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Abstract: Granulins (GRNs) are a family of small (~6 kDa) proteins generated by the proteolytic proc-
essing of their precursor, progranulin (PGRN), in many cell types. Both PGRN and GRNs are implicated
in a plethora of biological functions, often in opposing roles to each other. Lately, GRNs have gener-
ated significant attention due to their implicated roles in neurodegenerative disorders. Despite their
physiological and pathological significance, the structure-function relationships of GRNs are poorly
defined. GRNs contain 12 conserved cysteines forming six intramolecular disulfide bonds, making
them rather exceptional, even among a few proteins with high disulfide bond density. Solution NMR
investigations in the past have revealed a unique structure containing putative interdigitated disulfide
bonds for several GRNs, but GRN-3 was unsolvable due to its heterogeneity and disorder. In our previ-
ous report, we showed that abrogation of disulfide bonds in GRN-3 renders the protein completely dis-
ordered (Ghag et al., Prot Eng Des Sel 2016). In this study, we report the cellular expression and
biophysical analysis of fully oxidized, native GRN-3. Our results indicate that both E. coli and human
embryonic kidney (HEK) cells do not exclusively make GRN-3 with homogenous disulfide bonds, likely
due to the high cysteine density within the protein. Biophysical analysis suggests that GRN-3 structure
is dominated by irregular loops held together only by disulfide bonds, which induced remarkable ther-
mal stability to the protein despite the lack of regular secondary structure. This unusual handshake
between disulfide bonds and disorder within GRN-3 could suggest a unique adaptation of intrinsically
disordered proteins towards structural stability.
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Introduction precursor (GEP).™® PGRN is expressed in many cell
Granulin-3 (GRN-3) is one of seven granulins gener-  types, but its expression is highly upregulated in
ated by the proteolytic cleavage of its precursor, pro-  microglia during inflammation resulting from an

granulin (PGRN), also called granulin-epithelin  injury or an insult.*® Both PGRNs and GRNs have
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been implicated in a myriad of functions, including
embryonic development, wound healing, tissue
repair, and immune response modulation.»?° In
addition, PGRN has also been implicated in several
pathological processes, such as tumor progression'®
and development of neurodegenerative diseases,
including frontotemporal dementia (FTD), Alzheimer
disease (AD), Parkinson’s disease (PD), and amyotro-
phic lateral sclerosis (ALS).'*® GRN-3 is also
known to trigger the production and release of
interleukin-8 (IL8) in epithelial cells, suggesting a
pro-inflammatory role.!* Despite their multifunc-
tional roles, many aspects related to the structure-
function relationship of GRNs remain unknown.

GRNs (1 — 7) are small ~6 kDa proteins, and all
but GRN-1, are characterized by the presence of
twelve cysteines that form six disulfide bonds.>'®
GRN-1 contains ten conserved cysteines that form
five disulfide bonds. GRNs are among the family of
proteins that possess high degree of disulfide bonds,
with cysteines accounting for 20% of the total amino
acid content. Kringle domains (which are triple-
looped, disulfide cross-linked domains of ~80 resi-
dues in length that participate in protein-protein
interactions'®) present in plasminogen'” and the epi-
thelial growth factor (EGF)-like domain (which has
a sequence of 30 to 40 amino-acid residues) present
in multiple copies in EGF and transforming growth
factor-a (TGF-a) are the closest related family with
three disulfide bonds.'®'® The positions of the cys-
teines are highly conserved in all GRNs, with four
adjacently placed pairs towards the center of the
protein flanked by two single cysteines at both the
N- and C-termini.! The role of these conserved cys-
teines in both structure and function remains
ambiguous. In our previous study, we showed that
the abrogation of the disulfide bonds in GRN-3 (fully
reduced form; abbreviated as rGRN-3) renders the
protein disordered,?° indicating that disulfide bonds
are important for the overall structure of the pro-
tein. Interestingly, rGRN-3 also activated NF- «B in
SH-SY5Y human neuroblastoma cells in a dose-
dependent manner, implicating that GRN-3 may be
functional, at least partly, even in a state without
disulfide bonds characterized by a complete loss of
structure.?®

Intrigued by the behavior of rGRN-3 and moti-
vated by the desire to understand the structure-
function relationship of this protein, we investigated
the cellular expression and the structure of oxidized,
native GRN-3. An earlier attempt to characterize
the GRN-3 structure was unsuccessful, but NMR
structures of GRNs 4, 5, and 2 have been solved.?!
In this previous report, the authors indicated that
the structure of GRN-3 could not be resolved due to
the high degree of structural heterogeneity and dis-
order within the protein.?! The NMR structure of
GRN-4, however, showed a relatively ordered N-
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terminal domain containing two antiparallel (-
strands, with a disordered C-terminal region.?! The
authors observed a structure dominated by loops for
GRNs 2 and 5 as well.?!

Here, we report several important findings on
GRN-3 structure. First, we show that only 5% of
GRN-3 expressed in E. coli is a monomeric protein
(henceforth referred to as GRN-3), with all 12 cys-
teines forming intramolecular disulfide bonds. GRN-
3 expressed in human embryonic kidney (HEK) cells
(henceforth referred to as hGRN-3) is not exclusively
made as an intramolecular disulfide-bonded mono-
mers, although the disulfide bond homogeneity was
much greater than that of the protein expressed in
E. coli. Furthermore, both E. coli and HEK cells
form heterogeneous isoforms containing multimeric
GRN-3 ensembles (henceforth referred to as mGRN-
3) consisting of scrambled disulfide bonds to varying
degrees. Second, our computational and biophysical
analyses show that disulfide bonds predominantly
dictate the structure of GRN-3. We reason that the
role of disulfide bonds is to impart structural stabil-
ity to an otherwise disordered protein, and yet
retain parts of unstructured/flexible regions, which
may, in part, account for the multifunctional roles
observed for human GRNs. This unusual handshake
between disulfide bonds and disorder could also be
an additional adaptation feature of the structurally
and functionally versatile intrinsically disordered
proteins (IDPs).

