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Abstract

While cytosolic Hsp90 chaperones have been extensively studied, less is known about how the ER
Hsp90 paralog Grp94 recognizes clients and influences client folding. Here, we examine how
Grp94 and the ER Hsp70 paralog, BiP, influence the folding of insulin-like growth factor 2
(IGF2), an established client protein of Grp94. ProlGF2 is composed of a disulfide-bonded
insulin-like hormone and a C-terminal E-peptide that has sequence characteristics of an
intrinsically disordered region. BiP and Grp94 have a minimal influence on folding whereby both
chaperones slow prolGF2 folding and do not substantially alter the disulfide-bonded folding
intermediates, suggesting that BiP and Grp94 may have an additional influence unrelated to
prolGF2 folding. Indeed, we made the unexpected discovery that the E-peptide region allows
prolGF2 to form dynamic oligomers. ProlGF2 oligomers can transition from a dynamic state that
is capable of exchanging monomers to an irreversibly aggregated state, providing a plausible role
for BiP and Grp94 in regulating prolGF2 oligomerization. In contrast to the modest influence on
folding, BiP and Grp94 have a stronger influence on prolGF2 oligomerization and these
chaperones exert counteracting effects. BiP suppresses prolGF2 oligomerization while Grp94 can
enhance prolGF2 oligomerization in a nucleotide-dependent manner. We propose that BiP and
Grp94 regulate the assembly and dynamic behavior of prolGF2 oligomers, although the biological
role of prolGF2 oligomerization is not yet known.
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Introduction

Hsp70 and Hsp90 chaperones maintain protein quality control in the cytosol, while the
endoplasmic reticulum (ER) and mitochondria have their own homologous Hsp70/Hsp90
systems (ER: BiP/Grp94, mitochondria: Mortalin/Trap1). Hsp70 and Hsp90 family members
require ATP binding and hydrolysis to cycle through distinct conformational states with
distinct client binding properties!~7. Both chaperones are heavily regulated by co-
chaperones and post-translational modifications® 9. Adding to this complexity, Hsp70 and
Hsp90 often associate during the chaperoning process, which can make their functions
interconnected1?: 11,

Client interactions with cytosolic Hsp90 have been extensively studied with recent advances
in structural analysis by electron microscopy, NMR, and FRETS: 1216 however less is
known about how Grp94 recognizes clients and subsequently influences their folding and
activity. For example, while cytosolic Hsp90 can bind to clients in monomeric and
oligomeric states2-14 17 it is not clear whether Grp94 operates in a similar manner. It is
also unknown whether Grp94 stabilizes fully unfolded states or whether it can actively
influence client folding. Here we examine interactions between Grp94, BiP, and IGF2. IGF2
is one of a small collection of ER proteins whose /n-vivo stability is stringently dependent
on Grp9418. Indeed, Grp94 is involved in the successful secretion of all members of the IGF
family (insulin, IGF1 and IGF2)19-22, but the underlying mechanism is not understood.
Grp94 mutations that abolish ATP binding and hydrolysis cannot support cell viability in
serum-free media due to the loss of secreted IGF220: 21, |n contrast to the limited clientele of
Grp94, BiP exhibits broad specificity due to the ubiquity of the short hydrophobic motifs
that it recognizes?2.

IGF proteins have three disulfide bonds in the hormone region. Disulfide-bonded proteins
are well-suited for studying folding pathways because their folding intermediates can be
trapped by quenching techniques and separated by reverse-phase HPLC (RP-HPLC). These
methods have been applied with success to robust folding systems, like bovine pancreatic
trypsin inhibitor (BPT1)24 25, but little is known about whether the same set of techniques
can reveal the folding properties of proteins that are in the process of receiving chaperone
assistance.
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Mouse IGF2 is composed of a 24-residue signal sequence followed by a 67-residue hormone
region and an 87-residue E-peptide region28 (Figure 1A). Upon folding in the ER, prolGF2
is packaged into vesicles for transport to the Golgi2’ where prolGF2 is proteolytically
separated into mature IGF2 (mIGF2) and the E-peptide?8. /n-vitro folding studies of IGF1
and IGF2 have focused on the mature constructs?®-31, Here we focus on full-length prolGF2
because it is the biologically relevant construct for BiP and Grp94.

