PRL and GAL amyloid. (a) The kinetics of monomer release from various amyloids 
showing the continuous release of monomeric hormones. The experiment is performed three times with similar 
results. Values represent mean ± SEM for n = 3 independent experiments. (b) Saturation concentrations of 
different released monomers from fibrils along with the monomeric controls are shown. Values represent mean 
± SEM for n = 3 independent experiments. (c) The secondary structure of released monomers showing their 
corresponding native secondary structures as confirmed by the CD. (d) Nb2 cell proliferation study showing 
biological activity of released PRL from either PRL-CSA or PRL-GAL fibrils. Freshly dissolved protein was used as 
a control. Values represent mean ± SEM for n = 3 independent experiments. (e) EC50 values showing the released 
PRL monomers have similar bioactivity compared to freshly dissolved monomeric PRL. Values represent mean ± 
SEM for n = 3 independent experiments.

The online version of this article includes the following source data for figure 5:

Source data 1. Monomer release from PRL and GAL amyloid.

https://doi.org/10.7554/eLife.73835
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et al., 2021). In contrast, amyloid formation related to SGs biogenesis is reversible and should be able 
to release functional monomers in the extracellular space for their function (Maji et al., 2009a; Jacob 
et al., 2016; Anoop et al., 2014). To address whether any functional advantage of co-aggregation 
over homotypic aggregation by PRL and GAL, we determined the relative monomer release capability 
of PRL/GAL monomer, and PRL-GAL co-amyloids; along with preformed fibrils of PRL (in the presence 
of CSA) and GAL (in the presence of Hep) using dialysis method (Maji et al., 2009a; Jacob et al., 
2016; Anoop et al., 2014). The concentration of released monomers (if any) in the dialysate was 
measured by UV-Vis spectroscopy at different time points. Intriguingly, we found that PRL-CSA, GAL-
Hep, and PRL-GAL amyloids could indeed release monomers with time (Figure 5a). Interestingly, the 
amyloid fibrils of PRL and GAL formed in presence of glycosaminoglycans (CSA and Hep, respectively) 
released monomeric hormones in a slow and sustained manner upon dilution in 10 mM Tris-HCl, pH 
7.4 (Figure 5a).

However, the release of monomeric PRL and GAL hormones from the co-aggregated PRL-GAL 
fibril was faster compared to the PRL and GAL released from their glycosaminoglycans-mediated 
fibrils. This was confirmed by their release profile as well as saturation concentrations (Figure 5a–b). 
CD spectroscopy of the dialysate showed that the released PRL monomer retained its native confor-
mation (Figure 5c).

Next, we performed the cell proliferation assay with the released PRL monomer to check for the 
retention of bioactivity of PRL. We used the Nb2 cell line for this study (Bulatov et al., 1996). Nb2 cells 
are rat lymphoma cells with significant expression of PRL receptors on the cell surface (Bulatov et al., 
1996; Lebrun et al., 1994). These cells require PRL for proliferation or mitogenesis (Lebrun et al., 
1994; Upadhyay et al., 2016). We observed that released PRL monomers obtained from PRL-CSA 
fibrils and PRL-GAL fibrils were functional as they can induce cell proliferation in a dose/concentration-
dependent manner (Figure 5d). The EC50 values of the PRL released from PRL fibrils are similar to the 
freshly prepared PRL monomer, suggesting no difference in their functionality (Figure 5e).

Discussion
PRL-GAL co-storage is facilitated by their co-aggregation
Amyloids are ordered protein aggregates comprised of cross-β-sheet motifs where β-sheets are 
parallel, and individual β-strands are perpendicular to the fibril axis (Sunde et al., 1997; Maji et al., 
2009b). Despite their association with diseases, amyloids are also known to be involved in the native 
functions of host organisms including mammals (Chiti and Dobson, 2006; Fowler et al., 2007). Inter-
estingly, the synergistic amyloid formation through co-aggregation and cross seeding by heterol-
ogous proteins/peptides is also evident in the disease-associated proteins such as α-Synuclein-Tau 
(Waxman and Giasson, 2011; Moussaud et al., 2014), α-Synuclein-amyloid β (Köppen et al., 2020; 
Bassil et al., 2020). However, these mechanisms are still elusive for functional amyloids despite their 
relevance in hormone co-storage and co-release from SGs. Here, we explored the synergistic aggre-
gation and amyloid formation by two human hormones PRL and GAL, which are highly relevant in 
SGs biogenesis. Although 23  kDa PRL (Teilum et  al., 2005; Keeler et  al., 2003) (mostly helical) 
has no resemblance of sequence, length, and structure with unstructured 3.1 kDa GAL (Evans and 
Shine, 1991; Bersani et al., 1991), it was reported that both of these hormones are co-stored in the 
lactotrophs of the anterior pituitary in the female rats (Hyde et al., 1991; Steel et al., 1989). More-
over, their release is also modulated by the same secretagogues (Koshiyama et al., 1987; Murakami 
et al., 1993; Koshiyama et al., 1990b). Co-storage and co-release of PRL and GAL suggest that these 
hormones might aggregate together to form amyloids within the same SGs. Our immunofluorescence 
study with female rat anterior pituitary tissue probed that not only both PRL and GAL are colocalized 
together; they are indeed in the amyloid form as suggested by OC and ThioS staining (Figure 1 and 
Figure 1—figure supplement 1). Interestingly when PRL and GAL were co-incubated with a 1:1 or 
higher molar ratio in vitro, they co-aggregated synergistically to form amyloid fibrils in conditions 
similar to their storage in SGs without the requirement of any helper molecules (Reggio and Palade, 
1978; Zanini et al., 1980).

Co-aggregation can happen in a scenario where PRL and GAL can promote the aggregation of each 
other but exclusively form individual, homotypic fibrils (Figure 2). Further, one of them might have 
the conformational advantage to form amyloids and other proteins/peptides can simply adhere to it, 

https://doi.org/10.7554/eLife.73835
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maintaining its monomeric structure (Figure 2). Another possibility is that PRL-GAL is incorporated 
within the same fibrils and/or filaments (Figure 2). Immuno-EM studies with secondary antibodies 
tagged with different-sized gold nanoparticles showed that both PRL and GAL are present within 
the same fibrils suggesting they might interact together to form hybrid, heterotypic fibrils (Figure 2). 
The incorporation of heterogenous proteins to make hybrid fibrils is also shown for α-Synuclein-Tau 
and for other proteins (Köppen et al., 2020; Waxman and Giasson, 2011; Moussaud et al., 2014; 
Bassil et al., 2020). The ability of co-aggregation without glycosaminoglycans (note that individual 
hormones are unable to form amyloids) suggests that in glycosaminoglycans deficient conditions in 
vitro, PRL and GAL will preferably form mixed amyloid for their storage. However, their co-aggre-
gation does not preclude the possibility of individual storage of each hormone in the different SGs 
(mediated via glycosaminoglycans). Furthermore, individual hormone aggregation can be seeded 
with their respective fibrils seeds as shown for PRL and GAL even in absence of glycosaminoglycans 
(Figure 6). All these possibilities suggest that functional amyloid fibril formation might be very useful 
for host organism and therefore is produced in an autocatalytic manner inside the secretory cells.

Unidirectional cross seeding of GAL by PRL fibril seeds: The possible 
facilitator of GAL storage in SG
Homologous seeding of amyloid aggregation is relatively more abundant in nature due to quick and 
feasible templating mechanism involving a single protein, which decreases the lag time for aggre-
gation (Eden et  al., 2015; Arosio et  al., 2015). Although heterogeneous seeds can also provide 
template/surface for a different protein/peptide to initiate their aggregation (cross-seeding), this 
phenomenon is less abundant because of high thermodynamic and conformational barrier between 
the two different protein/peptides (Daskalov et al., 2021; Ivanova et al., 2021; Hartman, 2013). 
It was shown that sequence similarity between two amyloidogenic proteins is crucial for their cross 
seeding capability (Krebs et al., 2004). However, the ability of cross seeding also depends on the 

Figure 6. PRL-GAL homo and hetero amyloid life cycle for SGs. PRL and GAL form the amyloid fibrils in the presence of specific glycosaminoglycans 
(CSA and Hep, respectively), which can be auto-catalytically amplified by their respective seeding with preformed fibrils. This seeding however does not 
require any glycosaminoglycans. PRL-GAL also synergistically co-aggregate to form hybrid amyloid fibrils, which are not capable of seeding either to 
PRL or GAL. These amyloid fibril species can together or individually reconstitute the SGs of PRL-GA storage, which can release functional PRL and GAL 
into the extracellular space.

https://doi.org/10.7554/eLife.73835
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conformation of the seed and its compatibility with the monomeric protein, which creates different 
cross seeding barrier (Daskalov et al., 2021; Ren et al., 2019; Walker et al., 2013) (also species 
barrier for prion diseases).

Our data showed PRL amyloid fibrils can cross-seed GAL monomers. Strikingly, GAL fibrils were not 
able to cross seed PRL monomers suggesting specificity and regulation in functional amyloid forma-
tion (Figures 3 and 6). Unidirectional, as well as bidirectional seeding between amyloid proteins, 
are indeed evident. Cross seeding between amyloid β–42 and hIAPP, where amyloid β–42 seeds can 
cross seed hIAPP to promote aggregation but hIAPP seed is unable to induce aggregation to amyloid 
β–42 monomers (O’Nuallain et al., 2004) (unidirectional cross seeding). In contrast, α-Synuclein and 
Tau seeds can accelerate each other’s amyloid aggregation suggesting a bidirectional cross seeding 
mechanism (Waxman and Giasson, 2011; Moussaud et al., 2014).

Since PRL has less propensity to form amyloid due to higher structural stability, GAL seeds are 
unable to provide surface or structural compatibility for PRL cross seeding. In contrast, GAL is a highly 
disordered peptide, which might easily bind to the PRL amyloid surface nonspecifically and increase 
its stability, and proceeds the aggregation. This suggests that tight regulation of co-species aggre-
gation ensures the right amount of storage of PRL and GAL in SGs with physiologically appropriate 
ratios. Furthermore, the amyloid-prone sequence of PRL could also be sequestered inside the helical 
structure, which might not be compatible with the surface and/or amyloid core structure of GAL to 
mediate the cross-seeding. Previously it was shown for K18 and K19 of Tau isoforms that K19 fibrils 
can cross seed K18 through the catalytic motif of R3, whereas K18 fibrils with the catalytic center as R2 
is unable to seed K19 (Yu et al., 2012) (lacking R2 motif). The difference in seeding could also be due 
to the relative tendency of amyloid fibril formation by GAL and PRL. We propose that ‘PRL seeding of 
GAL’ is not due to elongation (which requires specific interaction) as PRL cross-β spine might not be 
accessible for GAL. In this context, we previously proposed that a small segment of GH (structurally 
similar to PRL) might be involved in fibril formation (Jacob et al., 2016) while other structural domains 
might surround this cross-β spine as proposed for RNaseA fibrils model (Sambashivan et al., 2005).

In contrast, GAL being a short neuropeptide has the conformational flexibility to adhere to the 
surface of the PRL amyloid seeds and subsequently can undergo surface-mediated secondary nucle-
ation (Andersen et al., 2009). Afterwards, more and more GAL monomers will be accommodated on 
the PRL seed surface as the fibril growth progresses—resulting in similar bulk fibril morphology like 
GAL fibrils formed by homo-seeding (Hartman, 2013; Koloteva-Levine et al., 2020; Figure 3). The 
more efficient (faster kinetics) cross-seeding of GAL amyloid aggregation by PRL seeds compared to 
GAL seeds (homo-seeding) also indicates a possibility of the greater abundance of surface-mediated 
secondary nucleation mechanism for the former scenario (Koloteva-Levine et al., 2020; Figure 3).

We hypothesized that specific interaction between GAL and PRL synergistically facilitates their 
aggregation into amyloid. This is further evident from the SPR analysis showing strong interaction 
and direct binding between the monomeric forms of PRL and GAL in contrast to the other hormone 
pair, PRL-ACTH or GH-GAL (Figure 4). PRL-GAL interaction and conformational transition are further 
supported using in silico study, which showed interaction of the PRL N-terminal loop and GAL, where 
GAL promotes the conformational transition of the N-terminus of PRL into the β-sheet structure 
(Figure 4). The interaction of PRL and GAL is mandatory for their aggregation, as no amyloid fibril 
formation was observed when PRL and GAL were incubated alone.