Results

Recombinant GRN-3 in E. coli is expressed
predominantly as disulfide bond scrambled
multimers

GRN-3 was expressed recombinantly in E. coli SHuf-
fle™ cells (NEB, Ipswich, MA) as a thioredoxin
protein  (GRN-3-trxA), as previously
reported.2° This fusion construct and cells were cho-
sen because of two distinct advantages. First, SHuf-
fle™ cells are engineered to constitutively express
protein disulfide bond isomerase (DsbC) in the cyto-
plasm, which facilitates the formation of disulfide
bonds and reduces scrambling.??> Second, the cells
carry knockout mutations of the thioredoxin and
glutathione reductase genes (AtrxB, Agor), which
help maintaining an oxidative environment in the
cytoplasm conducive for disulfide bond formation.
Additionally, the thioredoxin tag is known to assist
in disulfide bond formation.?* Furthermore, to facili-
tate spectroscopic characterization of GRN-3, a con-
servative Y28W mutation was introduced in the
sequence [Fig. 1(A);*]. Tryptophan has a higher
extinction coefficient and high quantum yield when
compared to tyrosine, making it a better fluoro-
phore. Since some of the spectroscopic measure-
ments

fusion

were carried out at low micromolar
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Figure 1. Characterization of GRN-3. (A) Primary amino acid sequence of GRN-3 with putative disulfide bonding pattern.
represents the Y28W mutation. (B) HPLC fractionation of GRN-3 after thrombin cleavage. The peaks corresponding to the dif-
ferent disulfide bond isoforms of GRN-3 are marked with a dashed box. (C) Zoomed image of the different disulfide bond GRN-
3 isoforms showing distinctly resolved isoforms. Two of the fractions characterized in this work are marked. (D) SDS-PAGE
analysis of the HPLC fractions 47 to 65, 67, and 68 under reducing (BME +) and non-reducing (BME -) conditions. The numbers
indicated below the gels are the corresponding fraction numbers. Of all the fractions, fraction 48 shows a single band under
reducing and non-reducing conditions corresponding to the GRN-3 monomer (Mw = 6.3 kDa). Fraction 56 shows a single band
corresponding to monomeric GRN-3 in reducing conditions, and bands corresponding to monomer, dimer, and trimer under
non-reducing conditions. (E, and F) MALDI-ToF spectra of fractions 48 showing a predominant signal corresponding to GRN-3
monomer (M) and a relatively minor peak corresponding to the dimer (D) and fraction 56 showing signals corresponding to the
monomer (M), dimer (D), trimer (T), tetramer (Te), and Pentamer (P).

concentrations, it was experimentally necessary to  indicating the presence of many isoforms [Fig. 1(B),
have a stronger fluorophore. Furthermore, since dashed box and Fig. 1(C)]. The cleaved thioredoxin
both aromatic amino acids W and Y belong to the  (trxA) eluted at later fractions ~90.

group of order promoting amino acids, and since all To investigate the molecular mass and disulfide
GRNs, except GRN-3 and GRN-1, have a conserved  bond integrity of the recombinant protein in fractions
W at this position, replacing Y with W is not 47-68, SDS-PAGE analysis was conducted under
expected to significantly affect the protein structure  reducing and non-reducing conditions. As expected, a
or function. After nickel affinity purification and thi-  single band at 6.3 kDa corresponding to the average
oredoxin cleavage by thrombin (details in Materials  mass of a monomeric GRN-3 was observed under
and Methods), GRN-3 was fractionated on a C18 reducing conditions in all fractions GRN-3 [Fig. 1(D),
reverse-phase HPLC column. The protein was found lanes B-ME +]. However, under non-reducing condi-

in multiple fractions between fractions 47 to 68, tions, in addition to the monomeric band, bands
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Figure 2. Characterization of hGRN-3 expressed and purified from human embryonic kidney (HEK) cells. (A) SDS-PAGE of
hGRN-3 under reduced, non-reduced, and boiled (lanes 1 and 2, respectively), and reduced, non-reduced and unboiled (lanes
3 and 4, respectively). The presence of monomer, dimers, and trimers in lanes 2 and 4 are marked with single, double, and tri-
ple arrows, respectively. (B) MALDI-ToF spectra of hGRN-3 showing signals corresponding to monomeric hGRN-3 (single
arrow), dimeric hGRN-3 (double arrows), and trimeric hGRN-3 (triple arrows) under reduced and non-reduced conditions. The

results are indicative of three consistent repeats.

corresponding to dimeric (~12.7 kDa) and trimeric
(~19.1 kDa) GRN-3 were observed for all the frac-
tions except fraction 48 [Fig. 1(D), lanes B-ME -].
This indicates that fractions 49-68 contain multi-
meric isoforms of GRN-3 with intermolecular disul-
fide bonds. Fraction 48 is the only one that showed
monomeric protein containing intramolecular disul-
fide bonds. Although a faint band corresponding to a
dimer was observed in fraction 48 under non-
reducing conditions, the percentage of dimer was neg-
ligible compared to the other fractions. Indeed, the
MALDI-ToF mass spectrometric analysis of fraction
48 showed a predominant signal at m/z value of
6355.65 Da (M), which corresponds to the molecular
weight of monomeric GRN-3 along with a minor sig-
nal (less than 10%) corresponding to dimeric GRN-3
(D), indicating the presence of small amounts of
dimeric GRN-3 [Fig. 1(E)]. In contrast, the mass spec-
trum of fraction 56 showed signals corresponding to a
monomer (m/z 6356.52 Da; M) along with those corre-
sponding to a dimer (D), trimer (T), tetramer (Te),
and a pentamer (P) [Fig. 1(F)]. Similar multimeric
peaks were observed in all the fractions between 49
and 68 [Supporting Information Fig. S1(A)].

