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Abstract

Progranulin (PGRN) is an evolutionarily conserved glycoprotein associated with several disease 

states, including neurodegeneration, cancer and autoimmune disorders. This protein has recently 

been implicated in the regulation of lysosome function, whereby PGRN may bind to and promote 

the maturation and activity of the aspartyl protease cathepsin D (proCTSD – inactive precursor, 

matCTSD – mature, enzymatically active form). As the full-length PGRN protein can be cleaved 

into smaller peptides, called granulins, we assessed the function of these granulin peptides in 

binding to proCTSD and stimulating matCTSD enzyme activity in vitro. Here, we report that full-

length PGRN and multi-granulin domain peptides bound to proCTSD with low- to sub-

micromolar binding affinities. This binding promoted proCTSD destabilization, which was greater 

in magnitude for multi-granulin domain peptides than for full-length PGRN. Such destabilization 

correlated with enhanced matCTSD activity at acidic pH. The presence and function of multi-

granulin domain peptides has typically been overlooked in previous studies. This work provides 

the first in vitro quantification of their binding and activity on proCTSD. Our study highlights the 

significance of multi-granulin domain peptides in the regulation of proCTSD maturation and 

enzymatic activity and suggests that attention to PGRN processing will be essential for future 

understanding of the molecular mechanisms leading to neurodegenerative disease states with loss-

of-function mutations in PGRN.
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Progranulin (PGRN) is an evolutionarily conserved, multi-functional protein implicated in 

diverse biological processes, including neurodegeneration, cancer, inflammation and wound 

healing [1, 2]. Recent studies have highlighted a role for progranulin in regulating lysosome 

function [3–7]. Specifically, PGRN has been shown to physically interact with the lysosomal 

aspartyl protease cathepsin D (CTSD), whereby it may stimulate enzymatic maturation 

and/or activity [8–11]. This implicates a dysregulation of CTSD activity and aberrant 

lysosomal function in neurodegenerative diseases linked to PGRN loss-of-function 

mutations [4, 12, 13].

PGRN itself is a pro-protein that can be cleaved into smaller domains called granulins (A 

through G) [14, 15]. Granulins share a highly disulfide-rich, evolutionarily-conserved beta-

sheet fold [16–19]. Such characteristics are often found in highly stable proteins that can 

withstand heat and pH changes [17, 20]. Indeed, recent studies have highlighted that 

progranulin cleavage, and therefore granulin production, occurs in the acidic environment of 

the lysosome [21], through the action of lysosomal cathepsins [22, 23]. Individual granulins 

may oppose the function of the full-length protein in cell growth and inflammation [17, 24]. 

Alternatively, some evidence suggests that granulin domains bind to and stimulate CTSD 

enzymatic activity [8, 10]. Although multi-granulin-sized peptides have been reported in 

highly degenerative brain regions from AD patients [25], the actual molecular functions of 

individual granulins, multi-granulin fragments and the full-length protein are still 

incompletely understood.

We previously demonstrated a role for full-length PGRN in stimulating the maturation and 

activity of proCTSD [9]. We proposed that this results from a destabilizing effect of PGRN 

on proCTSD, facilitating CTSD propeptide cleavage and the production of mature, active 

CTSD. Here, we sought to clarify the role of PGRN and its cleavage products in proCTSD 

binding and CTSD enzymatic activity. We now report for the first time the binding affinities 

for full-length PGRN and multi-granulin domain peptides with proCTSD in vitro at neutral 
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pH. These recombinant peptides, particularly the multi-granulin fragments BAC and CDE, 

induce a significant destabilizing effect on proCTSD, resulting in a negative shift for 

proCTSD in thermal stability assays. At acidic pH, we demonstrate that multi-granulin 

domain peptides promote CTSD activity above that of full-length PGRN. We propose a 

mechanism whereby multi-granulin domain peptides more effectively promote 

destabilization of the CTSD propeptide from the proCTSD catalytic core.