Functional implications of PRL-GAL co-aggregation and unidirectional 
cross-seeding
Our study probes that PRL-GAL co-aggregation is one of the key mechanisms for PRL and GAL 
storage inside the SGs and their subsequent release as functional hormones. PRL and GAL can also 
undergo homotypic aggregation in the presence of specific glycosaminoglycans like CSA or Hep, 
respectively. However, homotypic aggregation might not be sufficient for PRL/GAL protein homeo-
stasis in the anterior pituitary especially during lactation in females, which could be achieved by PRL-
GAL co-aggregation (Figure 2). It is known that PRL and GAL are co-stored in the lactotrophs of the 
female rat anterior pituitary (Hyde et al., 1991; Steel et al., 1989). Peptide hormone GAL is known 
to be highly expressed in the hypothalamus and performs various tropic activities including regulating 
the secretion of other neuropeptide hormones and neuronal differentiation (Lundström et al., 2005). 
Interestingly, GAL overexpression in the anterior pituitary during lactation is known to regulate PRL 

https://doi.org/10.7554/eLife.73835


 Research article﻿﻿﻿﻿﻿﻿ Biochemistry and Chemical Biology | Structural Biology and Molecular Biophysics

Chatterjee et al. eLife 2022;0:e73835. DOI: https://doi.org/10.7554/eLife.73835 � 16 of 29

expression, storage, and release (Kaplan et al., 1988). Storing a high amount of PRL in the anterior 
pituitary during lactation is also important for the development of lactotrophs (Wynick et al., 1998). 
This is evident as the loss of function mutation in the endogenous GAL gene in mice has shown a 
drastic decrease in PRL level compared to the wild-type control mice (Wynick et al., 1998). This was 
accompanied by reduced PRL secretion, failure in mammary gland maturation, and loss of lactotroph 
proliferation upon estrogen treatment in the mutant mice (Wynick et al., 1998). On the other hand, 
estrogen treatment enhanced the GAL mRNA by several orders of magnitude (Wynick et al., 1993), 
which was subsequently shown to be highly effective for lactotroph proliferation and subsequent PRL 
production and release (Wynick et al., 1993). However, functional implications due to the loss of PRL-
synthesis/function for GAL storage and its release are yet to be established.

The present co-aggregation data clearly shows that GAL and PRL are interdependent on their 
storage within the same SGs in the amyloid-like state (without helper molecules), which facilitates 
the controlled and efficient release of these hormones. This is supported by the fact that functional 
monomer release from PRL-CSA amyloid and GAL-Hep amyloid is much slower compared to the func-
tional monomer release from mixed amyloids of PRL-GAL (Figure 5). When GAL monomers release 
from the co-aggregates (PRL-GAL), it ensures further release of PRL and other tropic factors both in 
an autocrine and paracrine manner (Cai et al., 1998). The co-aggregation and unidirectional cross-
seeding mechanism not only supports PRL storage and release but also helps to maintain a very low 
titre of unstable GAL to efficiently store in SGs for future use. However, a substantial decrease in 
physiological PRL levels would inevitably affect the storage of GAL and its subsequent release as they 
are in a positive feedback loop. On the other hand, over-production of GAL may result in hyperse-
cretion of PRL—leading to prolactinoma (Cai et al., 1999). Therefore, tight regulation is required for 
GAL synthesis and secretion. Taken together, our findings probe that co-aggregation and co-storage 
would allow much higher efficiency for hormone release and function than their individual storage. 
The impairment of PRL-GAL co-aggregation would very likely be detrimental in achieving the PRL-
mediated lactation and other tropic functions of GAL.

Further, as efficient storage and release of GAL are necessary for PRL homeostasis, GAL defi-
ciency or functional mutation inhibits the PRL release (Wynick et al., 1998). GAL is also respon-
sible for the regulation and secretion of other neuropeptides such as VIP (Wynick et al., 1993). 
Intriguingly, lactotrophs that do not produce GAL, are also highly sensitive to this hormone but not 
to the other secretagogues such as VIP peptide (Wynick et al., 1993), suggesting the essential 
requirement of GAL for several pituitary functions. In contrast to the requirement, only a minority of 
lactotrophs ( ~ 9% of cells) (Wynick et al., 1993) produce the GAL. Apart from the synthesis issue, 
its half-life (turnover cycle) is also reported to be low (3–4 min in circulation) (Hinghofer-Szalkay 
et al., 2006) in comparison to hormone like PRL ( ~ 41 min) (Yoshida et al., 1991; Yu et al., 2019), 
possibly due to its short length and unstructured nature (Evans and Shine, 1991; Bersani et al., 
1991). Therefore, efficient storage of GAL is essential not only for PRL storage/release (which is 
required during pregnancy/lactation) but also for performing other pituitary functions (Kask et al., 
1997). In this context, cross-seeding by PRL amyloids increases the chances of GAL storage and 
subsequent release. On the other hand, PRL storage needs tight regulation due to the risk of devel-
oping prolactinoma upon over-secretion. Interesting to note that templating mechanism (seeding) 
requires the client monomers to change their fold—which requires a substantial amount of energy. 
As discussed earlier, it is very likely that for a folded protein like PRL, it is thermodynamically less 
favorable to undergo a large conformational transition upon templating by GAL seeds. On the 
other hand, GAL is an unstructured neuropeptide and can easily be templated by PRL seeds. This 
could be an evolutionarily optimized design by nature so that tight regulation of GAL storage and 
functions can be regulated.

Since PRL and GAL cross-talk via a positive feedback loop for both their storage and release, 
a decrease in GAL level would also decrease the storage and release of PRL. This is also evident 
from our co-aggregation and unidirectional cross-seeding data. Exploiting this phenomenon, one 
could argue that by controlling (reducing) excess GAL, it is possible to prevent PRL hypersecretion 
(prolactinoma). This could, in principle, be achieved by targeting excess GAL in the bloodstream 
using various methods including specific antibodies, targeted proteolysis, or by engineering small 
molecules/metabolites capable of inhibiting GAL secretion/functions as previously demonstrated for 
various hormones (Gera et al., 2020; Békés et al., 2022; Lu et al., 2019; Slastnikova et al., 2018). 
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Further, instead of targeting GAL, other metabolites such as tryptophan amino acid can also be used 
that target PRL directly to control its release (MacIndoe and Turkington, 1973).

One more interesting aspect of functional amyloids is that they must exhibit sustained release of 
functional monomers at the target site. It will be of great interest in the future to design GAL analogs 
that can form stable co-amyloids with PRL, which would be incapable of releasing PRL monomers—
thereby controlling the excess secretion of PRL. However, translating the current knowledge into 
therapeutics has challenges—primarily because, although PRL-GAL co-aggregation and unidirectional 
cross-seeding is very efficiently designed by nature, both hormones can also form functional amyloids 
independently in the presence of helper molecules such as glycosaminoglycans (Figure 6).

Overall, the current study demonstrates that contrary to disease-associated co-aggregation, which 
promotes the spread of the disease, co-aggregation of hormones is specific and functional in the SGs. 
Co-aggregation and amyloid formation of these structurally dissimilar hormones indicate the rele-
vance of amyloid as a crucial aspect of cellular sorting and storage in SGs biogenesis.

Materials and methods
Key resources table 

Reagent type (species) 
or resource Designation Source or reference Identifiers Additional information

Cell line (Rattus 
norvegicus)

Nb2 cells (rat lymphoma 
cells)

PMID:27277580
Kind gift from Prof. Amulya K. 
Panda, National Institute of 
Immunology, New Delhi

Biological sample 
(Rattus norvegicus)

Rat pituitary tissue sections 
(Adult Sprague-Dawley rats)

NISER Bhubaneswar
Institutional Animal Ethical 
Committee (IAEC) at NISER, 
Bhubaneswar

Protocol Numbers: NISER/SBS/
AH-210 and NISER/SBS/AH-212

Approved by the Committee for the Purpose 
of Control and Supervision of Experiments for 
Animals (CPCSEA), New Delhi, India

Antibody
Anti-PRL
(guinea pig polyclonal)

A.F. Parlow,
National Hormone and Pituitary 
Program (NHPP) AFP7192490 1: 1500

Antibody
Anti-GAL
(mouse polyclonal) Abcam Ab216399 1:1500

Antibody
OC antibody
(rabbit polyclonal) Abcam Ab126468 1:500

Antibody
Goat anti-rabbit FITC 
(polyclonal) Thermo Fisher Scientific, USA 65–6111 1:500

Antibody
Goat anti-mouse FITC 
(polyclonal) Thermo Fisher Scientific, USA 31,569 1:500

Antibody
Goat anti-guinea pig Alexa 
Fluor 555 (polyclonal) Thermo Fisher Scientific, USA A21435 1:500

Antibody
Anti-ACTH (rabbit 
polyclonal)

PMID:22403619
Kind gift from A.F. Parlow,
National Hormone and Pituitary 
Program (NHPP) 1:1000

Antibody
Anti-GH
(goat polyclonal) R&D Systems AF1566 1:1000

Antibody
Alexa Fluor-594 anti-rabbit 
(polyclonal) Thermo Fisher Scientific, USA A-21207 1:500

Antibody
Goat anti-mouse Alexa fluor 
555 (polyclonal) Thermo Fisher Scientific, USA A32727 1:500

Antibody
Alexa fluor 488 anti goat 
(polyclonal) Thermo Fisher Scientific, USA A-11055 1:500

Peptide, recombinant 
protein Galanin USV Limited (Mumbai, India) Custom synthesis

Software, algorithm KaleidaGraph Version 4.0

Chemicals and reagents
The chemicals were obtained from Sigma Chemicals or other sources with the highest purity available.
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Expression and Purification of human prolactin (PRL)
PRL was expressed as per the protocol reported (Sankoorikal et al., 2002) with little modification. 
The human PRL plasmid was obtained as a kind gift from Prof. Dannies and Prof. Hodsdon from 
Yale University. BL21 (DE3) E. coli cells were transformed with the human PRL gene encoded in the 
pT7L plasmid and were made to grow in terrific broth (TB) followed by IPTG induction for 4 hr. After 
harvesting the cells at 8000 rpm for 20 min, the pellet was dispersed in 20 mM Tris-HCl, pH 8.0 (with 
added protease inhibitor cocktail, Roche). After that, the cells were sonicated (2 s on, 1 s off at 50% 
amplitude) for 20 min to complete cell-lysis, which was then centrifuged at 15,000 rpm for half an 
hour to recover the inclusion bodies (IB). The cell pellet containing IBs was subsequently washed two 
times with 0.5% triton-X and then it was dissolved in urea (8 M) with 2% (v/v) β-mercaptoethanol. 
The solution was then dialyzed against 20 mM Tris-HCl, pH 8.0 so that the PRL protein refolds to its 
native state. After dialysis, the protein solution was again centrifuged at 15,000 rpm for 1 hr and was 
loaded in an anion exchange column (Resource Q, GE healthcare) through an AKTA purifier FPLC 
system (Cytiva). The protein was eluted through NaCl (1 M) gradient and subsequently lyophilized 
after snap-freezing in liquid nitrogen. Size exclusion profile (SEC) suggested the protein is monomeric 
in nature and the purity of the protein is further checked by SDS-PAGE and MALDI-TOF spectrometry. 
CD spectroscopy was also performed to confirm that the purified PRL has refolded to its native helical 
conformation.

Aggregation of PRL and GAL in the presence of glycosaminoglycans
PRL was dissolved in Milli-Q water and buffer exchanged to 20 mM phosphate buffer with 100 mM 
NaCl, pH 6.0, 0.01% sodium azide using 10 kDa mini dialysis units (Thermo Scientific Slide-A-Lyzer). 
5 mM solution of CSA (Sigma, USA) was prepared in the same buffer, and appropriately mixed with 
PRL to obtain an ultimate concentration of 400 μM for both PRL and CSA. Similarly, for GAL aggre-
gation in the presence of Hep, GAL peptide was dissolved in 20 mM phosphate buffer containing 
100 mM NaCl, pH 6.0, 0.01% sodium azide to obtain a concentration of 500 μM. Hep solution from 
a stock of 5 mM (made in the same buffer) was then mixed with GAL solution to obtain an ultimate 
concentration of 400 μM for both GAL and Hep. These tubes containing PRL and GAL of various 
mixtures were kept into an Echo Thermmodel RT11 rotating mixture with a speed of 50  rpm for 
15 days inside a 37 °C incubator. As a control, 400 μM PRL and GAL alone in the same buffer, was 
also incubated in a similar condition. The secondary structural transition was monitored by CD spec-
troscopy and amyloid formation by ThT binding assay at various time points. Finally, Congo red (CR) 
binding studies and TEM imaging was used to confirm amyloid fibril formation.

Co-Aggregation study of PRL and GAL
For the co-aggregation study, PRL was dissolved in Milli-Q water and buffer exchanged to 20 mM 
phosphate buffer with 100 mM NaCl, pH 6.0, 0.01% sodium azide using 10 kDa mini dialysis units 
(final concentration was 800  μM) (Thermo Scientific Slide-A-Lyzer). GAL was also dissolved in the 
same buffer to obtain an 800  µM solution. After that, each of the solutions was mixed to obtain 
400 µM of PRL-GAL mix and was incubated with slight agitation at 37 °C for 2 weeks. 400 µM of 
each PRL and GAL was incubated alone as controls. For co-aggregation of PRL and GAL with other 
hormones, separate solutions of PRL, GAL, GH, and ACTH were freshly dissolved and prepared in 
identical solution condition as above. Each solution was mixed to obtain 400 µM each of PRL-ACTH 
and GAL-GH mixture and was incubated with slight agitation at 37 °C for 2 weeks. A total of 400 µM 
of each of PRL, GAL, GH, and ACTH were also incubated alone as controls. The secondary structural 
transition and amyloid formation of the incubated solutions were monitored by CD spectroscopy and 
ThT-binding assay during various time points. After 15 days of incubation, the morphology of the 
incubated samples was analyzed by TEM.