To further confirm the integrity of disulfide
bonds, Ellman’s and alkylation assays were per-
formed. Analysis of the freshly purified GRN-3 and
mGRN-3 samples by Ellman’s assay indicated that
less than 5% of the cysteines were present in the
reduced form (this corresponds to ~1 cysteine per
protein molecule). The iodoacetamide alkylation
assay confirmed this observation and showed that
only 1 — 2 cysteines per protein molecule were pre-
sent as free sulthydryls [Supporting Information
Fig. S2(B)]. Fraction 56 was chosen as mGRN-3 for
further analyses as it showed highest concentration
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of GRN-3 multimers among all other fractions. From
the SDS-PAGE and MALDI-ToF analyses it is appar-
ent that intramolecularly disulfide bonded, mono-
meric GRN-3 elutes exclusively at fraction 48. Only
5% of GRN-3 is in this monomeric form, based on
quantitation of fraction 48 compared to total GRN-3
levels in fractions 47 to 68, suggesting that despite
the presence of thioredoxin, DsbC, and oxidized
environment, E. coli does not generate high-levels of
correct disulfide bonded GRN-3 perhaps due to the
high cysteine content as well as the placement of
multiple cysteines in adjacent positions in GRN-3
[Fig. 1(A)].

GRN-3 expressed in human embryonic kidney
(HEK) cells also form multimers with
intermolecular disulfide bonds

It could be argued that the inability of E. coli to gen-
erate GRN-3 with proper disulfide bonds is due to
the less efficient post-translational processing
machinery, compared to that of the eukaryotic cells.
Therefore, to test this hypothesis, hGRN-3 was
expressed and purified from human embryonic kid-
ney (HEK) cells. Purified hGRN-3 protein was then
subjected to the SDS-PAGE and MALDI-ToF analy-
ses similar to those of GRN-3 expressed in E. coli.
SDS-PAGE, under reducing conditions, showed a
distinct band at ~ 12 kDa corresponding to mono-
meric hGRN-3 (the expression construct contains a
twin-Strep and FLAG tag) along with a smear
between 15 and 20 kDa [Fig. 2(A), lane 1]. The
smear likely reflects glycosylation of hGRN-3. In the
absence of boiling of the sample prior to the electro-
phoresis, the sample did not show a large change in
banding pattern, suggesting a portion of the
observed bands arise due to covalent interactions

Disulfide Bonds and Disorder in Granulin-3



[Fig. 2(A), lane 3]. hGRN-3 sample electrophoresed
under the non-reducing conditions both with and
without heat treatment showed a faint band corre-
sponding to monomeric (single arrow), predominant
band corresponding to dimeric (double arrow), and
another faint band corresponding to trimeric (triple
arrow) hGRN-3, which was absent in the reduced
samples [Fig. 2(A), lanes 2 and 4]. This is indicative
of the presence of intermolecular disulfide bonded
multimers. Similarly, the MALDI-ToF spectrum of
hGRN-3 under reducing conditions showed the pres-
ence of a predominant monomeric peak [Fig. 2(B),
single arrow] along with a relatively minor dimeric
peak [Fig. 2(B), double arrow]. In contrast, under
non-reducing conditions, distinct signals correspond-
ing to dimers [Fig. 2(B), double arrow] and trimers
[Fig. 2(B), triple arrow] in addition to the monomeric
signal [Fig. 2(B), single arrow] were observed. The
possibility of multimers arising from non-covalent
interactions is excluded by the presence of identical
banding pattern in heat-treated and untreated sam-
ples. These data demonstrate that a portion of
hGRN-3 expressed in mammalian cells contains
disulfide-bonded multimers. In fact, a previous
report indicates that full-length PGRN, when
expressed in HEK cells, also shows disulfide bonded
multimers both in the cell lysate and in the media
(secreted).?* Taken together, it is clear that irrespec-
tive of the cell type, the post-translational machin-
ery involved in disulfide bond formation seems to be
inefficient in generating homogenous disulfide bonds
in GRN-3 when overexpressed at high Ilevels,
although E. coli is far less efficient than HEK cells.
Due to the limitation in the amounts of protein pro-
duced in HEK cells for biophysical analyses, E. coli
expressed protein was used for further analyses in
this study.

Intrinsic disorder in PGRN and GRNs: Evidence

for varying disorder propensities among GRNs

To understand how disorder propensity is encoded
within the human PGRN sequence and to see if indi-
vidual GRNs have some unique disorder characteris-
tics, the PGRN precursor protein and individual
GRNs were subjected to the computational analyses.
The presence of intrinsic disorder identifiable by
computer algorithms in these proteins is not a triv-
ial question, since PGRN/GRNs are characterized by
extremely high cysteine residue content. This is sig-
nificant since cysteines are considered as the stron-
gest order-promoting residues according to the
established classification of amino acids in relation
to their potential effects on the intrinsic disorder
propensity of a protein (based on their depletion or
enrichment in IDPs/IDPRs, amino acids are grouped
into the order-promoting (C, W, I, Y, F, L, H, V, and
N) and disorder-promoting residues (R, T, S, K, Q,
E, and P).?*3° We had previously shown that
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Figure 3. Intrinsic disorder propensity of human PGRN and
individual GRNSs. (A) Evaluation of intrinsic disorder propensity
in human PGRN (UniProt ID: P28799) by PONDR®™ VL3 (black
curve), PONDR® VSL2 (red curve), and PONDR® VLXT algo-
rithms (green curve). In this analysis, regions with scores
above 0.5 are considered intrinsically disordered. Position of
individual GRNs are shown by gray shaded areas. (B) Intrinsic
disorder propensities of individual human GRNs by the Fol-
dindex algorithm. Data for the individual GRNs are presented
by differently colored solid curves. In this analysis, positive
values represent regions/residues likely to be folded, and
negative values represent those likely to be intrinsically disor-
dered. Dashed dark red curve describes the behavior of
mean Grn. The corresponding data were obtained by simple
averaging of disorder profiles of individual GRNs.