In recent studies, our lab and others have demonstrated that full-length PGRN can bind to 

proCTSD [8–11]. To quantitatively analyze this binding interaction, we utilized microscale 

thermophoresis (MST) [26]. MST measures the directed movement of a fluorescently-

labeled protein and/or protein-ligand complex within a temperature gradient. Interaction 

with a ligand changes the diffusion of the protein–ligand complex with respect to the 

unbound protein, and this can be used to derive equilibrium binding constants. We 

performed MST assays at neutral pH to prevent the auto-activation of proCTSD, which 

occurs at acidic pH [27–29]. After confirming the binding of fluorescently-labeled proCTSD 

with full-length PGRN, we measured the binding affinity between proCTSD and the 

recombinant multi-granulin (pG, BAC, CDE) or granulin (C) peptides that are commercially 

available (Figure 1, Table 1 and Supplementary Figure 1). PGRN and multi-granulin domain 

peptides bound to proCTSD at low- or sub-micromolar affinity. Interestingly, peptides pG 

and CDE bound to proCTSD with a higher affinity than that of full-length PGRN. 

Furthermore, ligand addition induced a change in the initial fluorescence of these protein 

complexes during MST capillary scans (Supplementary Figure 2), which was eliminated 

after protein denaturation (Supplementary Figure 3), suggesting that a physical interaction 

between proCTSD and ligand results in a conformational change in proCTSD.

Several studies have reported the binding of individual granulins to CTSD in 

immunoprecipitation assays from cells [8, 10, 11]. Thus we were surprised that granulin C 

did not bind proCTSD in this assay (Figure 1 and Supplementary Figure 1). It is possible 

that different conditions are required for single granulin binding to proCTSD (i.e. pH, 

buffers, cofactors) or that the earlier IP interactions were indirect. In addition, all of the 

individual granulin domains were not tested, therefore, we cannot definitively conclude that 

individual granulin domains do not bind to proCTSD in vivo.

We next sought to evaluate how granulin peptide binding might impact the conformational 

stability of proCTSD. Previously, we showed that full-length PGRN can induce a 

destabilizing effect on proCTSD utilizing differential scanning fluorimetry (DSF) [9]. This 

is a technique that can measure the melting temperature (Tm), or stability, of proteins alone 

or in complexes. As we observed that multi-granulin domains bind to proCTSD with higher 

affinity that full-length PGRN, we hypothesized that these smaller peptides might also 

induce a destabilizing effect on the protein. We confirmed this result, finding that peptides 

BAC and CDE both induced a significant destabilizing effect on proCTSD and reduced its 

Tm by over 2.5 °C when present at a 2:1 molar ratio (Table 1, Figure 2 and Supplementary 

Figure 4). DSF with peptide CDE required optimization due to the very high initial 

fluorescence of this protein. A Tm reduction of 2.75 °C for proCTSD was observed in the 

presence of CDE at a 1:1 molar ratio (Supplementary Figure 5).
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To further understanding the surface accessibility of full-length PGRN and granulin peptides 

for binding to proCTSD, we analyzed the initial fluorescent signals resulting from the 

interaction of Sypro Orange dye with the hydrophobic residues of each recombinant protein 

at 25 °C. More dye binding leads to a higher fluorescence, which correlates with more 

exposed hydrophobic residues. PGRN displayed a higher fluorescence than the individual 

granulin C domain (~1.5-fold), but a similar fluorescence to its N-terminal peptide pG 

(Table S1). However, the multi-granulin domain peptides BAC and CDE showed 

approximately 2-fold more fluorescence than PGRN. This suggests that compared to the 

multi-granulin peptides, PGRN may exist in a compact, folded conformation, with fewer 

exposed hydrophobic residues. Alternatively, the recombinant full-length PGRN used in this 

assay may exist as higher-order structures, such as dimers, which PGRN is known to form 

[30]. While the NMR-based structures of several individual granulin domains (PDB IDs: 

2JYV, 2JYE, 2JYT, 2JYU) have been reported [17], it is important to highlight that, to date, 

there is no detailed structural study of full-length PGRN or multi-granulin domain peptides.