Circular dichroism spectroscopy (CD)
For CD measurement, protein/peptide aliquots were diluted in 20 mM phosphate buffer with 100 mM 
NaCl, pH 6.0, 0.01% sodium azide to 200 μl and the final concentration protein/peptide was 10 μM. 
CD spectra were taken using a JASCO 810 instrument where the sample was loaded in a quartz cell of 
0.1 cm path length (Hellma, Forest Hills, NY). Spectra were collected at 198–260 nm wavelength (far 
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UV) at 25 °C. Raw data was processed by smoothening, as per the manufacturer’s instructions. Three 
independent experiments were performed with each sample.

Thioflavin T (ThT) binding assay
To measure ThT binding, PRL and GAL solutions were diluted in the same buffer into 200 μl such that 
final concentration of each sample was 10 μM. 4μl of 1 mM ThT prepared in 20 mM Tris-HCl buffer, pH 
8.0 was added into each sample. ThT fluorescence was probed after the immediate addition of ThT. 
The fluorescence experiment was carried out in Shimadzu RF5301 PC (Japan), with excitation wave-
length at 450 nm and emission wavelength from 460 to 500 nm. For measuring both excitation and 
emission, the slit width was kept at 5 nm. Three independent experiments were performed for each 
sample. The fluorescence value at 480 nm were plotted against incubation time, which produces the 
sigmoidal growth curve of amyloid formation. These curves were then used for lag time calculation.

The lag time (tlag) was calculated as per the published protocol (Willander et al., 2012):

	﻿‍ y = y0 + (ymax − y0)/(1 + e−k(t−t1/2))‍� (1)

here y is the ThT fluorescence at any particular time point, ymax is the maximum ThT fluorescence 
observed and y0 is the ThT fluorescence at t0 (initial time) and tlag was defined by as

	﻿‍ tlag = t1/2 − 2/k‍� (2)

Congo red (CR) binding
A 5 μl aliquot of protein/peptide sample was added into 80 μl of 5 mM potassium phosphate buffer 
containing 10% ethanol. A total of 100 μM CR solutions were prepared in 5 mM phosphate (containing 
10% ethanol) and 15 μl of the solution was added to the sample. After incubating for 15 min in dark, 
absorption spectra were taken from 300 to 700 nm (JASCO V-650 spectrophotometer). For control, 
CR solution without protein was also measured. Three independent experiments were performed for 
each sample.

CR birefringence study
Protein fibrils were obtained by ultracentrifuging the fibril solution at 95,000 rpm for 1 hour followed 
by washing with Milli-Q water. The fibrils were mixed in 100 μl of alkaline sodium chloride solution 
for 20 min with vortexing, to ensure uniform mixing of all fibrils in solution. The mixture was further 
centrifuged and pellet fractions were stained with alkaline CR solution for 20 min with vortexing. After 
that, mixtures were again centrifuged at 95,000 rpm for 1 hr, and pellets were washed two times by 
500 μl of 20% ethanol. The pellets were then resuspended in PBS and spotted onto glass slides and 
subjected to air-drying at room temperature. The slides were observed using a microscope (Olympus 
SZ61 stereo zoom) attached with two polarizers and a camera.

Immunoelectron microscopy
A total of 10 µl of PRL-GAL or PRL-CSA fibril was spotted onto the TEM grid. Ten µl of rabbit anti-PRL 
antibody (1:10) and/or mouse anti-GAL antibody (1:10) in PBS was added to the fibrils and was 
incubated for 1 hr. The excess antibody was removed using filter paper. The grid was subsequently 
washed thrice with autoclaved Milli-Q water. Anti-mouse secondary antibody conjugated with 10 nm 
gold particles (1:200) and/or anti-rabbit secondary antibody conjugated with 5  nm gold particles 
(1:200) was added to the grid and incubated for 30 min. The grid was then washed thrice with Milli-Q 
water, followed by staining with 1% uranyl formate for 5 min and it was imaged using TEM (CM 200, 
Netherland), and analyzed using KEEN view software.

Transmission electron microscopy (TEM)
The protein/peptide sample was diluted in Milli-Q water to ~60 μM. Then, the samples were spotted 
on a carbon-coated, glow-discharged Formvar grid (Electron Microscopy Sciences, Fort Washington, 
PA) and were kept for incubation for 5 min. The grids were further washed with Milli-Q water and were 
stained with a 1% (w/v) uranyl formate solution. TEM imaging was done using FEITecnai G2 12 electron 
microscope at either 120 kV or 200 kV with nominal magnifications in the range of 26,000–60,000. 

https://doi.org/10.7554/eLife.73835


 Research article﻿﻿﻿﻿﻿﻿ Biochemistry and Chemical Biology | Structural Biology and Molecular Biophysics

Chatterjee et al. eLife 2022;0:e73835. DOI: https://doi.org/10.7554/eLife.73835 � 20 of 29

Images were collected by using the SIS Megaview III imaging system. Independent experiments were 
carried out thrice for each sample.

X-ray fibril diffraction
PRL/GAL fibrils were isolated by ultracentrifugation as mentioned earlier and were loaded into a clean 
0.7 mm capillary. The samples in capillary were dried overnight under vacuum. The whole capillary 
with dried protein was placed in the path of X-ray beam. The dried film of protein was placed in an 
X-ray beam at 200 K for 120 s exposure. The resulting images were collected using a Rigaku R-Axis 
IV ++ detector (Rigaku, Japan) kept on a rotating anode. The distance between the sample to the 
detector was 200 mm and the image files were analyzed and processed using Adxv software.

FTIR spectroscopy
For FTIR spectroscopy, isolated fibrils or monomers were spotted onto a thin KBr pellet and were 
subjected to dry under an IR lamp. Then the spectrum was collected using a Bruker VERTEX 80 spectrom-
eter attached with a DTGS detector at the frequency range of 1800–1500 cm–1, corresponding to amide 
I stretching frequency, with a resolution limit of 4 cm–1. The recorded spectrum was deconvoluted at the 
frequency range 1700–1600 cm–1, using Fourier Self Deconvolution (FSD) method and the deconvoluted 
spectrum was fitted using the Lorentzian curve fitting method using OPUS-65 software (Bruker, Germany) 
according to the manufacturer’s instructions. Independent sets were performed thrice for each sample.

Seeding and cross-seeding by different fibril-seeds
Amyloid formation by PRL/GAL was confirmed by ThT binding and TEM imaging. After that, various 
fibrils were collected separately via ultra-centrifugation, and each fibril sample was suspended in 
20 mM phosphate buffer, pH 6.0, 100 mM NaCl, 0.01% sodium azide. These fibrils were then subjected 
to sonication (03 s ‘on’ and 01 s ‘off’ at 20% amplitude) for 10 min to obtain preformed fibril seeds, 
which were mixed (1%, 2%, and 5% (v/v)) in the respective monomeric protein for homo seeding or 
to the other protein for cross seeding. The time-dependent aggregation was probed by ThT binding 
and CD spectroscopy. The ThT fluorescence data for GAL aggregation by PRL seed was fitted using 
the web-based software interface Amylofit (Meisl et al., 2016). For each seed concentration, tripli-
cate sets of data (from the initial time point to till the plateau of ThT fluorescence), was normalized 
using Amylofit. Fitting was done using Nucleation Elongation and Secondary Nucleation Dominated 
models, following guidelines stated by Meisl et al. (Meisl et al., 2016).

Surface plasmon resonance (SPR) spectroscopy analysis of PRL-GAL 
interaction
GAL was immobilized on to Biacore CM5 sensor chip (GE Healthcare) via amine coupling. To do that, 
300 µg/ml of GAL solution was made in 50 mM sodium acetate buffer, pH 5, and was injected at a 
rate of 10 µl/min for 720 s to achieve a response unit (RU) of 1252 RU. PRL protein was dissolved in 
20 mM phosphate buffer containing 100 mM NaCl, pH 6.0 to obtain 1 mM stock solution and was 
used for preparing different dilutions (7.8, 15.6, 31.2, 62.4, 125, 250, and 500 µM). These solutions 
were then injected over the immobilized GAL at a flow rate of 45 µl/min for 60 s. The dissociation 
was initiated at a flow rate of 30 µl/min, and the signal was recorded for 300 s. The chip was further 
regenerated using a 10 mM NaOH solution. ACTH and GH protein were used to examine the binding 
with PRL and GAL, respectively using a CM5 chip. For immobilization, 500 µg/ml of ACTH solution 
was made in 50 mM sodium acetate buffer (pH 4.5). For PRL immobilization, 2 mg/ml of PRL protein 
in 50 mM sodium acetate buffer (pH 4) was used. A similar range of concentrations was used for ACTH 
and GH as mentioned before. All the binding experiments were performed at 37 °C. The data were 
subjected to reference subtraction to compensate for bulk refractive index differences. Further, the 
buffer system for all the proteins was constant to avoid bulk/viscosity changes. The kinetics data for all 
protein interactions were fitted using a 1:1 state kinetic model in the Biacore T200 Software. The kon, 
koff, and KD values were determined for better understanding of the protein-protein interactions. The 
fitted curves were plotted in the GraphPad Prism Software v8.4.2.

In silico study of PRL and GAL interaction and co-aggregation
Protein-protein docking and all-atom molecular dynamics (MD) simulations were used to probe the 
co-aggregation propensities (if any) and resulting secondary structural transitions in PRL and GAL 
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molecules. For this, the initial structure of PRL was obtained from PDB ID: 1RW5 (Teilum et al., 2005). 
Since there was no entry for GAL structure in PDB, the GAL structure was built from its primary amino 
acid sequence and energy minimized. Subsequently, the minimized structure was equilibrated and 
simulated for 300ns. Initially, GAL was docked at two amyloidogenic regions of PRL (residues 18–28) 
(set-1) and (residues 80–88) (set-2), which were predicted by TANGO (Fernandez-Escamilla et al., 
2004). The docking was performed by the protein-protein docking program, HADDOCK (van Zundert 
et al., 2016). The lowest energy complexes were extracted from each set, denoted as complex 1 
from set-1 and complex 2 from set-2. These two complexes were used as starting structures for the 
MD simulations. The first sets of simulations were performed using the AMBER16 package with the 
Amberff99SB force field. The LEAP module of AMBER16 was used to add the hydrogen for the heavy 
atoms. The complexes were then energy minimized for 2000 steps using the steepest descent and 
conjugate gradient algorithms. Subsequently, the structures were hydrated in a cubic periodic box 
extending 9 Å outside the protein-protein complex on all sides with explicit water molecules. The 
three-site TIP3P model was chosen to describe the water molecules. The charge of each system was 
neutralized by placing Na+ ions randomly in the simulation boxes. The systems were again minimized 
to prevent any random contacts formed due to the solvation. All the systems were then equilibrated 
for 500 ps in NVT ensemble at 300 K followed by one ns in NPT ensemble at 1 atm of pressure. After 
the density and potential energy of the systems had converged, each complex was subjected to 300 
ns of the production run. To further validate our simulations, we performed a new set of simulations 
using different force fields. Each complex was subjected to a 250 ns simulation using the GROMOS 
53a6 force field. The new sets of simulations were performed using the GROMACS package following 
the above-mentioned protocol. VMD tool was used for visual analysis of the trajectories.

To further strengthen our results from MD simulations, we have performed computational muta-
genesis studies on complex 2 from the Amberff99SB force field. A total of four cases were examined 
– case 1: four GAL residues that were involved in the β-sheet formation were mutated to alanine 
(W2A, T3A, L4A, N5A); case 2: four PRL residues that were involved in the β-sheet formation were 
mutated to alanine (I146A, Y147A, P148A, V149A). Furthermore, we simulated a single mutation in 
PRL (Y147P), since proline is known as β-sheet breaker (Soto et al., 1998) (case 3), and one deletion 
system by deleting the first two N-terminal residues of GAL (case 4). We did not simulate the PRL dele-
tion system, as deletion at the middle of a structure would bring in conformational changes in itself, 
and correlating that with our interest in PRL-GAL β-sheet formation will be difficult.

MD simulations of all the systems were performed by following the protocol described in the 
previous section using the AMBER16 package with the Amberff99SB force field. While the mutated 
systems, systems 1–3 had to be simulated for ~400 ns to see the change, the deletion system showed 
the disappearance of the β-sheet rather quickly in 100–150 ns.