abrogation of disulfide bonds in GRN-3 (rGRN-3)
results in the protein becoming an IDP.2° Therefore,
based on the fact that 14.8% residues of PGRN are
cysteines (and the corresponding values are even
higher for individual GRNs that contain from 17.9%
to 22.2% cysteine residues) it was expected that
PGRN/GRNs would be predicted to be ordered. How-
ever, only one of the three computational tools used
in this study (PONDR® VLXT) showed that human
PGRN (UniProt ID: P28799) is expected to contain
significant levels of order, whereas according to the
other two predictors (PONDR® VL3 and PONDR®
VSL2) this protein was shown to be predominantly
disordered [Fig. 3(A)]. Curiously, the PONDR® VL3-
and PONDR® VSL2-based disorder profiles of this
protein were characterized by a peculiar pattern
containing several “dips”, whose positions only
weakly correlated with the positions of individual
GRNs within the PGRN sequence. However,
although the results of PONDR® VLXT analysis
indicated that human PGRN is expected to be

PROTEIN SCIENCE ‘ VOL 26:1769-1772 1763



Table I. Analysis of the Intrinsic Disorder Predisposition of Individual Human GRNs

FoldIndex®

Mean PONDR
Name (length) Nippr Longest IDPR NibRes % disorder disorder score®
GRN-1 (57) 3 5 20 35.1 0.683 (0.593)
GRN-2 (58) 4 4 21 36.2 0.570 (0.564)
GRN-3 (57) 5 10 28 49.1 0.843 (0.778)
GRN-4 (57) 2 6 22 38.6 0.482 (0.416)
GRN-5 (55) 5 5 24 43.6 0.844 (0.733)
GRN-6 (56) 3 5 18 32.1 0.566 (0.538)
GRN-7 (57) 7 7 32 56.1 0.609 (0.560)
Mean GRN (55) 4 4 24 43.6

@ Table represents some of the disorder-based characteristics of query proteins: “Nippr” represents the number of intrinsi-
cally disordered protein regions (IDPRs) longer than 3 residues; “Longest IDPR” shows the length of the longest disordered
region; “Nipres  represents the number of predicted disordered residues; “% disorder” represents content of all disordered

residues.

> This column represents mean disorder score values generated by PONDR® VL3 and PONDR® for various human GRNs
analyzed individually. Values in brackets show the region-averaged disorder scores of GRNs within the PGRN sequence.

ordered, the disorder profile generated by this com-
putational tool clearly showed that inter-GRN
regions were expected to be either disordered (i.e.,
had disorder scores above the 0.5 threshold) or pos-
sess at least some conformational flexibility (i.e.,
having disorder scores noticeably deviating from
zero). In fact, Figure 3(A) shows that, according to
the PONDR® VLXT, individual GRNs are always
surrounded by flexible/disordered regions. This is an
important observation clearly related to the biogene-
sis of individual GRNs, which are generated by the
proteolytic processing of the PGRN precursor pro-
tein. Since proteolytic digestion is orders of magni-
tude faster in unstructured compared to structured
protein regions,>'™2¢ it is extremely important for
the protein cleavage process that the sites of cleav-
age are located in regions that lack structure or pos-
sess high structural flexibility.

Curiously, analysis of the Figure 3(A) (see disor-
der profiles generated by PONDR® VL3 and
PONDR® VSL2) indicate that the disorder propensi-
ties of individual GRNs are rather different. Fur-
thermore, their
predispositions, GRNs form a peculiar high-low pat-
tern within the PGRN sequence, where apparently
the more disordered GRN-1, GRN-3, GRN-5, and
GRN-7 are interspersed by the more ordered GRN-2,
GRN-4, and GRN-6. The conclusion on the inequal-
ity of intrinsic disorder predispositions of individual
GRNs is further illustrated by Figure 3(B), which
represents the results of the evaluation of intrinsic
disorder propensities of individual GRNs by a
graphic web server FoldIndex®” that implements an
algorithm based on the average residue hydrophobic-
ity and net charge of the sequence3®
a separate score for each individual residue.?” Fig-
ure 3(B) shows that such charge-hydropathy-based
disorder profiles are different for individual GRNS,
and Table I provides an overview of all these obser-
vations by summarizing some specific disorder-based

based on intrinsic  disorder

and calculates
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characteristics of individual GRNs. It is likely that
the differences in intrinsic disorder propensities
between individual GRNs are related to the differ-
ences in their biological functions. All these data
taken together indicate that GRN-3 experimentally
analyzed in this study is expected to show the high-
est degree of disorderness compared to the other
human GRNs.

GRN-3 is more ordered than mGRN-3 and
rGRN-3

Based on our computational predictions, GRN-3 has
a higher degree of disorder among all the human
GRNs. To further assess the structural effect of
disulfide bonds, we investigated the structure of
GRN-3 compared to mGRN-3 and rGRN-3 by NMR,
far-UV circular dichroism (CD) spectroscopy, and
molecular modeling. 'H-'N heteronuclear multiple
quantum coherence (HMQC) spectrum of GRN-3
showed well-resolved resonances and a good spectral
dispersion between 6.9 and 9.7 ppm for 'H, and
between 104 and 128 ppm for ’N dimensions in the
amide region [Fig. 4(A), GRN-3]. The resonances for
all the backbone amides and side chain amide nitro-
gens, except for the six proline residues, could be
accounted for. The broad signals observed at 7.4 and
7.8 ppm on the 'H and at 104 and 109 ppm on the
5N dimensions are likely to be those of arginine
and lysine residues.?®*° The negative peaks at 7.0
and 129 ppm reflect potential contaminants, and
likely not part of the protein. The spectrum for
mGRN-3 ensembles, on the other hand, was not as
well dispersed as that of GRN-3, although it indi-
cated well-resolved resonances for a majority of resi-
dues [Fig. 4(A), mGRN-3]. Furthermore, significant
line broadening was observed for several resonances.
This indicated that mGRN-3 possessed a structure
that was only partly folded with a large part resem-
bling a molten globule with regions of collapsed
hydrophobic core. Abrogation of all disulfide bonds