We have previously shown that full-length PGRN stimulates the maturation and activity of 

proCTSD at acidic pH in vitro [9]. We therefore investigated whether multi-granulin domain 

peptides might behave similarly. Maximal CTSD activity (Vmax) and time to reach Vmax (lag 

time) were measured in the absence or presence of PGRN and multi-granulin domain 

peptides at a ~3:1 molar ratio in acidic pH (Figure 3A). We observed that CTSD activity was 

increased approximately 30% in the presence of PGRN or peptide pG, and approximately 

80% in the presence of peptides BAC or CDE (Table 1 and Figure 3B). This was 

accompanied by a decrease in lag time to reach Vmax (Table 1 and Figure 3B) suggesting 

that maturation of proCTSD to its active form is stimulated in the presence of these multi-

granulin domain peptides. Granulin C had no significant effect on the enzymatic activity of 

proCTSD. Overall, these data suggest that multi-granulin domain peptides may stimulate the 

in vitro maturation and activity of proCTSD more effectively than full-length PGRN.

The seven granulin domains of PGRN (A-G) share approximately 40% sequence similarity, 

including the presence of a network of cysteine residues that are predicted to form up to six 

disulfide bonds per domain [17, 19]. Electrostatic charge differences are observed between 

individual granulins at both neutral and acidic pH (Figure 3C). The most positively charged 

regions (pG and DE) are in the N- and C-terminal domains of the protein, respectively, while 

the central region (FBAC) contains the most negatively charged domains (Figure 3D). We 

predict that both termini may interact with the central core, keeping the full-length protein in 

a conformation that is less accessible to solvent. In addition, such electrostatic differences 

may facilitate interaction between PGRN molecules. Upon cleavage of either (or both) 

terminal domains, the multi-granulin domain peptides may adopt a more open conformation 

than the holoprotein, increasing their accessibility for protein-protein interactions. While 

more studies are required for a deeper understanding of PGRN structure, our preliminary in 
silico and DSF results suggest that PGRN conformation may be driven by electrostatic 

interactions among its domains. This raises an interesting possibility that PGRN function 

may be regulated by protein cleavage and/or pH changes that occur during its trafficking 

through the endolysosomal pathway.
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We report here for the first time that PGRN and multi-granulin peptides bound to proCTSD 

in vitro at neutral pH with low- to sub-micromolar binding affinities. This binding promoted 

proCTSD destabilization, which was greater in magnitude for multi-granulin domain 

peptides than for full-length PGRN. This destabilization correlated with enhanced CTSD 

maturation and activity at acidic pH. Such low micromolar binding affinities are within the 

range commonly reported for regulatory proteins [31, 32]. Based on our DSF and in silico 
results, we suggest the surface of multi-granulin domain peptides may be more accessible to 

interact with the propeptide region of proCTSD than PGRN. We propose that this interaction 

may facilitate propeptide cleavage and promote proCTSD conversion to its mature, fully 

enzymatically active form. Indeed, there are several examples from biology where smaller 

protein domains exert greater efficacy than the holoprotein from which they are derived. 

Such examples include fibrinogen, which undergoes multiple cleavages during its activation 

in blood clotting [33], caspase 9 [34] and even procathepsins themselves [29]. The in vitro 
assays reported here are influenced by the folding, structural arrangement and potential 

aggregation states of recombinant proteins [35]. However, our MST results do not indicate 

aggregate formation for PGRN or granulin peptides at the concentrations used in DSF and 

CTSD activity assays (< 4.5 μM). A comparison between recombinant proteins from 

different sources would be desirable, but the availability of commercially purified human 

PGRN peptides is limited. Further studies will be necessary to assess the impact of other 

individual granulin domains and multi-granulin domain peptides in proCTSD maturation 

and activity.