Monomer release assay
Amyloid fibrils of PRL and GAL formed in the presence of glycosaminoglycans, and co-aggregated 
fibrils of PRL-GAL were harvested by ultracentrifugation at 90,000 rpm for 1 hr. The concentration of 
the soluble fraction (supernatant) was calculated using the absorbance at 280 nm (Jasco V-650) and 
was used to determine the concentration of the pelleted fibrils. A total of 100 μl re-dissolved pellet 
of 400 μM concentration was chosen to examine the monomer release study using the experimental 
setup, which has been reported previously (Jacob et al., 2016; Maji et al., 2008). 400 μM PRL and 
GAL solutions incubated for 15  days were used as a monomer control. Briefly, for PRL monomer 
release, the pellet solutions (PRL, PRL-CSA, and PRL-GAL) were transferred into a modified PCR tube 
with a pierced hole in its cap, which was attached and sealed with a 50 kDa molecular weight cutoff 
membrane (Pierce, USA). This whole setup was then placed inside a 1 ml cryotube (Nunc, Denmark) 
containing 500 μl of 10 mM Tris-HCl buffer (pH 7.4), 0.01% sodium azide. Meanwhile, to investigate 
the release of GAL monomers from the fibril of GAL-Hep, pellet solution was placed in a 10 kDa cutoff 
Slide-A-Lyzer mini dialysis unit system (Pierce, USA), which was positioned onto a 1  ml cryo-tube 
(Nunc, Denmark) containing 500 μl of Tris-HCl buffer (pH 7.4), 0.01% sodium azide. The tubes were 
then kept at 4 °C to prevent evaporation of solutions. To calculate the concentration of the protein 
outside of the membrane, an aliquot of 100 μl of the solution was taken from the buffer outside of the 
dialysis membrane at different times, and absorbance was measured at 280 nm. For measuring the 
monomer release of PRL and GAL from PRL-GAL co-aggregates, 100 μl releasing medium was taken 
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out, and the same volume of fresh buffer was added back as volume correction (subsequent concen-
tration correction has been done in the data). The separated 100 μl releasing medium was passed 
through a 10 kDa centrifugal filter unit (Amicon Ultra, Millipore). After which, the GAL monomer was 
obtained as filtrate, and the PRL was recovered from the retentate by washing the reversed filter unit 
with 100 μl of 10 mM Tris, pH 7.4 as per the manufacturer’s protocol. In an identical experimental 
setup, the absorbance was measured from the buffer both inside and outside of the membrane. This 
control is kept to check whether degradation of the materials of the dialysis membrane is interfering 
with the assay. Each time, the released solution was returned after the spectra recording. Three inde-
pendent experiments were performed for each sample.

Cell proliferation assay using Nb2 cells
Nb2 cell line was grown in plastic culture flasks in RPMI medium (HiMedia, India) supplemented with 
10% heat-inactivated fetal bovine serum (Gibco, USA), 10% horse serum (HiMedia, India), and 1 X 
antibiotic solution and incubated at 37 °C in a humidified incubator containing 5% CO2 in the air. The 
Nb2 cell line was tested as mycoplasma negative. Since there is no publicly available database for 
rat-derived cell lines to be used as a reference, the STR profiling was not employed. However, the 
authentication of the Nb2 cell line was done by monitoring the morphology and the characteristic 
property of the cell line (comprising PRL receptors) to proliferate in presence of PRL as evident from 
our cell proliferation study. For proliferation assay, cells ( ~ 105/well) in a 96-well plate were seeded 
in RPMI medium in the presence of 1% fetal bovine serum and 10% horse serum and incubated for 
24 hr to synchronize the cells at G0/G1 phase. After 24 hr, cells were treated with PRL monomer, 
monomer released from PRL-CSA and PRL-GAL at a dose range from 0.5 to 4 µM. The unrelated 
protein ovalbumin was used as the negative control. After incubation, cell proliferation was measured 
by MTT assay. To do so,10 µl of MTT solution (5 mg/ml in PBS) was added to the cells and incubated 
for 4 h. Subsequently, 100  μl of SDS-DMF solution (50% DMF and 20% SDS, pH 4.75) was added for 
overnight incubation. The absorption value of the product was measured at 560  nm and 690  nm as 
a background absorbance using a Spectramax M2e microplate reader (Molecular Devices, USA). The 
fold increases in cell proliferation compared to untreated cells were plotted against the concentration 
of the sample administered.

Immunofluorescence
Adult, Sprague-Dawley rats (200–250 g) (both male and female) taken for this study were maintained 
under the standard environmental conditions (12 h: 12 h, light: darkness cycle, chow, and water ad 
libitum). The Institutional Animal Ethical Committee (IAEC) at NISER, Bhubaneswar (ethical approval 
protocol number: NISER/SBS/AH-210 and NISER/SBS/AH-212), under the Committee for the Purpose 
of Control and Supervision of Experiments for Animals (CPCSEA), New Delhi, India, approved the 
experimental protocol. First, the animals were anesthetized with a mixture of ketamine and xylazine 
and perfused transcardially with 50 ml of 10 mM phosphate buffer saline (PBS, pH 7.4), followed by 
100 ml 4% paraformaldehyde (PFA) in 100 mM phosphate buffer (pH 7.4). The pituitary glands were 
dissected out and post-fixed in 4% PFA overnight at 4°C followed by immersion in 25% sucrose solu-
tion in PBS for 24 hr at 4°C. The pituitary glands were rapidly frozen in powdered dry ice, sectioned 
on the cryostat (Leica, CM3050 S), and sections were mounted on poly-L-lysine (Sigma) coated glass 
slides. The sections were processed for double immunofluorescence. The sections were rinsed twice in 
PBS/TBS followed by 0.5% Triton X-100 for 20  min. The sections were incubated in blocking solution 
for 30 min. The double immunofluorescence was performed in a humidified chamber by incubating 
the sections in a mixture of anti-PRL (Guinea pig polyclonal, from A. F. Parlow, National Hormone, and 
Pituitary Program, Harbor-ULCA Medical Center, Torrance, CA, 1:1500) and mouse polyclonal anti-GAL 
antibody (Abcam, dilution 1:1500) overnight at 4 °C. Further, co-staining of pituitary tissue amyloids 
of GAL or PRL was performed using amyloid-specific (OC) antibody (rabbit polyclonal, Abcam, 1:500) 
and with respective hormone antibodies. All the primary antibody-stained tissue slices were incubated 
overnight at 4 °C in a humidified chamber. The sections were rinsed in TBST and further incubated 
with the secondary antibody of goat anti-mouse FITC (1:500) or goat anti-rabbit FITC (1:500) or goat 
anti-mouse Alexa Fluor-555 (1:500) (Thermo Scientific, USA) or goat anti-Guinea pig Alexa Fluor 555 
(1:500) for 2  h at room temperature in a humidified chamber. The sections were washed with TBST and 
mounted with a mounting medium. The sections were analyzed using a confocal microscope (Olympus 
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IX81 combined with FV500) (Shinjuku, Tokyo, Japan) and images were recorded using a multi-channel 
image acquisition tool of Fluovision software (Zeiss, Oberkochen, Germany). Similarly, the GH and 
ACTH double immunofluorescence was performed using rabbit polyclonal anti-ACTH (kind gift of Dr. 
A. F. Parlow, NHPP, dilution 1:1000) and goat polyclonal anti-GH (R&D Systems, dilution 1:1000) over-
night at 4°C. The sections were washed and further incubated in a mixture of secondary antibodies 
[Alexa Fluor 594 anti-rabbit IgG or Alexa Fluor 488 anti-goat IgG (1:500, Thermo Fisher Scientific, 
USA)] for 2  h at room temperature. The sections were rinsed and sealed with mounting medium, and 
the association between GH and ACTH analyzed under an AxioImager M2 fluorescence microscope 
attached with AxioCamMRm digital microscope camera (Carl Zeiss, Göttingen, Germany). The micro-
scopic images of pituitary sections showing GH and ACTH were captured using the same microscope 
and camera. For Thioflavin S (ThioS) staining, GAL and PRL staining was done using goat anti-mouse 
Alexa Fluor-555-conjugated secondary antibody or goat anti-Guinea pig Alexa Fluor 555 (1:500 dilu-
tion) respectively. The sections were then stained with 0.6% ThioS (Sigma-Aldrich) for 5  min in dark. 
The sections were washed with 50% ethanol for 2 min followed by TBST washing for 3 min. The slides 
were then mounted in 90% glycerol and 10% PBS containing 1% DABCO (1, 4-diazabicyclo-[2.2.2] 
octane, Sigma-Aldrich). The images and the sections were analyzed by multi-channel image acquisi-
tion tool of Fluovision software (Zeiss, Oberkochen, Germany) and Olympus FV-500 IX 81 confocal 
microscope (Shinjuku, Tokyo, Japan), respectively.

Acknowledgements
The authors wish to acknowledge Prof. PS Dannies and Prof. ME Hodsdon, Yale School of Medicine, 
USA for the plasmid of PRL. We are also grateful to Prof. Amulya K Panda, NII, India for the kind gift 
of Nb2 cell line. We would like to acknowledge Dr. Srivastav Ranganathan and Dr. Prem Prakash for 
the PRL schematic drawing and Congo red birefringence study, respectively. We are also thankful to 
CRNTS and IRCC, IIT Bombay for FTIR, electron microscopy, confocal microscopy, protein crystal-
lography facility, and SPR facility. Authors wish to acknowledge DBT (BT/PR9797/NNT/28/774/2014) 
Government of India, Wadhwani research centre for Bioengineering (WRCB), and DBT/Welcome 
Trust India Alliance Fellowship [RD/0119-DBTFL49-001] awarded to Shinjinee Sengupta for financial 
support.

Additional information

Funding

Funder Grant reference number Author

Department of 
Biotechnology , Ministry of 
Science and Technology

BT/PR9797/
NNT/28/774/2014

Samir K Maji

Department of 
Biotechnology , Ministry of 
Science and Technology

BT/HRD/35/01/03/2020 Samir K Maji

Department of Science 
and Technology, Ministry of 
Science and Technology

CRG/2019/001133 Samir K Maji

India Alliance RD/0119-DBTFL49-001 Shinjinee Sengupta

The funders had no role in study design, data collection and interpretation, or the 
decision to submit the work for publication.

Author contributions
Debdeep Chatterjee, Conceptualization, Data curation, Formal analysis, Methodology, Validation, 
Visualization, Writing - original draft, Writing - review and editing; Reeba S Jacob, Data curation, 
Formal analysis, Methodology, Validation, Visualization; Soumik Ray, Formal analysis, Validation, Visual-
ization, Writing - review and editing; Ambuja Navalkar, Namrata Singh, Shinjinee Sengupta, Data cura-
tion, Formal analysis, Methodology; Laxmikant Gadhe, Pradeep Kadu, Data curation, Methodology; 

https://doi.org/10.7554/eLife.73835


 Research article﻿﻿﻿﻿﻿﻿ Biochemistry and Chemical Biology | Structural Biology and Molecular Biophysics

Chatterjee et al. eLife 2022;0:e73835. DOI: https://doi.org/10.7554/eLife.73835 � 24 of 29

Debalina Datta, Formal analysis, Methodology; Ajoy Paul, Surabhi Mehra, Chinmai Pindi, Santosh 
Kumar, Data curation; Sakunthala Arunima, Investigation, Methodology, Writing - review and editing; 
Praful Singru, Sanjib Senapati, Validation; Samir K Maji, Conceptualization, Funding acquisition, 
Supervision, Writing - review and editing

Author ORCIDs
Debdeep Chatterjee ‍ ‍ http://orcid.org/0000-0001-8153-8651
Surabhi Mehra ‍ ‍ http://orcid.org/0000-0003-1777-673X
Samir K Maji ‍ ‍ http://orcid.org/0000-0002-9110-1565

Ethics
Adult, female, Sprague-Dawley rats taken for this study were maintained under the standard envi-
ronmental conditions and Institutional Animal Ethical Committee (IAEC) at NISER, Bhubaneswar, 
India approved the experimental protocols. (Protocol Numbers: NISER/SBS/AH-210 and NISER/SBS/
AH-212).

Decision letter and Author response
Decision letter https://doi.org/10.7554/eLife.73835.sa1
Author response https://doi.org/10.7554/eLife.73835.sa2

Additional files
Supplementary files
•  Transparent reporting form 

Data availability
All data generated or analysed during this study are included in the manuscript and supporting file. 
Source Data files have been provided for main Figures 1-5 and Supplementary figures and tables.

References
Alberti S, Halfmann R, Lindquist S. 2010. Biochemical, cell biological, and genetic assays to analyze amyloid and 

prion aggregation in yeast. Methods in Enzymology 470:709–734. DOI: https://doi.org/10.1016/S0076-6879(​
10)70030-6, PMID: 20946833

Andersen CB, Yagi H, Manno M, Martorana V, Ban T, Christiansen G, Otzen DE, Goto Y, Rischel C. 2009. 
Branching in amyloid fibril growth. Biophysical Journal 96:1529–1536. DOI: https://doi.org/10.1016/j.bpj.2008.​
11.024, PMID: 19217869

Andreasen M, Meisl G, Taylor JD, Michaels TCT, Levin A, Otzen DE, Chapman MR, Dobson CM, Matthews SJ, 
Knowles TPJ. 2019. Physical Determinants of Amyloid Assembly in Biofilm Formation. MBio 10:e02279-18. 
DOI: https://doi.org/10.1128/mBio.02279-18, PMID: 30622185

Anoop A, Ranganathan S, Das Dhaked B, Jha NN, Pratihar S, Ghosh S, Sahay S, Kumar S, Das S, Kombrabail M, 
Agarwal K, Jacob RS, Singru P, Bhaumik P, Padinhateeri R, Kumar A, Maji SK. 2014. Elucidating the role of 
disulfide bond on amyloid formation and fibril reversibility of somatostatin-14: relevance to its storage and 
secretion. The Journal of Biological Chemistry 289:16884–16903. DOI: https://doi.org/10.1074/jbc.M114.​
548354, PMID: 24782311

Arosio P, Knowles TPJ, Linse S. 2015. On the lag phase in amyloid fibril formation. Physical Chemistry Chemical 
Physics 17:7606–7618. DOI: https://doi.org/10.1039/c4cp05563b, PMID: 25719972

Barnhart MM, Chapman MR. 2006. Curli biogenesis and function. Annual Review of Microbiology 60:131–147. 
DOI: https://doi.org/10.1146/annurev.micro.60.080805.142106, PMID: 16704339