Disulfide Bonds and Disorder in Granulin-3
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Figure 4. Structural characterization of GRN-3, mGRN-3, and rGRN-3. (A) 'H-'>N HMQC NMR spectra GRN-3, mGRN-3, and
rGRN-3. (B) Far-UV circular dichroism (CD) spectra of GRN-3 (solid line), mGRN-3 (dashed line), and rGRN-3 (short dashed
line). Both GRN-3 and rGRN-3 show minima at 198 nm typical of random coil conformation whereas mGRN-3 shows a mini-
mum at 202 nm and a maximum at ~230 nm corresponding to a PP-II helix. (C) Structural model (ribbon and space-filled repre-
sentations) of GRN-3 obtained using I-TASSER with disulfide bonds represented as sticks (yellow) and W28 (orange) exposed

on the surface.

rendered the protein (rGRN-3) completely disordered
as evidenced by the narrow spectral dispersion on
the 'H dimension between 8 and 8.9 along with a
relatively well dispersed ®N dimension between 125
and 116 ppm, which is an indicator of disorder [Fig.
4(A), rGRN-31.*! Furthermore, significant overlap
and line broadening among the resonances were also
observed, confirming that rGRN-3 was completely
disordered. Together, the NMR results show that
disulfide bonds play a major role in imparting struc-
ture to GRN-3. To confirm these observations, the
samples were also analyzed by far-UV CD. Surpris-
ingly, GRN-3 showed a random coil structure as
indicated by a spectrum with a strong minimum at
198 and a weak maximum at 225 nm, commonly
observed for disordered proteins [Fig. 4(B), solid
line]. A nearly identical spectrum was also observed
for rGRN-3 [Fig. 4(B), short dash] as previously
reported.2®> mGRN-3 ensembles, on the other hand,
displayed a spectrum with a minimum at 201 nm

Ghag et al.

and a less intense maximum at ~230 nm corre-
sponding to a poly proline type-II (PPII) helix struc-
ture [Fig. 4(B), dash].*>*3 It is well established that
many IDPs display PPII conformation®**’
due to the similarity in arrangement between amide
dipoles within PPII and random coil geometries.*®
To further probe the potential contradictory
results from NMR and CD, the structure prediction
tool, I-TASSER (Iterative Threading ASSEmby
Refinement) was used to model GRN-3.9*° The soft-
ware predicted four possible structures for GRN-3,
and the one with the highest confidence score (c-
score of 0.51) showed that the 82% of the structure
is made of irregular loops [Fig. 4(C)]. All the other
structures generated by the model also showed
structures that are abundant in disordered loops
(Supporting Information Fig. S2). The only second-
ary structure observed (B-strands) accounted for
18% of the structure, making the predicted structure
of GRN-3 predominantly disordered. Importantly,

mainly
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this structure showed a great similarity to the GRN-
4 structure (this aspect is further elaborated in the
Discussion section). Therefore, the potentially con-
flicting observations from NMR and CD data for
GRN-3 can be explained based on the observation
that disulfide bonds, which, if present in a ladder-
like arrangement [Fig. 4(C)] as also observed for
GRN-4,2! hold the loops such that the protein back-
bone show minimal conformational freedom. This
may show a distinct magnetic environment responsi-
ble for a good spectral dispersion in NMR, yet the
backbone amide dipoles are not in a typical B-sheet
environment to display n—* transition at 216 nm in
CD. These findings seem to indicate that although
disulfide bonds are important to induce structural
order in GRN-3, they do not seem to induce well-
defined secondary structures but rather disordered
loops with less conformational freedom.

mGRN-3 ensembles have more solvent-exposed
hydrophobic surfaces as compared to GRN-3

To further evaluate the structural differences
between GRN-3 and mGRN-3 ensembles, the
solvent-exposed hydrophobic surfaces were qualita-
tively determined using the fluorescent dye, 8-
anilino-1-naphthalene sulfonic acid (ANS). ANS is
an extrinsic dye that exhibits weak fluorescence in
polar environments but shows strong fluorescence
with a distinct blue shift in the emission wave-
length upon binding to exposed hydrophobic pock-
ets in the protein.’! ANS binding has been widely
used to study protein folding/unfolding and struc-
ture of molten globule states and other partially
folded intermediates.’> Upon incubating 25 pM
GRN-3 or mGRN-3 with 500 uM ANS, the fluores-
cent intensity with mGRN-3 was significantly
higher than that with GRN-3 [Fig. 5(A)], indicative
of mGRN-3 containing more solvent-exposed
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hydrophobic surfaces than GRN-3. This evaluation
is in agreement with the 'H-'N HMQC NMR data,
which shows mGRN-3 ensembles to be more disor-
dered and collapsed than GRN-3. In addition, the
solvent accessibility of the single tryptophan resi-
due (W28) in GRN-3 was examined using Stern-
Volmer dynamic quenching analysis, where changes
in the fluorescence intensity of the W28 residue
were monitored as a function of the increasing con-
centration of an external quencher (acrylamide). A
relatively large incline of the Stern-Volmer plot was
observed for the GRN-3 [Fig. 5(B), ®], which sug-
gested that tryptophan undergoes dynamic quench-
ing indicative of the probe being solvent exposed,®
which is in agreement with our predictive model of
GRN-3 [Fig. 4(C)]. In contrast, the slope of the cor-
responding plot for mGRN-3 was noticeably
smaller, indicating more efficient protection of tryp-
tophan from solvent in these conformational ensem-
bles [Fig. 5(B), O]. Thus, W28 seems to be more
solvent accessible in GRN-3 than in mGRN-3, and
it is likely that W28 is buried within the hydropho-
bic core of a collapsed mGRN-3 structure.