This study reveals the complex functional interactions that can occur between proCTSD and 

either intact PGRN or specific multi-granulin peptides. As these interactions are potentially 

regulated by pH and sequential PGRN cleavage, the biological context of these interactions 

within the endolysosomal compartment would be critical and could serve as a means to 

titrate CTSD activity with high precision. With age, or with the lowered PGRN levels that 

are seen in genetic haploinsufficiency, perturbations in this fine balance could transpire. 

Thus, relative levels of PGRN and its cleavage peptides should be considered in the etiology 

of neurodegenerative diseases due to PGRN mutations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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PGRN progranulin

CTSD cathepsin D
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MST microscale thermophoresis

DSF differential scanning fluorimetry

Tm thermal shift
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Figure 1. 
Multi-granulin domain peptides bind to proCTSD at low- to sub-micromolar affinity. (A) 

Normalized MST fluorescence (ΔFnorm) of labeled proCTSD (12.5 nM) is plotted against 

ligand concentration (0.6 nM to 20 μM) for PGRN (red), pG (orange), BAC (blue), CDE 

(purple) and C (green). (B) MST binding response plotted as fraction bound (ΔFnorm values 

divided by curve amplitude). Curves were fitted to derive dissociation constants (Kd). 

Assays were run in triplicate at pH 7.4 (except granulin C which was run in duplicate) and 

data plotted are mean ± SD.
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Figure 2. 
Multi-granulin domain peptides reduce the melting temperature of proCTSD. Derivatives of 

the raw DSF fluorescent intensity versus temperature are plotted for 1 μM proCTSD in the 

absence and presence of: (A) 2 μM PGRN, (B) 2 μM peptide pG, (C) 2 μM peptide BAC, 

(D) 2 μM peptide CDE, and (E) granulin C. DSF was performed at neutral pH 7.4 with 1× 

Sypro Orange. Assays were run in triplicate and data plotted are mean + SEM.

Butler et al. Page 9

Biochemistry. Author manuscript; available in PMC 2020 June 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
The in vitro activity of proCTSD activity is increased by recombinant multi-granulin domain 

peptides. (A) Representative kinetic curves for the measurement of enzymatic activity of 20 

nM proCTSD in vitro at pH 3.5 in the absence (black) or presence of 65 nM recombinant 

protein: PGRN (red), peptide pG (orange), peptide BAC (blue), peptide CDE (purple) and 

peptide C (green). 5 μM of a fluorescent substrate was used in these assays. (B) Lag time to 

reach Vmax is plotted against normalized maximal velocity (Vmax) for CTSD activity (n = 3). 

(C) pH-dependent charge predictions (propKa3.0) for the individual granulin domains A-G. 

(D) 3-color charge scale for granulin domains, colored from red (negative) to blue (positive) 

using a percentile scale.
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Table 1.

Summary table showing binding and activity of multi-granulin domain peptides on proCTSD.
a

Neutral pH (7.4) Acidic pH (3.5)

Peptide MST - Kd (μM) DSF - ΔTm (°C) Normalized Vmax Lag time (sec)

proCTSD - - 1.00 ± 0.00 1712 ± 31.42

+ PGRN 0.95 ± 0.34 −0.41 ± 0.05 1.29 ± 0.06 1585 ± 34.65

+ pG 0.33 ± 0.03 −0.23 ± 0.02 1.27 ± 0.11 1611 ± 30.01

+ BAC 2.80 ± 0.89 −3.38 ± 0.08 1.89 ± 0.09*** 1343 ± 51.57**

+ CDE 0.13 ± 0.01 −2.78 ± 0.36 1.84 ± 0.09*** 1376 ± 48.23*

+ C - 0.05 ± 0.07 1.13 ± 0.17 1488 ± 117.20

a
Values shown are mean ± SEM. Normalized Vmax and lag time were analyzed for significant difference to proCTSD alone using one-way 

ANOVA with Tukey’s multiple comparisons test,

***
= P<0.001,

**
= P<0.01,

*
= P<0.05.

The +PGRN condition is significantly different for Vmax when compared with a Student’s t-test (P = 0.0076).
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