Bassil F, Brown HJ, Pattabhiraman S, Iwasyk JE, Maghames CM, Meymand ES, Cox TO, Riddle DM, Zhang B, 
Trojanowski JQ, Lee VM-Y. 2020. Amyloid-Beta (Aβ) Plaques Promote Seeding and Spreading of Alpha-
Synuclein and Tau in a Mouse Model of Lewy Body Disorders with Aβ Pathology. Neuron 105:260-275.. DOI: 
https://doi.org/10.1016/j.neuron.2019.10.010, PMID: 31759806

Békés M, Langley DR, Crews CM. 2022. PROTAC targeted protein degraders: the past is prologue. Nature 
Reviews. Drug Discovery 21:181–200. DOI: https://doi.org/10.1038/s41573-021-00371-6, PMID: 35042991

Bemporad F, Chiti F. 2012. Protein misfolded oligomers: experimental approaches, mechanism of formation, and 
structure-toxicity relationships. Chemistry & Biology 19:315–327. DOI: https://doi.org/10.1016/j.chembiol.​
2012.02.003, PMID: 22444587

Bennett RE, DeVos SL, Dujardin S, Corjuc B, Gor R, Gonzalez J, Roe AD, Frosch MP, Pitstick R, Carlson GA, 
Hyman BT. 2017. Enhanced Tau Aggregation in the Presence of Amyloid β. The American Journal of Pathology 
187:1601–1612. DOI: https://doi.org/10.1016/j.ajpath.2017.03.011, PMID: 28500862

https://doi.org/10.7554/eLife.73835
http://orcid.org/0000-0001-8153-8651
http://orcid.org/0000-0003-1777-673X
http://orcid.org/0000-0002-9110-1565
https://doi.org/10.7554/eLife.73835.sa1
https://doi.org/10.7554/eLife.73835.sa2
https://doi.org/10.1016/S0076-6879(10)70030-6
https://doi.org/10.1016/S0076-6879(10)70030-6
http://www.ncbi.nlm.nih.gov/pubmed/20946833
https://doi.org/10.1016/j.bpj.2008.11.024
https://doi.org/10.1016/j.bpj.2008.11.024
http://www.ncbi.nlm.nih.gov/pubmed/19217869
https://doi.org/10.1128/mBio.02279-18
http://www.ncbi.nlm.nih.gov/pubmed/30622185
https://doi.org/10.1074/jbc.M114.548354
https://doi.org/10.1074/jbc.M114.548354
http://www.ncbi.nlm.nih.gov/pubmed/24782311
https://doi.org/10.1039/c4cp05563b
http://www.ncbi.nlm.nih.gov/pubmed/25719972
https://doi.org/10.1146/annurev.micro.60.080805.142106
http://www.ncbi.nlm.nih.gov/pubmed/16704339
https://doi.org/10.1016/j.neuron.2019.10.010
http://www.ncbi.nlm.nih.gov/pubmed/31759806
https://doi.org/10.1038/s41573-021-00371-6
http://www.ncbi.nlm.nih.gov/pubmed/35042991
https://doi.org/10.1016/j.chembiol.2012.02.003
https://doi.org/10.1016/j.chembiol.2012.02.003
http://www.ncbi.nlm.nih.gov/pubmed/22444587
https://doi.org/10.1016/j.ajpath.2017.03.011
http://www.ncbi.nlm.nih.gov/pubmed/28500862


 Research article﻿﻿﻿﻿﻿﻿ Biochemistry and Chemical Biology | Structural Biology and Molecular Biophysics

Chatterjee et al. eLife 2022;0:e73835. DOI: https://doi.org/10.7554/eLife.73835 � 25 of 29

Bersani M, Johnsen AH, Højrup P, Dunning BE, Andreasen JJ, Holst JJ. 1991. Human galanin: primary structure 
and identification of two molecular forms. FEBS Letters 283:189–194. DOI: https://doi.org/10.1016/0014-5793(​
91)80585-q, PMID: 1710578

Berson JF, Harper DC, Tenza D, Raposo G, Marks MS. 2001. Pmel17 initiates premelanosome morphogenesis 
within multivesicular bodies. Molecular Biology of the Cell 12:3451–3464. DOI: https://doi.org/10.1091/mbc.​
12.11.3451, PMID: 11694580

Bharadwaj P, Wijesekara N, Liyanapathirana M, Newsholme P, Ittner L, Fraser P, Verdile G. 2017. The Link 
between Type 2 Diabetes and Neurodegeneration: Roles for Amyloid-β, Amylin, and Tau Proteins. Journal of 
Alzheimer’s Disease 59:421–432. DOI: https://doi.org/10.3233/JAD-161192, PMID: 28269785

Biessels GJ, Kappelle LJ, Utrecht Diabetic Encephalopathy Study G. 2005. Increased risk of Alzheimer’s disease 
in Type II diabetes: insulin resistance of the brain or insulin-induced amyloid pathology? Biochemical Society 
Transactions 33:1041–1044. DOI: https://doi.org/10.1042/BST0331041, PMID: 16246041

Buell AK. 2019. The growth of amyloid fibrils: rates and mechanisms. The Biochemical Journal 476:2677–2703. 
DOI: https://doi.org/10.1042/BCJ20160868, PMID: 31654060

Bulatov AA, Osipova TA, Raevskaia GV. 1996. Proliferative effect of prolactin and growth hormone from human 
serum in cultured rat lymphoma Nb2 cells. Biulleten’ Eksperimental’noi Biologii i Meditsiny 122:559–563. DOI: 
https://doi.org/10.1007/BF02447668, PMID: 8998352

Bussière T, Bard F, Barbour R, Grajeda H, Guido T, Khan K, Schenk D, Games D, Seubert P, Buttini M. 2004. 
Morphological characterization of Thioflavin-S-positive amyloid plaques in transgenic Alzheimer mice and 
effect of passive Abeta immunotherapy on their clearance. The American Journal of Pathology 165:987–995. 
DOI: https://doi.org/10.1016/s0002-9440(10)63360-3, PMID: 15331422

Cai A, Bowers RC, Moore JP, Hyde JF. 1998. Function of galanin in the anterior pituitary of estrogen-treated 
Fischer 344 rats: autocrine and paracrine regulation of prolactin secretion. Endocrinology 139:2452–2458. DOI: 
https://doi.org/10.1210/endo.139.5.6025, PMID: 9564857

Cai A, Hayes JD, Patel N, Hyde JF. 1999. Targeted overexpression of galanin in lactotrophs of transgenic mice 
induces hyperprolactinemia and pituitary hyperplasia. Endocrinology 140:4955–4964. DOI: https://doi.org/10.​
1210/endo.140.11.7120, PMID: 10537119

Cascella R, Chen SW, Bigi A, Camino JD, Xu CK, Dobson CM, Chiti F, Cremades N, Cecchi C. 2021. The release 
of toxic oligomers from α-synuclein fibrils induces dysfunction in neuronal cells. Nature Communications 
12:1814. DOI: https://doi.org/10.1038/s41467-021-21937-3, PMID: 33753734

Chapman MR, Robinson LS, Pinkner JS, Roth R, Heuser J, Hammar M, Normark S, Hultgren SJ. 2002. Role of 
Escherichia coli curli operons in directing amyloid fiber formation. Science (New York, N.Y.) 295:851–855. DOI: 
https://doi.org/10.1126/science.1067484, PMID: 11823641

Chiti F, Dobson CM. 2006. Protein misfolding, functional amyloid, and human disease. Annual Review of 
Biochemistry 75:333–366. DOI: https://doi.org/10.1146/annurev.biochem.75.101304.123901, PMID: 16756495

Cino EA, Choy WY, Karttunen M. 2012. Comparison of Secondary Structure Formation Using 10 Different Force 
Fields in Microsecond Molecular Dynamics Simulations. Journal of Chemical Theory and Computation 
8:2725–2740. DOI: https://doi.org/10.1021/ct300323g, PMID: 22904695

Cohen SIA, Cukalevski R, Michaels TCT, Šarić A, Törnquist M, Vendruscolo M, Dobson CM, Buell AK, 
Knowles TPJ, Linse S. 2018. Distinct thermodynamic signatures of oligomer generation in the aggregation of 
the amyloid-β peptide. Nature Chemistry 10:523–531. DOI: https://doi.org/10.1038/s41557-018-0023-x, PMID: 
29581486

Daskalov A, Martinez D, Coustou V, El Mammeri N, Berbon M, Andreas LB, Bardiaux B, Stanek J, Noubhani A, 
Kauffmann B, Wall JS, Pintacuda G, Saupe SJ, Habenstein B, Loquet A. 2021. Structural and molecular basis of 
cross-seeding barriers in amyloids. PNAS 118:e2014085118. DOI: https://doi.org/10.1073/pnas.2014085118, 
PMID: 33443172

Destoumieux-Garzón D, Thomas X, Santamaria M, Goulard C, Barthélémy M, Boscher B, Bessin Y, Molle G, 
Pons A-M, Letellier L, Peduzzi J, Rebuffat S. 2003. Microcin E492 antibacterial activity: evidence for a TonB-
dependent inner membrane permeabilization on Escherichia coli. Molecular Microbiology 49:1031–1041. DOI: 
https://doi.org/10.1046/j.1365-2958.2003.03610.x, PMID: 12890026

Eden K, Morris R, Gillam J, MacPhee CE, Allen RJ. 2015. Competition between primary nucleation and 
autocatalysis in amyloid fibril self-assembly. Biophysical Journal 108:632–643. DOI: https://doi.org/10.1016/j.​
bpj.2014.11.3465, PMID: 25650930

Evans HF, Shine J. 1991. Human galanin: molecular cloning reveals a unique structure. Endocrinology 129:1682–
1684. DOI: https://doi.org/10.1210/endo-129-3-1682, PMID: 1714839

Fernandez-Escamilla AM, Rousseau F, Schymkowitz J, Serrano L. 2004. Prediction of sequence-dependent and 
mutational effects on the aggregation of peptides and proteins. Nature Biotechnology 22:1302–1306. DOI: 
https://doi.org/10.1038/nbt1012, PMID: 15361882

Fowler DM, Koulov AV, Alory-Jost C, Marks MS, Balch WE, Kelly JW. 2006. Functional amyloid formation within 
mammalian tissue. PLOS Biology 4:e6. DOI: https://doi.org/10.1371/journal.pbio.0040006, PMID: 16300414

Fowler DM, Koulov AV, Balch WE, Kelly JW. 2007. Functional amyloid--from bacteria to humans. Trends in 
Biochemical Sciences 32:217–224. DOI: https://doi.org/10.1016/j.tibs.2007.03.003, PMID: 17412596

Frankel R, Törnquist M, Meisl G, Hansson O, Andreasson U, Zetterberg H, Blennow K, Frohm B, Cedervall T, 
Knowles TPJ, Leiding T, Linse S. 2019. Autocatalytic amplification of Alzheimer-associated Aβ42 peptide 
aggregation in human cerebrospinal fluid. Communications Biology 2:365. DOI: https://doi.org/10.1038/​
s42003-019-0612-2, PMID: 31602414

https://doi.org/10.7554/eLife.73835
https://doi.org/10.1016/0014-5793(91)80585-q
https://doi.org/10.1016/0014-5793(91)80585-q
http://www.ncbi.nlm.nih.gov/pubmed/1710578
https://doi.org/10.1091/mbc.12.11.3451
https://doi.org/10.1091/mbc.12.11.3451
http://www.ncbi.nlm.nih.gov/pubmed/11694580
https://doi.org/10.3233/JAD-161192
http://www.ncbi.nlm.nih.gov/pubmed/28269785
https://doi.org/10.1042/BST0331041
http://www.ncbi.nlm.nih.gov/pubmed/16246041
https://doi.org/10.1042/BCJ20160868
http://www.ncbi.nlm.nih.gov/pubmed/31654060
https://doi.org/10.1007/BF02447668
http://www.ncbi.nlm.nih.gov/pubmed/8998352
https://doi.org/10.1016/s0002-9440(10)63360-3
http://www.ncbi.nlm.nih.gov/pubmed/15331422
https://doi.org/10.1210/endo.139.5.6025
http://www.ncbi.nlm.nih.gov/pubmed/9564857
https://doi.org/10.1210/endo.140.11.7120
https://doi.org/10.1210/endo.140.11.7120
http://www.ncbi.nlm.nih.gov/pubmed/10537119
https://doi.org/10.1038/s41467-021-21937-3
http://www.ncbi.nlm.nih.gov/pubmed/33753734
https://doi.org/10.1126/science.1067484
http://www.ncbi.nlm.nih.gov/pubmed/11823641
https://doi.org/10.1146/annurev.biochem.75.101304.123901
http://www.ncbi.nlm.nih.gov/pubmed/16756495
https://doi.org/10.1021/ct300323g
http://www.ncbi.nlm.nih.gov/pubmed/22904695
https://doi.org/10.1038/s41557-018-0023-x
http://www.ncbi.nlm.nih.gov/pubmed/29581486
https://doi.org/10.1073/pnas.2014085118
http://www.ncbi.nlm.nih.gov/pubmed/33443172
https://doi.org/10.1046/j.1365-2958.2003.03610.x
http://www.ncbi.nlm.nih.gov/pubmed/12890026
https://doi.org/10.1016/j.bpj.2014.11.3465
https://doi.org/10.1016/j.bpj.2014.11.3465
http://www.ncbi.nlm.nih.gov/pubmed/25650930
https://doi.org/10.1210/endo-129-3-1682
http://www.ncbi.nlm.nih.gov/pubmed/1714839
https://doi.org/10.1038/nbt1012
http://www.ncbi.nlm.nih.gov/pubmed/15361882
https://doi.org/10.1371/journal.pbio.0040006
http://www.ncbi.nlm.nih.gov/pubmed/16300414
https://doi.org/10.1016/j.tibs.2007.03.003
http://www.ncbi.nlm.nih.gov/pubmed/17412596
https://doi.org/10.1038/s42003-019-0612-2
https://doi.org/10.1038/s42003-019-0612-2
http://www.ncbi.nlm.nih.gov/pubmed/31602414