Disulfide bonds contribute overwhelmingly to
the overall stability of GRN-3

To obtain specific insights into the role of disulfide
bonds in the structure and stability of GRN-3, the
protein was subjected to detergent-induced thermal
denaturation. It is known that high concentrations
of SDS (> 1%) induce rod-like or necklace-like struc-
tures to polypeptides that exhibit an a-helical struc-
ture.®*®® It has also been shown that SDS-induced
thermal denaturation of proteins represents a conve-
nient way to monitor protein stability by CD. Fur-
thermore, in these experiments, proteins that lack
ordered secondary structure typically gain an «-
helical structure.®” Therefore, GRN-3, mGRN-3, and
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rGRN-3 samples were treated with 1% SDS
(35 mM), and the conversion of the coil-like to heli-
cal structure was monitored as a function of temper-
ature by CD spectroscopy. As expected, disordered
rGRN-3 instantly gained significant a-helical struc-
ture in presence of SDS prior to the heat treatment
at 10°C [Fig. 6(A), rGRN-3, dotted line] and
remained «-helical over the temperature range up to
90°C [Fig. 6(A), dashed line and Fig. 6(B), Al. GRN-
3, on the other hand, showed no appreciable changes
in the random coil structure at 10°C, and it
remained disordered up to 90°C [Fig. 6(A), GRN-3,
dotted and dashed lines, respectively and Fig. 6(B),
M|, with only a small deviation from the spectrum
characteristic of random coil towards a spectrum
reflecting presence of partial «-helical structure
with a minimum at 207 nm and an increased nega-
tive ellipticity at 220 nm [Fig. 6(A), GRN-3, dashed
line, and Fig. 6(B), M]. A similar response was
observed for mGRN-3, with the protein ensembles
remaining disordered throughout the entire temper-
ature range [Fig. 6(A), mGRN-3 and Fig. 6(B), O].
Furthermore, hGRN-3 expressed in HEK cells also
showed remarkable resistance to the SDS thermal
denaturation and its melting curves resembled those
of mGRN-3 derived from E. coli (Supporting Infor-
mation Fig. S3), suggesting the presence of
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scrambled disulfide bonds in the protein. It is clear
that both GRN-3 and mGRN-3 resist SDS-induced
structural alteration and keep their original confor-
mation even at elevated temperatures, thereby
exhibiting robust thermal stability. This can possibly
be attributed to the presence of six intramolecular
disulfide bonds in GRN-3, which preclude the forma-
tion of ‘necklace’ or ‘rod-like’ helical structures
known to appear when SDS interacts with polypepti-
des.?+5%58 If disulfide bonds are the main reason for
the structural stability, abrogation of these should
make the protein amenable to SDS-induced thermal
denaturation, which is precisely what is observed
with rGRN-3. This contention can be further rein-
forced by the charge-hydropathy plots®® for GRN-3
along with those for the all Cys to Ala (alaGRN-3)
and all Cys to Ser (serGRN-3) mutations of GRN-3
(Supporting Information Fig. S5). These data indi-
cate that serGRN-3, which models the fully reduced
form of GRN-3, renders the protein to move towards
disorder as compared to the oxidized form. This sup-
ports the idea that the disulfide bonds are solely
responsible for the structure and stability of GRN-3.

Next, in light of the high stability of GRN-3 and
mGRN-3 to SDS denaturation, we wanted to see
whether this stability is reflected in electrophoretic
mobility. As observed earlier [Fig. 1(C), fraction 48],
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under both reducing and non-reducing conditions
with heat treatment (boiling the sample with 1%
SDS for five minutes), GRN-3 migrates as a single
6.3 kDa band corresponding to the molecular mass
of the monomeric GRN-3 [Fig. 6(D), lanes 1 and 2].
However, under both reducing and non-reducing
conditions, but without heat treatment, a GRN-3
band is observed between 40 and 50 kDa [Fig. 6(D),
lanes 3 and 4]. Furthermore, in the presence of the
reducing agent (BME), an additional monomeric
band was observed which was absent in the BME-
untreated sample, reinforcing the inference that
disulfide bonds are solely responsible for the stabil-
ity and abnormal electrophoretic mobility of GRN-3.
This wunusual electrophoretic mobility was not
observed for mGRN-3 or rGRN-3 [Fig. 6(D), lanes 5
to 12] even though both mGRN-3 and rGRN-3 are
more disordered than GRN-3 for reasons that
remain unknown.

Discussion

The results presented in this study bring forth many
intriguing aspects of the GRN-3 structure, which
could also be relevant to the disulfide bonded IDPs
at large. First, both E. coli and HEK cells are ineffi-
cient in exclusively generating monomers with intra-
molecular disulfide bonds. In E. coli, only 5% of the
total GRN-3 protein is expressed as monomeric spe-
cies, while the rest are different disulfide bond
scrambled isoforms, despite the presence of thiore-
doxin tag and the use of engineered bacterial cells
with an oxidizing cytoplasmic environment. Expres-
sion of GRN-3 in mammalian HEK293T cells to over-
possible lack of appropriate post-
translational machinery in E. coli did not generate
GRN-3 monomers exclusively, although the extent of
disulfide scrambled multimers in this case was lower
compared to E. coli. It should be noted that in Meta-
zoa, GRNs are always expressed in the larger con-
text of the full-length PGRN precursor protein,
which contains linker regions that may play a role
in proper folding. Another plausible reason for the
ineffective disulfide bond formation could be the
high concentration of cysteines within the protein
(20%), which could lead to incorrect cysteine link-
ages, especially in the context of overexpression to
generate recombinant GRN-3. In addition, the loca-
tion of cysteines within the protein sequence [four
pairs present adjacent to one another; Fig. 1(A)]
could exacerbate the errors in catalysis conducted by
protein disulfide isomerases (PDIs). For the same
reasons, it is also uncertain whether scrambling of
disulfide bonds occurs within the expressed mono-
meric GRN-3. Furthermore, the complications of
forming homogenous disulfide bonds due to high cys-
teine content could be far greater for the precursor,
PGRN, which has 90 cysteines forming 45 disulfide
bonds (7.5 repeats of GRN modules). Indeed, the