Little is known about the biological role of the E-peptide region, although it is predicted to
be intrinsically disordered based on primary sequence (Figure 1A). Intrinsically disordered
proteins (IDPs) have a strong propensity to form condensates32-34, which are dynamic
soluble oligomers that can transition into irreversible aggregates. Chaperones are believed to
be involved in maintaining the dynamics and solubility of condensates3® 36, however this is
an active area of research with many open questions. Here we find that the E-peptide region
promotes prolGF2 oligomerization, and that Grp94 and BiP exert counteracting effects on
the growth of prolGF2 oligomers.

Under denaturing conditions prolGF2 can be fully reduced by TCEP (Figure 1C) and
subsequent experiments are initiated by diluting prolGF2 out of denaturant. After dilution
prolGF2 maintains a fully reduced state under TCEP conditions, whereas prolGF2 folds
under oxidizing conditions using a mixture of oxidized and reduced glutathione. Figure 1B
shows how prolGF2 folding can be monitored by RP-HPLC (see Methods for details).
Folding and disulfide formation are quenched by phosphoric acid. The quenched samples
remain soluble and do not change their disulfide status for at least 20h (Supplemental Figure
1A). A commercial standard of mIGF2 has a similar retention time as the major population
of the recombinant refolded mIGF2 (Supplemental Figure 1B), indicating that proper
refolding has occurred.

ProlGF2 folding kinetics are pH-dependent and influenced by the solution reduction
potential (Supplemental Figure 1C and 1D). We selected pH 7.5 and a reduction potential of
5.0 (ratio of [GSH]/[GSSG]37) for more detailed analysis of prolGF2 folding. Under these
conditions prolGF2 undergoes a modest level of misfolding and aggregation. For example,
after 30 minutes of folding under these conditions the soluble fraction of prolGF2 is 72+7%
of the starting material. Thus, these conditions allow for potential improvements in prolGF2
folding to be observed from the influence of BiP and Grp94.

Multiple folding states of prolGF2 and mIGF2 are populated during refolding (Figure 1C,
Supplemental Figure 1B). A complete folding analysis is not feasible due to overlapping
chromatography peaks, which also precludes a more complex description of prolGF2
folding that includes off-pathway intermediates and misfolded states. However, a simplified
folding description can be achieved by combining elution peaks into three groups based on
their retention times (Figure 1D and Supplemental Figure 1E, see Methods for details). We
find that prolGF2 and mIGF2 follow similar folding kinetics (Figure 1E and Supplemental
Figure 1F), indicating that the E-peptide region does not have a strong influence on the
folding of the mature region.
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BiP and Grp94 have only a modest influence on prolGF2 folding

BiP and Grp94 ATPase activity are both increased by prolGF2 (Supplemental Figure 2),
indicating that the chaperones indeed interact with prolGF2. However, BiP and Grp94 could
influence prolGF2 folding through a wide variety of mechanisms. For example, BiP and
Grp94 could accelerate prolGF2 folding, selectively bind specific vulnerable folding
intermediates, or even change the folding pathway to avoid vulnerable folding intermediates.
The well-populated prolGF2 folding intermediates provide an opportunity to distinguish
between these scenarios.

BiP, and to a lesser extent Grp94, decelerate prolGF2 folding (Figure 2A). BiP and Grp94
stabilize the prolGF2 unfolded state (11.6 minutes retention time) as is evident by its
increased population (see 0.5 min folding time). The accumulation of prolGF2 folding
intermediates is decelerated, for example the intermediate at 11.2 minutes retention time (see
1 min refolding time). Finally, the build-up of fully oxidized prolGF2 at 10.1 minutes
retention time is also decelerated (see 2 min refolding time). No new highly populated
folding intermediates are observed. A three-state kinetic analysis, like that performed for
prolGF2 folding alone (Figure 1E), shows that BiP and Grp94 slow folding (Figure 2B, 2C),
although for Grp94 the change is within the experimental error from replicate experiments.
Similar to the modest influence of BiP and Grp94 on prolGF2 folding kinetics, these
chaperones also have a minimal influence on the yield of soluble prolGF2 (Supplemental
Figure 3). One final feature of prolGF2 folding is noteworthy. At long refolding times some
of the prolGF2 does not convert to the native state, resulting in a distribution of folding
states rather than a single uniform peak. This heterogeneity, which could be due to a
population of terminally misfolded states, is also evident when BiP and Grp94 are present
suggesting that these chaperones do not enable misfolded prolGF2 to refold properly.