 Research article﻿﻿﻿﻿﻿﻿ Biochemistry and Chemical Biology | Structural Biology and Molecular Biophysics

Chatterjee et al. eLife 2022;0:e73835. DOI: https://doi.org/10.7554/eLife.73835 � 26 of 29

Gera S, Sant D, Haider S, Korkmaz F, Kuo TC, Mathew M, Perez-Pena H, Xie H, Chen H, Batista R, Ma K, 
Cheng Z, Hadelia E, Robinson C, Macdonald A, Miyashita S, Williams A, Jebian G, Miyashita H, Gumerova A, 
et al. 2020. First-in-class humanized FSH blocking antibody targets bone and fat. PNAS 117:28971–28979. 
DOI: https://doi.org/10.1073/pnas.2014588117, PMID: 33127753

Ghosh D, Mondal M, Mohite GM, Singh PK, Ranjan P, Anoop A, Ghosh S, Jha NN, Kumar A, Maji SK. 2013. The 
Parkinson’s disease-associated H50Q mutation accelerates α-Synuclein aggregation in vitro. Biochemistry 
52:6925–6927. DOI: https://doi.org/10.1021/bi400999d, PMID: 24047453

Giasson BI, Forman MS, Higuchi M, Golbe LI, Graves CL, Kotzbauer PT, Trojanowski JQ, Lee VM-Y. 2003. 
Initiation and synergistic fibrillization of tau and alpha-synuclein. Science (New York, N.Y.) 300:636–640. DOI: 
https://doi.org/10.1126/science.1082324, PMID: 12714745

Guo JL, Covell DJ, Daniels JP, Iba M, Stieber A, Zhang B, Riddle DM, Kwong LK, Xu Y, Trojanowski JQ, Lee VMY. 
2013. Distinct α-synuclein strains differentially promote tau inclusions in neurons. Cell 154:103–117. DOI: 
https://doi.org/10.1016/j.cell.2013.05.057, PMID: 23827677

Harper DC, Theos AC, Herman KE, Tenza D, Raposo G, Marks MS. 2008. Premelanosome Amyloid-like Fibrils 
Are Composed of Only Golgi-processed Forms of Pmel17 That Have Been Proteolytically Processed in 
Endosomes. Journal of Biological Chemistry 283:2307–2322. DOI: https://doi.org/10.1074/jbc.M708007200, 
PMID: 17991747

Hartman K. 2013. Bacterial curli protein promotes the conversion of PAP248-286 into the amyloid SEVI: 
cross-seeding of dissimilar amyloid sequences. PeerJ 1:e5. DOI: https://doi.org/10.7717/peerj.5

Hinghofer-Szalkay HG, Rössler A, Evans JM, Stenger MB, Moore FB, Knapp CF. 2006. Circulatory galanin levels 
increase severalfold with intense orthostatic challenge in healthy humans. Journal of Applied Physiology 
(Bethesda, Md 100:844–849. DOI: https://doi.org/10.1152/japplphysiol.01039.2005, PMID: 16322373

Huff ME, Balch WE, Kelly JW. 2003. Pathological and functional amyloid formation orchestrated by the secretory 
pathway. Current Opinion in Structural Biology 13:674–682. DOI: https://doi.org/10.1016/j.sbi.2003.10.010, 
PMID: 14675544

Hyde JF, Engle MG, Maley BE. 1991. Colocalization of galanin and prolactin within secretory granules of anterior 
pituitary cells in estrogen-treated Fischer 344 rats. Endocrinology 129:270–276. DOI: https://doi.org/10.1210/​
endo-129-1-270, PMID: 1711463

Ivanova MI, Lin Y, Lee YH, Zheng J, Ramamoorthy A. 2021. Biophysical processes underlying cross-seeding in 
amyloid aggregation and implications in amyloid pathology. Biophysical Chemistry 269:106507. DOI: https://​
doi.org/10.1016/j.bpc.2020.106507

Jackson M, Mantsch HH. 1995. The use and misuse of FTIR spectroscopy in the determination of protein 
structure. Critical Reviews in Biochemistry and Molecular Biology 30:95–120. DOI: https://doi.org/10.3109/​
10409239509085140, PMID: 7656562

Jacob R, Anoop A, Singh P, Maji S. 2010. Protein Aggregation. Nova Science Publishers, Inc.
Jacob RS, Das S, Ghosh S, Anoop A, Jha NN, Khan T, Singru P, Kumar A, Maji SK. 2016. Amyloid formation of 

growth hormone in presence of zinc: Relevance to its storage in secretory granules. Scientific Reports 6:23370. 
DOI: https://doi.org/10.1038/srep23370, PMID: 27004850

Kaplan LM, Gabriel SM, Koenig JI, Sunday ME, Spindel ER, Martin JB, Chin WW. 1988. Galanin is an estrogen-
inducible, secretory product of the rat anterior pituitary. PNAS 85:7408–7412. DOI: https://doi.org/10.1073/​
pnas.85.19.7408, PMID: 2459706

Kask K, Berthold M, Bartfai T. 1997. Galanin receptors: involvement in feeding, pain, depression and Alzheimer’s 
disease. Life Sciences 60:1523–1533. DOI: https://doi.org/10.1016/s0024-3205(96)00624-8, PMID: 9126874

Katzman R, Saitoh T. 1991. Advances in Alzheimer’s disease. FASEB Journal 5:278–286 PMID: 2001787.
Keeler C, Dannies PS, Hodsdon ME. 2003. The tertiary structure and backbone dynamics of human prolactin. 

Journal of Molecular Biology 328:1105–1121. DOI: https://doi.org/10.1016/s0022-2836(03)00367-x, PMID: 
12729745

Koloteva-Levine N, Marchante R, Purton TJ, Hiscock JR, Tuite MF, Xue WF. 2020. Amyloid Particles Facilitate 
Surface-Catalyzed Cross-Seeding by Acting as Promiscuous Nanoparticles. Biochemistry 118:e2104148118. 
DOI: https://doi.org/10.1101/2020.09.01.278481

Kong J, Yu S. 2007. Fourier transform infrared spectroscopic analysis of protein secondary structures. Acta 
Biochimica et Biophysica Sinica 39:549–559. DOI: https://doi.org/10.1111/j.1745-7270.2007.00320.x, PMID: 
17687489

Köppen J, Schulze A, Machner L, Wermann M, Eichentopf R, Guthardt M, Hähnel A, Klehm J, Kriegeskorte M-C, 
Hartlage-Rübsamen M, Morawski M, von Hörsten S, Demuth H-U, Roßner S, Schilling S. 2020. Amyloid-Beta 
Peptides Trigger Aggregation of Alpha-Synuclein In Vitro. Molecules (Basel, Switzerland) 25:E580. DOI: https://​
doi.org/10.3390/molecules25030580, PMID: 32013170

Koshiyama H, Kato Y, Inoue T, Murakami Y, Ishikawa Y, Yanaihara N, Imura H. 1987. Central galanin stimulates 
pituitary prolactin secretion in rats: possible involvement of hypothalamic vasoactive intestinal polypeptide. 
Neuroscience Letters 75:49–54. DOI: https://doi.org/10.1016/0304-3940(87)90073-5, PMID: 2437498

Koshiyama H, Shimatsu A, Assadian H, Hattori N, Ishikawa Y, Tanoh T, Yanaihara N, Kato Y, Imura H. 1990a. 
Galanin interacts with serotonin in stimulating prolactin secretion in the rat. Journal of Neuroendocrinology 
2:217–220. DOI: https://doi.org/10.1111/j.1365-2826.1990.tb00853.x, PMID: 19210386

Koshiyama H, Shimatsu A, Kato Y, Assadian H, Hattori N, Ishikawa Y, Tanoh T, Yanaihara N, Imura H. 1990b. 
Galanin-induced prolactin release in rats: pharmacological evidence for the involvement of alpha-adrenergic 
and opioidergic mechanisms. Brain Research 507:321–324. DOI: https://doi.org/10.1016/0006-8993(90)​
90290-r, PMID: 1692501

https://doi.org/10.7554/eLife.73835
https://doi.org/10.1073/pnas.2014588117
http://www.ncbi.nlm.nih.gov/pubmed/33127753
https://doi.org/10.1021/bi400999d
http://www.ncbi.nlm.nih.gov/pubmed/24047453
https://doi.org/10.1126/science.1082324
http://www.ncbi.nlm.nih.gov/pubmed/12714745
https://doi.org/10.1016/j.cell.2013.05.057
http://www.ncbi.nlm.nih.gov/pubmed/23827677
https://doi.org/10.1074/jbc.M708007200
http://www.ncbi.nlm.nih.gov/pubmed/17991747
https://doi.org/10.7717/peerj.5
https://doi.org/10.1152/japplphysiol.01039.2005
http://www.ncbi.nlm.nih.gov/pubmed/16322373
https://doi.org/10.1016/j.sbi.2003.10.010
http://www.ncbi.nlm.nih.gov/pubmed/14675544
https://doi.org/10.1210/endo-129-1-270
https://doi.org/10.1210/endo-129-1-270
http://www.ncbi.nlm.nih.gov/pubmed/1711463
https://doi.org/10.1016/j.bpc.2020.106507
https://doi.org/10.1016/j.bpc.2020.106507
https://doi.org/10.3109/10409239509085140
https://doi.org/10.3109/10409239509085140
http://www.ncbi.nlm.nih.gov/pubmed/7656562
https://doi.org/10.1038/srep23370
http://www.ncbi.nlm.nih.gov/pubmed/27004850
https://doi.org/10.1073/pnas.85.19.7408
https://doi.org/10.1073/pnas.85.19.7408
http://www.ncbi.nlm.nih.gov/pubmed/2459706
https://doi.org/10.1016/s0024-3205(96)00624-8
http://www.ncbi.nlm.nih.gov/pubmed/9126874
2001787
https://doi.org/10.1016/s0022-2836(03)00367-x
http://www.ncbi.nlm.nih.gov/pubmed/12729745
https://doi.org/10.1101/2020.09.01.278481
https://doi.org/10.1111/j.1745-7270.2007.00320.x
http://www.ncbi.nlm.nih.gov/pubmed/17687489
https://doi.org/10.3390/molecules25030580
https://doi.org/10.3390/molecules25030580
http://www.ncbi.nlm.nih.gov/pubmed/32013170
https://doi.org/10.1016/0304-3940(87)90073-5
http://www.ncbi.nlm.nih.gov/pubmed/2437498
https://doi.org/10.1111/j.1365-2826.1990.tb00853.x
http://www.ncbi.nlm.nih.gov/pubmed/19210386
https://doi.org/10.1016/0006-8993(90)90290-r
https://doi.org/10.1016/0006-8993(90)90290-r
http://www.ncbi.nlm.nih.gov/pubmed/1692501


 Research article﻿﻿﻿﻿﻿﻿ Biochemistry and Chemical Biology | Structural Biology and Molecular Biophysics

Chatterjee et al. eLife 2022;0:e73835. DOI: https://doi.org/10.7554/eLife.73835 � 27 of 29

Krebs MRH, Morozova-Roche LA, Daniel K, Robinson CV, Dobson CM. 2004. Observation of sequence 
specificity in the seeding of protein amyloid fibrils. Protein Science 13:1933–1938. DOI: https://doi.org/10.​
1110/ps.04707004, PMID: 15215533

Kumari P, Ghosh D, Vanas A, Fleischmann Y, Wiegand T, Jeschke G, Riek R, Eichmann C. 2021. Structural insights 
into α-synuclein monomer-fibril interactions. PNAS 118:e2012171118. DOI: https://doi.org/10.1073/pnas.​
2012171118, PMID: 33649211

Lebrun JJ, Ali S, Sofer L, Ullrich A, Kelly PA. 1994. Prolactin-induced proliferation of Nb2 cells involves tyrosine 
phosphorylation of the prolactin receptor and its associated tyrosine kinase JAK2. The Journal of Biological 
Chemistry 269:14021–14026. DOI: https://doi.org/10.1016/S0021-9258(17)36749-2, PMID: 8188682

Linse S. 2017. Monomer-dependent secondary nucleation in amyloid formation. Biophysical Reviews 9:329–338. 
DOI: https://doi.org/10.1007/s12551-017-0289-z, PMID: 28812278

Lu M, Flanagan JU, Langley RJ, Hay MP, Perry JK. 2019. Targeting growth hormone function: strategies and 
therapeutic applications. Signal Transduction and Targeted Therapy 4:3. DOI: https://doi.org/10.1038/​
s41392-019-0036-y, PMID: 30775002