come the
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presence of multiple disulfide-bonded isoforms of
PGRN have also been observed previously in the
protein expressed in HEK cells.2* Furthermore, the
observation that proteolysis of PGRN often gener-
ates products much larger than individual GRN
units indicates the possibility of the presence of
scrambled disulfide bonds within PGRN.?® Consider-
ing that GRNs are not directly expressed in cells but
are generated by the proteolytic processing of
PGRN, the presence of multiple disulfide bond
scrambled isoforms of GRNs under physiological con-
ditions seems to be realistic. Whether or exactly how
the problem of disulfide scrambling is overcome in
PGRN in mammalian cells is not clear as of yet, but
one possibility is that the linker regions between the
GRN motifs in PGRN could facilitate the binding
and specificity of PDIs that may generate correct
disulfide bonds.

A second intriguing aspect of GRN-3 is that the
structure and stability of this protein seems to be
dictated solely by disulfide bonds, since the abroga-
tion of these bonds renders the protein completely
disordered.?’ Our NMR data based on HMQC spec-
tra also show rGRN-3 to be intrinsically disordered.
In addition, our data suggest that mGRN-3 with
scrambled disulfide bond, is disordered, although it
shows a greater degree of order when compared to
rGRN-3. However, the HMQC spectrum of mono-
meric GRN-3 shows a remarkable spectral disper-
sion suggesting a great deal of structural order
within the protein and directly implicates the disul-
fide bonds to be the main driving force for its struc-
tural integrity. The predicted molecular model of
GRN-3 supports these conclusions and indicates that
the disulfide bonds anchor the overall structural fold
of the protein. Based on our model, the conserved
cysteines in monomeric GRN-3 [Fig. 4(C)] form a
ladder-like disulfide bond arrangement as observed
for GRN-4 (Fig. 7), which forms the fulcrum of the
structure stabilizing the loops surrounding them.
Such a structure has minimal secondary structure
content (only short segments of B-strands are
observed) and the conformational freedom of the
loops seems to be constrained by the central shaft
made of disulfide bonds [Fig. 4(C)]. This model
agrees with the reported GRN-4 structure (PDB ID:
2jye) with an RMSD of 1.02 A (Fig. 7).

Structures similar to GRNs are abundant in
nature, among which the EGF and kringle domain
families bear the closest resemblance to this fold
(Supporting Information Fig. S4). Known structures
of both EGF and kringle domains contain irregular
loops without any well-defined secondary structure
that are stabilized only by three disulfide bonds
made from six conserved cysteines. Proteins contain-
ing the EGF fold include the epidermal growth fac-
tor (EGF), and the transforming growth factor «
(TGF-0).1%' Proteins with kringle fold include
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C

Figure 7. Alignment of GRN-3 structure (green) predicted
using I-TASSER with that of NMR structyre of GRN-4 (blue)
using PyMol. The rms deviation is 1.02 A.
hepatocyte growth factor®>! and several proteases
involved in blood clotting such as prothrombin, and
plasminogen,®? apolipoprotein,®® and tissue plasmin-
ogen activator.® Murine EGF exhibits a striking
resemblance to the unique stacked B-sheet domain
observed for the N-terminal domain of GRN-4.%° It
is noteworthy that the human EGF shows well-
dispersed resonances in HSQC spectrum,®® while
displaying a spectrum corresponding to a PP-II-helix
in CD [Supporting Information Fig. S4(A)], similar
to what is observed for GRN-3 reported in our work.
Furthermore, the predicted structure of GRN-3 and
the solution NMR structure of human EGF (pdb ID:
2kv4)% are characterized by similar folds [Support-
ing Information Fig. S4(B)]. The kringle domains of
several blotting clotting factors and the EGF-like
domains of EGF and TGF-a exhibit striking resem-
blance to the wunique stacked PB-sheet domain
observed for the N-terminal domain of GRNs 2, 4
and 5,%'8 although the former contains only half the
number of disulfide bonds as those found in GRNs.
Perhaps the most intriguing question that arises
from these studies is why do disulfide bonds induce
structural order to what is clearly a disordered pro-
tein? Furthermore, why such a structural ordering
does not seem to generate secondary structures
within the protein? It is clear from our data that the
presence of disulfide bonds induces remarkable ther-
mal stability in GRN-3, and hence one could specu-
late that these disulfide bonds provide stability to a
conformationally flexible protein and yet maintain
plasticity. By holding the loops in place, the disulfide

bonds are able to accomplish precisely that
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[Fig. 4(C)]. For the same reasons, one could also
hypothesize that the ineffective post-translational
processing of GRN-3 may not be entirely detrimental
for its physiological functions as the plasticity in loop
conformations could facilitate interaction with other
proteins in both monomeric and multimeric forms.
Such pluripotent structures of IDPs with multiple
functionality are now well-established.*"¢"¢® Further-
more, we speculate that the cysteines in GRNs may
also be involved in attenuating oxidative stress by
redox mediated mechanism, which could justify the
observation of multiple isoforms of the protein. How-
ever, this needs to be tested and verified. Neverthe-
less, this report brings forth some interesting aspects
of the role of disulfide bonds in the structure and
function of GRNs, the most striking of which is the
delicate handshake between disulfides and disorder
towards maintaining protein stability and, perhaps,
functional plasticity.