Given the modest influence of and BiP and Grp94 on prolGF2 folding we questioned
whether these chaperones may have an additional influence that is unrelated to prolGF2
folding. Indeed, much of the prolGF2 E-peptide is predicted to be disordered (Figure 1A).
As described next, the E-peptide drives prolGF2 oligomerization, and BiP and Grp94
influence oligomerization in opposite ways.

ProlGF2 forms oligomers

Under reducing conditions unfolded prolGF2 scatters light, whereas neither the mIGF2 nor
the E-peptide region alone scatters light (Figure 3A and Supplemental Figure 4A). Thus, it is
the combination of the mIGF2-region and the intrinsically disordered E-peptide region that
drives prolGF2 self-assembly.

The light-scattering from prolGF2 oligomerization does not have a lag-phase (Figure 3A),
indicating that the self-association does not follow fibril-like kinetics in which rapid growth
only occurs after a nucleus is formed. Similarly, prolGF2 self-association as measured by
fluorescence depolarization also does not show evidence of strong cooperativity (Figure 3B),
also similar to the behavior of condensates3®. Dynamic light scattering (DLS) was used to
determine the average hydrodynamic radius (Ry) of prolGF2 oligomers. At early time points
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with 2uM prolGF2, these oligomers have a Ry of 230nm, and this size increases to 747nm
after one hour (Table 1).

Fluorescently labeled prolGF2 oligomers can be visualized by confocal fluorescence
microscopy (Figure 3C), both in solution and on the microscope slide. These oligomers have
a circular appearance, although irregular shapes are observed at high prolGF2 concentration
(see 10uM condition in Figure 3C). Because prolGF2 oligomers can be observed on the
slide surface, we tested whether TIRF microscopy could be used to examine the oligomers
on more detailed level. The TIRF measurements were conducted by forming prolGF2
oligomers at 2.5uM and then diluting prolGF2 to 25nM to achieve sparse coverage on the
microscope slide. Under these conditions, prolGF2 oligomers of different sizes are visually
apparent (Supplemental Figure 4C) and can be further illustrated by observing a variable
number of stepwise fluorescence decreases over time (Supplemental Figure 4D).
Quantification of prolGF2 oligomer fluorescence intensity suggests that prolGF2 oligomers
have an approximately exponential size distribution rather than forming one specific size
(Supplemental Figure 4E).

Given the critical role of the E-peptide in the formation prolGF2 oligomers, we sought to
further characterize this region of prolGF2. Consistent with the sequence disorder prediction
in Figure 1A, the E-peptide on its own has minimal secondary structure as measured by
circular dichroism (Supplemental Figure 4B). The E-peptide by itself can undergo self-
association as measured by fluorescence anisotropy (Figure 3B, inset), which suggests that
the oligomerization is driven by weak interactions spread across a largely unstructured E-
peptide. Both the E-peptide and prolGF2 oligomers can be disrupted by urea to a yield a
lower polarization value (arrows, Figure 3B).

Closer inspection of the E-peptide sequence reveals a notable statistical enrichment of
arginine residues (the 87 residue E-peptide contains 13 arginine residues) when compared
against a database of folded proteins and disordered proteins (Figure 3D), while no such
enrichment is observed for lysine3°. A high relative abundance of arginine relative to lysine
is a characteristic sequence feature that is often found in proteins that exhibit self-
association“, and for protein condensates pi-cation interactions between arginine and
aromatic residues are an important driving force*L. The only other statistically significant
sequence feature of the E-peptide is a high proline content compared to well-folded proteins,
consistent with the lack of a well-defined E-peptide structure.

BiP and Grp94 have opposing effects on prolGF2 oligomerization

BiP and Grp94 influence prolGF2 oligomerization in very different ways. Under both ADP
and ATP conditions BiP suppresses prolGF2 oligomerization (Figure 4A), whereas under
ADP conditions Grp94 enhances prolGF2 oligomerization (Figure 4B, Supplemental Figure
5). Interestingly, Grp94 enhances the magnitude of prolGF2 light-scattering but not the
overall kinetics. Neither BiP nor Grp94 produce light scattering on their own (Figure 4A, B).
Similar to the optical light scattering, DLS shows Grp94 increasing the Ry of ProlGF2
oligomers whereas BiP reduces their size (Table 1). These measurements show BiP
decreasing the size of prolGF2 oligomers over time, suggesting that BiP can disassemble
prolGF2 oligomers.
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The above experiments were performed under reducing conditions in which the mature
region of prolGF2 cannot fold. Under folding conditions prolGF2 exhibits a lower level of
light-scattering, but even under these conditions Grp94 enhances prolGF2 oligomerization
(Supplemental Figure 6A). Finally, we performed one further experimental variation in
which prolGF2 is first allowed to completely oxidize, and then Grp94 is introduced, and
hereto we also observe that Grp94 enhances prolGF2 oligomerization (Supplemental Figure
6B). These observations indicate that Grp94 promotes prolGF2 oligomerization under a
wide variety of folding conditions.