Lundström L, Elmquist A, Bartfai T, Langel U. 2005. Galanin and its receptors in neurological disorders. 
Neuromolecular Medicine 7:157–180. DOI: https://doi.org/10.1385/NMM:7:1-2:157, PMID: 16052044

MacIndoe JH, Turkington RW. 1973. Stimulation of human prolactin secretion by intravenous infusion of 
L-tryptophan. The Journal of Clinical Investigation 52:1972–1978. DOI: https://doi.org/10.1172/JCI107381, 
PMID: 4541674

Maddelein ML, Dos Reis S, Duvezin-Caubet S, Coulary-Salin B, Saupe SJ. 2002. Amyloid aggregates of the HET-s 
prion protein are infectious. PNAS 99:7402–7407. DOI: https://doi.org/10.1073/pnas.072199199, PMID: 
12032295

Maji SK, Schubert D, Rivier C, Lee S, Rivier JE, Riek R. 2008. Amyloid as a depot for the formulation of long-
acting drugs. PLOS Biology 6:e17. DOI: https://doi.org/10.1371/journal.pbio.0060017, PMID: 18254658

Maji SK, Perrin MH, Sawaya MR, Jessberger S, Vadodaria K, Rissman RA, Singru PS, Nilsson KPR, Simon R, 
Schubert D, Eisenberg D, Rivier J, Sawchenko P, Vale W, Riek R. 2009a. Functional amyloids as natural storage 
of peptide hormones in pituitary secretory granules. Science (New York, N.Y.) 325:328–332. DOI: https://doi.​
org/10.1126/science.1173155, PMID: 19541956

Maji SK, Wang L, Greenwald J, Riek R. 2009b. Structure-activity relationship of amyloid fibrils. FEBS Letters 
583:2610–2617. DOI: https://doi.org/10.1016/j.febslet.2009.07.003, PMID: 19596006

Maji SK, Riek R. 2010. Functional Amyloid Aggregation. Taylor and Francis.
Mehra S, Ghosh D, Kumar R, Mondal M, Gadhe LG, Das S, Anoop A, Jha NN, Jacob RS, Chatterjee D, Ray S, 

Singh N, Kumar A, Maji SK. 2018. Glycosaminoglycans have variable effects on α-synuclein aggregation and 
differentially affect the activities of the resulting amyloid fibrils. The Journal of Biological Chemistry 293:12975–
12991. DOI: https://doi.org/10.1074/jbc.RA118.004267, PMID: 29959225

Meisl G, Kirkegaard JB, Arosio P, Michaels TCT, Vendruscolo M, Dobson CM, Linse S, Knowles TPJ. 2016. 
Molecular mechanisms of protein aggregation from global fitting of kinetic models. Nature Protocols 11:252–
272. DOI: https://doi.org/10.1038/nprot.2016.010, PMID: 26741409

Morales R, Moreno-Gonzalez I, Soto C. 2013. Cross-seeding of misfolded proteins: implications for etiology and 
pathogenesis of protein misfolding diseases. PLOS Pathogens 9:e1003537. DOI: https://doi.org/10.1371/​
journal.ppat.1003537

Moussaud S, Jones DR, Moussaud-Lamodière EL, Delenclos M, Ross OA, McLean PJ. 2014. Alpha-synuclein and 
tau: teammates in neurodegeneration? Molecular Neurodegeneration 9:43. DOI: https://doi.org/10.1186/​
1750-1326-9-43, PMID: 25352339

Murakami Y, Ohshima K, Mochizuki T, Yanaihara N. 1993. Effect of human galanin on growth hormone prolactin, 
and antidiuretic hormone secretion in normal men. The Journal of Clinical Endocrinology and Metabolism 
77:1436–1438. DOI: https://doi.org/10.1210/jcem.77.5.7521348, PMID: 7521348

Nilsson CL, Brinkmalm A, Minthon L, Blennow K, Ekman R. 2001. Processing of neuropeptide Y, galanin, and 
somatostatin in the cerebrospinal fluid of patients with Alzheimer’s disease and frontotemporal dementia. 
Peptides 22:2105–2112. DOI: https://doi.org/10.1016/s0196-9781(01)00571-x, PMID: 11786197

Nisbet RM, Polanco J-C, Ittner LM, Götz J. 2015. Tau aggregation and its interplay with amyloid-β. Acta 
Neuropathologica 129:207–220. DOI: https://doi.org/10.1007/s00401-014-1371-2, PMID: 25492702

Oh J, Kim J-G, Jeon E, Yoo C-H, Moon JS, Rhee S, Hwang I. 2007. Amyloidogenesis of type III-dependent 
harpins from plant pathogenic bacteria. The Journal of Biological Chemistry 282:13601–13609. DOI: https://​
doi.org/10.1074/jbc.M602576200, PMID: 17314101

Oostenbrink C, Villa A, Mark AE, van Gunsteren WF. 2004. A biomolecular force field based on the free enthalpy 
of hydration and solvation: the GROMOS force-field parameter sets 53A5 and 53A6. Journal of Computational 
Chemistry 25:1656–1676. DOI: https://doi.org/10.1002/jcc.20090, PMID: 15264259

O’Nuallain B, Williams AD, Westermark P, Wetzel R. 2004. Seeding specificity in amyloid growth induced by 
heterologous fibrils. The Journal of Biological Chemistry 279:17490–17499. DOI: https://doi.org/10.1074/jbc.​
M311300200, PMID: 14752113

Ranganathan S, Singh PK, Singh U, Singru PS, Padinhateeri R, Maji SK. 2012. Molecular interpretation of 
ACTH-β-endorphin coaggregation: relevance to secretory granule biogenesis. PLOS ONE 7:e31924. DOI: 
https://doi.org/10.1371/journal.pone.0031924, PMID: 22403619

Rasmussen CB, Christiansen G, Vad BS, Lynggaard C, Enghild JJ, Andreasen M, Otzen D. 2019. Imperfect 
repeats in the functional amyloid protein FapC reduce the tendency to fragment during fibrillation. Protein 
Science 28:633–642. DOI: https://doi.org/10.1002/pro.3566, PMID: 30592554

https://doi.org/10.7554/eLife.73835
https://doi.org/10.1110/ps.04707004
https://doi.org/10.1110/ps.04707004
http://www.ncbi.nlm.nih.gov/pubmed/15215533
https://doi.org/10.1073/pnas.2012171118
https://doi.org/10.1073/pnas.2012171118
http://www.ncbi.nlm.nih.gov/pubmed/33649211
https://doi.org/10.1016/S0021-9258(17)36749-2
http://www.ncbi.nlm.nih.gov/pubmed/8188682
https://doi.org/10.1007/s12551-017-0289-z
http://www.ncbi.nlm.nih.gov/pubmed/28812278
https://doi.org/10.1038/s41392-019-0036-y
https://doi.org/10.1038/s41392-019-0036-y
http://www.ncbi.nlm.nih.gov/pubmed/30775002
https://doi.org/10.1385/NMM:7:1-2:157
http://www.ncbi.nlm.nih.gov/pubmed/16052044
https://doi.org/10.1172/JCI107381
http://www.ncbi.nlm.nih.gov/pubmed/4541674
https://doi.org/10.1073/pnas.072199199
http://www.ncbi.nlm.nih.gov/pubmed/12032295
https://doi.org/10.1371/journal.pbio.0060017
http://www.ncbi.nlm.nih.gov/pubmed/18254658
https://doi.org/10.1126/science.1173155
https://doi.org/10.1126/science.1173155
http://www.ncbi.nlm.nih.gov/pubmed/19541956
https://doi.org/10.1016/j.febslet.2009.07.003
http://www.ncbi.nlm.nih.gov/pubmed/19596006
https://doi.org/10.1074/jbc.RA118.004267
http://www.ncbi.nlm.nih.gov/pubmed/29959225
https://doi.org/10.1038/nprot.2016.010
http://www.ncbi.nlm.nih.gov/pubmed/26741409
https://doi.org/10.1371/journal.ppat.1003537
https://doi.org/10.1371/journal.ppat.1003537
https://doi.org/10.1186/1750-1326-9-43
https://doi.org/10.1186/1750-1326-9-43
http://www.ncbi.nlm.nih.gov/pubmed/25352339
https://doi.org/10.1210/jcem.77.5.7521348
http://www.ncbi.nlm.nih.gov/pubmed/7521348
https://doi.org/10.1016/s0196-9781(01)00571-x
http://www.ncbi.nlm.nih.gov/pubmed/11786197
https://doi.org/10.1007/s00401-014-1371-2
http://www.ncbi.nlm.nih.gov/pubmed/25492702
https://doi.org/10.1074/jbc.M602576200
https://doi.org/10.1074/jbc.M602576200
http://www.ncbi.nlm.nih.gov/pubmed/17314101
https://doi.org/10.1002/jcc.20090
http://www.ncbi.nlm.nih.gov/pubmed/15264259
https://doi.org/10.1074/jbc.M311300200
https://doi.org/10.1074/jbc.M311300200
http://www.ncbi.nlm.nih.gov/pubmed/14752113
https://doi.org/10.1371/journal.pone.0031924
http://www.ncbi.nlm.nih.gov/pubmed/22403619
https://doi.org/10.1002/pro.3566
http://www.ncbi.nlm.nih.gov/pubmed/30592554


 Research article﻿﻿﻿﻿﻿﻿ Biochemistry and Chemical Biology | Structural Biology and Molecular Biophysics

Chatterjee et al. eLife 2022;0:e73835. DOI: https://doi.org/10.7554/eLife.73835 � 28 of 29

Reggio HA, Palade GE. 1978. Sulfated compounds in the zymogen granules of the guinea pig pancreas. The 
Journal of Cell Biology 77:288–314. DOI: https://doi.org/10.1083/jcb.77.2.288, PMID: 649653

Ren B, Zhang Y, Zhang M, Liu Y, Zhang D, Gong X, Feng Z, Tang J, Chang Y, Zheng J. 2019. Fundamentals of 
cross-seeding of amyloid proteins: an introduction. Journal of Materials Chemistry. B 7:7267–7282. DOI: 
https://doi.org/10.1039/c9tb01871a, PMID: 31647489

Ritter C, Maddelein M-L, Siemer AB, Lührs T, Ernst M, Meier BH, Saupe SJ, Riek R. 2005. Correlation of 
structural elements and infectivity of the HET-s prion. Nature 435:844–848. DOI: https://doi.org/10.1038/​
nature03793, PMID: 15944710

Sambashivan S, Liu Y, Sawaya MR, Gingery M, Eisenberg D. 2005. Amyloid-like fibrils of ribonuclease A with 
three-dimensional domain-swapped and native-like structure. Nature 437:266–269. DOI: https://doi.org/10.​
1038/nature03916, PMID: 16148936

Sankoorikal BJ, Zhu YL, Hodsdon ME, Lolis E, Dannies PS. 2002. Aggregation of human wild-type and H27A-
prolactin in cells and in solution: roles of Zn(2+), Cu(2+), and pH. Endocrinology 143:1302–1309. DOI: https://​
doi.org/10.1210/endo.143.4.8732, PMID: 11897686

Sarell CJ, Stockley PG, Radford SE. 2013. Assessing the causes and consequences of co-polymerization in 
amyloid formation. Prion 7:359–368. DOI: https://doi.org/10.4161/pri.26415, PMID: 24025483

Schmidt WE, Kratzin H, Eckart K, Drevs D, Mundkowski G, Clemens A, Katsoulis S, Schäfer H, Gallwitz B, 
Creutzfeldt W. 1991. Isolation and primary structure of pituitary human galanin, a 30-residue nonamidated 
neuropeptide. PNAS 88:11435–11439. DOI: https://doi.org/10.1073/pnas.88.24.11435, PMID: 1722333

Slastnikova TA, Ulasov AV, Rosenkranz AA, Sobolev AS. 2018. Targeted Intracellular Delivery of Antibodies: The 
State of the Art. Frontiers in Pharmacology 9:1208. DOI: https://doi.org/10.3389/fphar.2018.01208, PMID: 
30405420

Soto C, Sigurdsson EM, Morelli L, Kumar RA, Castaño EM, Frangione B. 1998. Beta-sheet breaker peptides 
inhibit fibrillogenesis in a rat brain model of amyloidosis: implications for Alzheimer’s therapy. Nature Medicine 
4:822–826. DOI: https://doi.org/10.1038/nm0798-822, PMID: 9662374

Spires-Jones TL, Attems J, Thal DR. 2017. Interactions of pathological proteins in neurodegenerative diseases. 
Acta Neuropathologica 134:187–205. DOI: https://doi.org/10.1007/s00401-017-1709-7, PMID: 28401333

Srivastava AK, Pittman JM, Zerweck J, Venkata BS, Moore PC, Sachleben JR, Meredith SC. 2019. β-Amyloid 
aggregation and heterogeneous nucleation. Protein Science 28:1567–1581. DOI: https://doi.org/10.1002/pro.​
3674, PMID: 31276610

St-Amour I, Turgeon A, Goupil C, Planel E, Hébert SS. 2018. Co-occurrence of mixed proteinopathies in 
late-stage Huntington’s disease. Acta Neuropathologica 135:249–265. DOI: https://doi.org/10.1007/s00401-​
017-1786-7, PMID: 29134321