Materials and Methods

Cloning of human GRN-3 in E. coli

The GRN-3 protein was expressed as a trxA fusion
using the pET32b plasmid (Novagen) with a conser-
vative Y24W mutation to facilitate biophysical inves-
tigations of GRN-3 as described in previous study.?°
Tryptophan (W) is conserved at this position in all
the granulins except GRN-3 and GRN-1, and hence is
not expected to affect its function greatly. The plas-
mid containing the GRN-3 construct was expressed
in the E. coli SHuffle™ cells (New England Biolabs,
MA). The transformed cells with pET32b:GRN-3-trxA
plasmid were grown at 30°C in 2 L baffled culture
shake flasks containing 1 L LB medium supple-
mented with 100 pg mL™! of ampicillin. Expression
of the protein was induced by adding isopropyl B-D-1-
thiogalactopyranoside (IPTG) to a final concentration
of 0.1 mM when the optical density of the culture
media was between 0.5 and 0.7 AU, as measured by
UV-absorbance at 600 nm. After 6 hours of induction
at 30°C, cells were harvested by centrifuging (14000g,
4°C) and used immediately or stored at —20°C until
further use.

Purification of recombinant GRN-3

Cell pellets from 4 L of culture were thawed at room
temperature and resuspended in 120 mL of equili-
bration buffer (50 mM Tris, pH 6.5, 300 mM NaCl,
and 10 mM imidazole) containing 0.5 mM phenylme-
thylsulfonyl fluoride (PMSF). The cell suspension
was sonicated for 4 minutes (40 second burst with 1
minute rest) on ice and centrifuged at 9200x g to
remove debris. The supernatant was incubated with
Ni®>"-NTA beads pre-equilibrated with five bed vol-
umes of the equilibration buffer and stirred gradu-
ally at 4°C for 1 hour. The supernatant was then
allowed to flow through the beads using a peristaltic
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pump and collected as a flow-through fraction. The
beads were then washed with 200 ml of wash buffer
(60 mM Tris, pH 6.5, 300 mM NaCl) containing
120 mM imidazole. The GRN-3-trxA fusion protein
was eluted using 50 mL of 400 mM imidazole in
50 mM Tris, pH 6.5, and 300 mM NaCl. The eluate
was then dialyzed at 4°C against a buffer of 2 mM
Tris, pH 6.5, and 5 mM NaCl and using a 10 kDa
MWCO dialysis membrane (Spectrum Labs). The
dialysate was then concentrated 10 times using vac-
uum evaporation such that the final buffer concen-
tration was 20 mM Tris, pH 6.5, and 50 mM NacCl.
Concentration of the fusion protein was measured
using UV-Vis spectroscopy with a molar extinction
coefficient of 20355 M~ lem™! at 280 nm.% On aver-
age, 10-12 mg of fusion protein was obtained per
liter of cells. The fusion protein was then digested
by addition of restriction grade thrombin (Novagen)
1U per 2 mg of the protein to cleave both trxA and
the His-tag. The reaction was incubated in a 37°C
water bath for 22-24 hours. GRN-3 protein was
then fractionated using a semi-preparative Jupiter®
5 pm 10x250 mm C18 reverse phase HPLC column
(Phenomenex, CA), using a gradient elution of 80—
60% acetonitrile containing 0.1% TFA. The concen-
tration of the protein was estimated spectrophoto-
metrically using the calculated molar extinction
coefficient of 6250 M 'em ! at 280 nm.®® Freshly
purified GRN-3 was used for every experiment.

SOFAST heteronuclear multiple-quantum
coherence (HMQC)

The NMR spectra for GRN-3, mGRN-3, or rGRN-3
was acquired on the Bruker Advance — III-HD 850
MHz NMR spectrometer equipped with a Bruker
TCI cryoprobe at the high field NMR facility of Uni-
versity of Alabama, Birmingham. SOFAST HMQC
was used as it allows reduction of the recycle delays
(Tsean) t0 <100 ms while maintaining high sensitiv-
ity, thereby decreasing the overall experimental
time.” HMQC spectra was obtained for 40 uM (152
pg) of GRN-3 or mGRN-3 and 10 uM (38 ng) of
rGRN-3 resuspended in 20 mM Tris, pH 6.5 with
10% D50 inside a Shigemi NMR tube. The spectra
were collected with 2048 data points in F2 (*H) with
128 scans coadded for each of the 160 F1 (**N) incre-
ments. A 1J<NH) of 90 Hz was used with a 100 ms
relaxation delay. The delay interval from F1 to F2
was set at 0.32 ms. The HMQC spectra were
acquired at 25°C and were processed using Bruker
TopSpin 3.5 analysis software with standard meth-
ods with phase corrections in both dimensions.

Evaluation of intrinsic disorder propensity of
human PGRN and individual GRNs

Intrinsic disorder predisposition of human PGRN
(UniProt ID: P28799) was evaluated by three mem-
bers of the PONDR family (PONDR® VLXT,2
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PONDR® VL3,”' and PONDR® VSL27%), whereas
peculiarities of disorder propensity in individual
GRNs were studied using the FoldIndex graphic
web server.’” PONDR® VLXT is one of the first-
generation disorder predictors. Although its accu-
racy is not too high, this predictor is known to have
high sensitivity to local sequence peculiarities and
can be used for identifying disorder-based interac-
tion sites.?®2%737 In fact, because it was trained on
a limited set of then available proteins with experi-
mentally validated intrinsically disordered status,
PONDR® VLXT may underestimate the occurrence
of long disordered regions in proteins. PONDR® VL3
was specifically designed to accurately predict long
disordered regions.”t PONDR® VSL2B is one of the
more accurate stand-alone disorder predictors.”®7>76
FoldIndex is a method developed from the charge-
hydrophobicity plots®® by rearranging the terms in
the basic equation and by adding the technique of
sliding windows.?” Here, by applying a sliding win-
dow centered at a specific residue (the length of win-
dow can be selected by the user), the position of this
segment on charge-hydrophobicity plot can be calcu-
lated, and the distance of this position away from
the boundary line is taken as an indication whether
the central residue is disordered or not.>”
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