The increased prolGF2 light scattering from Grp94 (Figure 4B) could be explained either by
Grp94 enabling prolGF2 oligomers to increase their monomer copy number or alternatively
by multiple Grp94 chaperones binding to prolGF2 oligomers and thus increasing the
combined particle size. We used FRET to distinguish between these possibilities. We labeled
prolGF2 with either a donor or acceptor fluorophore (see Methods). By mixing these
separately labeled samples, prolGF2 oligomerization can be monitored by increasing FRET
without any signal interference from Grp94 (Figure 4C). Grp94 enhances prolGF2
oligomerization FRET (Figure 4D) under ADP conditions indicating that Grp94 enables
prolGF2 oligomers to increase their monomer copy number. Similar to the light-scattering
measurements, we find that Grp94 enhances the extent of prolGF2 oligomerization with a
minimal influence on the overall kinetics (Figure 4D).

Interestingly, the above FRET assay demonstrates that prolGF2 slowly transitions from
dynamic oligomers to irreversible aggregates. The change in prolG2 oligomer dynamics can
be observed by introducing Grp94 to prolGF2 oligomers at different times (Figure 5A). If
prolGF2 can maintain a dynamic oligomerization state, then adding Grp94 at an earlier and
later time would result in the same increase in FRET. In contrast, if prolGF2 oligomers
transition to an irreversible aggregate then adding Grp94 at a later time would result in
smaller increase in FRET. We observe this latter case, whereby Grp94-induced enhancement
of prolGF2 FRET decreases over time (Figure 5B). Grp94 does not co-aggregate with
prolGF2, as we find that the soluble concentration of Grp94 stays constant even as the
soluble concentration of prolGF2 decreases (Supplemental Figure 7). We conclude that
dynamic oligomers of prolGF2 slowly transform to irreversible rigid aggregates.

Collectively, the above measurements are consistent with Grp94 accelerating prolGF2
oligomerization. Figure 5C presents a minimal quantitative model for prolGF2
oligomerization and aggregation. Monomers of prolGF2 are added with a rate of 4; and
oligomers of any size can transition to an irreversibly aggregated state with a rate of k4. The
final average size of prolGF2 particles is given by k./k4 (we denote this ratio as R). This
model yields prolGF2 oligomer and aggregate sizes that are exponentially distributed,
consistent with the size distribution observed by TIRF microscopy (Supplemental Figure
4E). For example, Figure 5C shows the distribution of prolGF2 particle sizes in which the
aggregation rate is set to 0.05 min~1 (similar to the aggregation kinetics measured in Figure
4) and the rate of monomer addition is arbitrarily set to 3.0 min~L. The resulting particle
sizes are exponentially distributed (sold line, Figure 5C), with average size (<n>=60) that is
in line with the expected value (4./k4=60). This model of oligomer growth does not yield a
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lag-phase (Figure 5D), consistent with the light-scattering and FRET measurements in
Figure 4D.

According to the model above, Grp94 can enhance prolGF2 oligomerization either by
slowing the aggregation transition (decreasing k) or by accelerating oligomerization
(increasing k). Because the light-scattering and FRET both show Grp94 enhancing the
magnitude of oligomer formation but not the overall kinetics, this implies that Grp94 has a
minimal influence on k4 but rather accelerates prolGF2 oligomerization dynamics (Grp94
increases k.). Figure 5D shows an example numerical simulation of the influence of Grp94
on prolGF2 oligomerization in which Grp94 enhances prolGF2 oligomerization dynamics
six-fold. In these numerical simulations Grp94 is introduced at various times during the
course of prolGF2 oligomer formation, thus matching the design of the FRET experiments
in Figure 5B. The numerical simulations and experimental data are in qualitative agreement
(compare Figure 5B and Figure 5E). We conclude that the simple model in Figure 5C
provides an adequate explanation of the influence of Grp94 on prolGF2 oligomerization.