Steel JH, Gon G, O’Halloran DJ, Jones PM, Yanaihara N, Ishikawa H, Bloom SR, Polak JM. 1989. Galanin and 
vasoactive intestinal polypeptide are colocalised with classical pituitary hormones and show plasticity of 
expression. Histochemistry 93:183–189. DOI: https://doi.org/10.1007/BF00315973, PMID: 2482279

Sunde M, Blake C. 1997. The structure of amyloid fibrils by electron microscopy and X-ray diffraction. Advances 
in Protein Chemistry 50:123–159. DOI: https://doi.org/10.1016/s0065-3233(08)60320-4, PMID: 9338080

Sunde M, Serpell LC, Bartlam M, Fraser PE, Pepys MB, Blake CC. 1997. Common core structure of amyloid fibrils 
by synchrotron X-ray diffraction. Journal of Molecular Biology 273:729–739. DOI: https://doi.org/10.1006/jmbi.​
1997.1348, PMID: 9356260

Talbot NJ. 2003. Aerial morphogenesis: enter the chaplins. Current Biology 13:R696–R698. DOI: https://doi.org/​
10.1016/j.cub.2003.08.040, PMID: 13678605

Teilum K, Hoch JC, Goffin V, Kinet S, Martial JA, Kragelund BB. 2005. Solution structure of human prolactin. 
Journal of Molecular Biology 351:810–823. DOI: https://doi.org/10.1016/j.jmb.2005.06.042, PMID: 16045928

Tian C, Kasavajhala K, Belfon KAA, Raguette L, Huang H, Migues AN, Bickel J, Wang Y, Pincay J, Wu Q, 
Simmerling C. 2020. ff19SB: Amino-Acid-Specific Protein Backbone Parameters Trained against Quantum 
Mechanics Energy Surfaces in Solution. Journal of Chemical Theory and Computation 16:528–552. DOI: 
https://doi.org/10.1021/acs.jctc.9b00591, PMID: 31714766

Törnquist M, Michaels TCT, Sanagavarapu K, Yang X, Meisl G, Cohen SIA, Knowles TPJ, Linse S. 2018. 
Secondary nucleation in amyloid formation. Chemical Communications (Cambridge, England) 54:8667–8684. 
DOI: https://doi.org/10.1039/c8cc02204f, PMID: 29978862

Upadhyay V, Singh A, Jha D, Singh A, Panda AK. 2016. Recovery of bioactive protein from bacterial inclusion 
bodies using trifluoroethanol as solubilization agent. Microbial Cell Factories 15:100. DOI: https://doi.org/10.​
1186/s12934-016-0504-9, PMID: 27277580

van Zundert GCP, Rodrigues JPG, Trellet M, Schmitz C, Kastritis PL, Karaca E, Melquiond ASJ, van Dijk M, 
de Vries SJ, Bonvin A. 2016. The HADDOCK2.2 Web Server: User-Friendly Integrative Modeling of 
Biomolecular Complexes. Journal of Molecular Biology 428:720–725. DOI: https://doi.org/10.1016/j.jmb.2015.​
09.014, PMID: 26410586

Walker LC, Diamond MI, Duff KE, Hyman BT. 2013. Mechanisms of protein seeding in neurodegenerative 
diseases. JAMA Neurology 70:304–310. DOI: https://doi.org/10.1001/jamaneurol.2013.1453, PMID: 23599928

Watt B, van Niel G, Fowler DM, Hurbain I, Luk KC, Stayrook SE, Lemmon MA, Raposo G, Shorter J, Kelly JW, 
Marks MS. 2009. N-terminal domains elicit formation of functional Pmel17 amyloid fibrils. The Journal of 
Biological Chemistry 284:35543–35555. DOI: https://doi.org/10.1074/jbc.M109.047449, PMID: 19840945

Waxman EA, Giasson BI. 2011. Induction of intracellular tau aggregation is promoted by α-synuclein seeds and 
provides novel insights into the hyperphosphorylation of tau. The Journal of Neuroscience 31:7604–7618. DOI: 
https://doi.org/10.1523/JNEUROSCI.0297-11.2011, PMID: 21613474

https://doi.org/10.7554/eLife.73835
https://doi.org/10.1083/jcb.77.2.288
http://www.ncbi.nlm.nih.gov/pubmed/649653
https://doi.org/10.1039/c9tb01871a
http://www.ncbi.nlm.nih.gov/pubmed/31647489
https://doi.org/10.1038/nature03793
https://doi.org/10.1038/nature03793
http://www.ncbi.nlm.nih.gov/pubmed/15944710
https://doi.org/10.1038/nature03916
https://doi.org/10.1038/nature03916
http://www.ncbi.nlm.nih.gov/pubmed/16148936
https://doi.org/10.1210/endo.143.4.8732
https://doi.org/10.1210/endo.143.4.8732
http://www.ncbi.nlm.nih.gov/pubmed/11897686
https://doi.org/10.4161/pri.26415
http://www.ncbi.nlm.nih.gov/pubmed/24025483
https://doi.org/10.1073/pnas.88.24.11435
http://www.ncbi.nlm.nih.gov/pubmed/1722333
https://doi.org/10.3389/fphar.2018.01208
http://www.ncbi.nlm.nih.gov/pubmed/30405420
https://doi.org/10.1038/nm0798-822
http://www.ncbi.nlm.nih.gov/pubmed/9662374
https://doi.org/10.1007/s00401-017-1709-7
http://www.ncbi.nlm.nih.gov/pubmed/28401333
https://doi.org/10.1002/pro.3674
https://doi.org/10.1002/pro.3674
http://www.ncbi.nlm.nih.gov/pubmed/31276610
https://doi.org/10.1007/s00401-017-1786-7
https://doi.org/10.1007/s00401-017-1786-7
http://www.ncbi.nlm.nih.gov/pubmed/29134321
https://doi.org/10.1007/BF00315973
http://www.ncbi.nlm.nih.gov/pubmed/2482279
https://doi.org/10.1016/s0065-3233(08)60320-4
http://www.ncbi.nlm.nih.gov/pubmed/9338080
https://doi.org/10.1006/jmbi.1997.1348
https://doi.org/10.1006/jmbi.1997.1348
http://www.ncbi.nlm.nih.gov/pubmed/9356260
https://doi.org/10.1016/j.cub.2003.08.040
https://doi.org/10.1016/j.cub.2003.08.040
http://www.ncbi.nlm.nih.gov/pubmed/13678605
https://doi.org/10.1016/j.jmb.2005.06.042
http://www.ncbi.nlm.nih.gov/pubmed/16045928
https://doi.org/10.1021/acs.jctc.9b00591
http://www.ncbi.nlm.nih.gov/pubmed/31714766
https://doi.org/10.1039/c8cc02204f
http://www.ncbi.nlm.nih.gov/pubmed/29978862
https://doi.org/10.1186/s12934-016-0504-9
https://doi.org/10.1186/s12934-016-0504-9
http://www.ncbi.nlm.nih.gov/pubmed/27277580
https://doi.org/10.1016/j.jmb.2015.09.014
https://doi.org/10.1016/j.jmb.2015.09.014
http://www.ncbi.nlm.nih.gov/pubmed/26410586
https://doi.org/10.1001/jamaneurol.2013.1453
http://www.ncbi.nlm.nih.gov/pubmed/23599928
https://doi.org/10.1074/jbc.M109.047449
http://www.ncbi.nlm.nih.gov/pubmed/19840945
https://doi.org/10.1523/JNEUROSCI.0297-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/21613474


 Research article﻿﻿﻿﻿﻿﻿ Biochemistry and Chemical Biology | Structural Biology and Molecular Biophysics

Chatterjee et al. eLife 2022;0:e73835. DOI: https://doi.org/10.7554/eLife.73835 � 29 of 29

Willander H, Presto J, Askarieh G, Biverstål H, Frohm B, Knight SD, Johansson J, Linse S. 2012. BRICHOS 
domains efficiently delay fibrillation of amyloid β-peptide. The Journal of Biological Chemistry 287:31608–
31617. DOI: https://doi.org/10.1074/jbc.M112.393157, PMID: 22801430

Wood SJ, Wypych J, Steavenson S, Louis JC, Citron M, Biere AL. 1999. alpha-synuclein fibrillogenesis is 
nucleation-dependent Implications for the pathogenesis of Parkinson’s disease. The Journal of Biological 
Chemistry 274:19509–19512. DOI: https://doi.org/10.1074/jbc.274.28.19509, PMID: 10391881

Wszolek ZK, Uitti RJ, Markopoulou K. 2001. Familial Parkinson’s disease and related conditions Clinical genetics. 
Advances in Neurology 86:33–43 PMID: 11553993., 

Wynick D, Hammond PJ, Akinsanya KO, Bloom SR. 1993. Galanin regulates basal and oestrogen-stimulated 
lactotroph function. Nature 364:529–532. DOI: https://doi.org/10.1038/364529a0, PMID: 7687748

Wynick D, Small CJ, Bacon A, Holmes FE, Norman M, Ormandy CJ, Kilic E, Kerr NC, Ghatei M, Talamantes F, 
Bloom SR, Pachnis V. 1998. Galanin regulates prolactin release and lactotroph proliferation. PNAS 95:12671–
12676. DOI: https://doi.org/10.1073/pnas.95.21.12671, PMID: 9770544

Yoshida Y, Kawasaki Y, Morikawa N, Tanabe M, Satoh K, Tsukamoto T, Nakano M. 1991. A kinetic study on serum 
prolactin concentration in the thyrotropin-releasing hormone test. Kaku Igaku. The Japanese Journal of Nuclear 
Medicine 28:585–590 PMID: 1910118., 

Yu X, Luo Y, Dinkel P, Zheng J, Wei G, Margittai M, Nussinov R, Ma B. 2012. Cross-seeding and conformational 
selection between three- and four-repeat human Tau proteins. The Journal of Biological Chemistry 287:14950–
14959. DOI: https://doi.org/10.1074/jbc.M112.340794, PMID: 22393063

Yu S, Alkharusi A, Norstedt G, Gräslund T. 2019. An in vivo half-life extended prolactin receptor antagonist can 
prevent STAT5 phosphorylation. PLOS ONE 14:e0215831. DOI: https://doi.org/10.1371/journal.pone.0215831, 
PMID: 31063493

Zanini A, Giannattasio G, Nussdorfer G, Margolis RK, Margolis RU, Meldolesi J. 1980. Molecular organization of 
prolactin granules. II. Characterization of glycosaminoglycans and glycoproteins of the bovine prolactin matrix. 
The Journal of Cell Biology 86:260–272. DOI: https://doi.org/10.1083/jcb.86.1.260, PMID: 7419576

https://doi.org/10.7554/eLife.73835
https://doi.org/10.1074/jbc.M112.393157
http://www.ncbi.nlm.nih.gov/pubmed/22801430
https://doi.org/10.1074/jbc.274.28.19509
http://www.ncbi.nlm.nih.gov/pubmed/10391881
http://www.ncbi.nlm.nih.gov/pubmed/11553993
https://doi.org/10.1038/364529a0
http://www.ncbi.nlm.nih.gov/pubmed/7687748
https://doi.org/10.1073/pnas.95.21.12671
http://www.ncbi.nlm.nih.gov/pubmed/9770544
http://www.ncbi.nlm.nih.gov/pubmed/1910118
https://doi.org/10.1074/jbc.M112.340794
http://www.ncbi.nlm.nih.gov/pubmed/22393063
https://doi.org/10.1371/journal.pone.0215831
http://www.ncbi.nlm.nih.gov/pubmed/31063493
https://doi.org/10.1083/jcb.86.1.260
http://www.ncbi.nlm.nih.gov/pubmed/7419576

	Co-­aggregation and secondary nucleation in the life cycle of human prolactin/galanin functional amyloids
	Editor's evaluation
	Introduction
	Results
	PRL and GAL are co-stored as amyloids in SGs of the anterior pituitary of female rats
	In vitro amyloid aggregation kinetics and synergistic co-fibrils of PRL and GAL
	Cross-seeding of PRL and GAL
	Specific interactions of PRL and GAL leading to amyloid aggregation
	Release of functional PRL and GAL from PRL-GAL amyloids

	Discussion
	PRL-GAL co-storage is facilitated by their co-aggregation
	Unidirectional cross seeding of GAL by PRL fibril seeds: The possible facilitator of GAL storage in SG
	Functional implications of PRL-GAL co-aggregation and unidirectional cross-seeding

	Materials and methods
	Chemicals and reagents
	Expression and Purification of human prolactin (PRL)
	Aggregation of PRL and GAL in the presence of glycosaminoglycans
	Co-Aggregation study of PRL and GAL
	Circular dichroism spectroscopy (CD)
	Thioflavin T (ThT) binding assay
	Congo red (CR) binding
	CR birefringence study
	Immunoelectron microscopy
	Transmission electron microscopy (TEM)
	X-ray fibril diffraction
	FTIR spectroscopy
	Seeding and cross-seeding by different fibril-seeds
	Surface plasmon resonance (SPR) spectroscopy analysis of PRL-GAL interaction
	In silico study of PRL and GAL interaction and co-aggregation
	Monomer release assay
	Cell proliferation assay using Nb2 cells
	Immunofluorescence

	Acknowledgements
	Additional information
	﻿Funding
	Author contributions
	Author ORCIDs
	Ethics
	Decision letter and Author response

	Additional files
	Supplementary files

	References