Discussion

Here we examined how the BiP and Grp94 chaperones influence both the folding and the
oligomerization of prolGF2 (Figure 6). One motivation for studying prolGF2 was to test the
idea that Hsp90-family chaperones are specialized for the late stages of protein folding.
Although prevalent in the Hsp90 literaturel® 42. 43 testing this concept has led to diverging
results (e.g., separate studies of p53 have found that client is folded, molten globule, and
fully unfolded when bound to Hsp9044-46),

An empowering feature of IGF2 is that its disulfide-bonded folding intermediates can be
trapped and separated by RP-HPLC similar to classic studies that uncovered the detailed
folding pathways of BPTI24 25, If Grp94 indeed strongly stabilizes specific folding states of
IGF2, this experimental system would be able to detect which state is stabilized and quantify
the extent of stabilization. However, we find that both BiP and Grp94 have only a modest
influence on the folding properties of prolGF2 (Figures 1&2). Thus, for the prolGF2 client
we do not see evidence that Grp94 is specialized for the later stages of client folding. An
alternative mechanism may explain the sequential involvement of BiP and Grp94 with early
and late stages of client folding, as has been observed for immunoglobins®’. Specifically, the
sequential involvement of BiP and Grp94 in client folding may arise simply from regulated
direct interactions between BiP and Grp94, in which the conformation of BiP controls when
Grp94 can access the client protein®®. A further possibility is to examine the influence of
BiP and Grp94 in an expanded chaperone system that includes a BiP nucleotide exchange
factor and a J-protein co-chaperone. Future studies are needed to test this possibility.

In studying the folding properties of prolGF2 and mature IGF2, we discovered that the E-
peptide region of prolGF2 promotes oligomerization (Figure 3). The high arginine content
of the E-peptide (Figure 3D) may play a role in the oligomerization, possibly through cation-
m interactions, as has been observed in other disordered oligomers*L. Indeed, the role of the
intrinsically disordered E-peptide region in promoting oligomerization is in-line with
observations from the field of protein condensates3® 49-52, However, while /n-vitro protein
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condensates are typically in the range of 10 pm in size, prolGF2 oligomers are smaller (Ry
~200 nm).

Many peptide hormones, including insulin, oligomerize to promote efficient sorting in the
secretory pathway®3-26, ProlGF2 oligomerization has a plausible biological role in
concentrating the pro-hormone into clusters that can be effectively packaged for transporting
to the Golgi via COPII vesicles (Figure 6A). Because the E-peptide is cleaved off in the
Golgi?8, the oligomerization property could be relevant to prolGF2 sorting at the ER-to-
Golgi transition rather than for prolGF2 folding in the ER. Indeed, we find that the E-
peptide has a minimal consequence on the folding of the mature region (Figure 1 and
Supplemental Figure 1).

While BiP and Grp94 have a similar influence on prolGF2 folding, these chaperones have
opposing effects on prolGF2 oligomerization (Figure 6B). BiP suppresses oligomerization
while Grp94 enhances oligomerization both when the mature region of prolGF2 is unfolded
(Figure 4) and folded (Supplemental Figure 6). Our findings with Grp94 and prolGF2 are
consistent with reports that Grp94 enhances the self-association of the secreted protein
myocilin®’. We find that Grp94 enhances prolGF2 oligomerization by increasing the
assembly rate (4 in Figure 5) rather than from slowing the transition into irreversible
aggregates. Similar to Grp94, cytosolic human Hsp90p promotes the oligomerization of the
intrinsically disordered protein tau via exposing its aggregation-prone repeat domain®®. One
proposed yet unverified function of chaperones on protein condensates is a role in increasing
condensate dynamics as a mechanism to reduce irreversible aggregation process*®. This idea
is in line with our observation that prolGF2 undergoes a slow transition from dynamic
oligomers to irreversible aggregates and that Grp94 can only act on the dynamic oligomers
(Figure 5B). More work is needed to explore the biological consequences of the Grp94
influence on ProlGF2 oligomerization and some of these possibilities are listed in Figure
6B.

Grp94 enhances prolGF2 oligomerization when Grp94 adopts the open state (ADP
conditions) but not under ATP conditions where Grp94 cycles between the open and closed
states®® (Figure 3A,B), which suggests that the open and closed conformations have
opposing effects on prolGF2 oligomerization. Future work is needed to determine how the
open state of Grp94 accelerates prolGF2 oligomerization. The Grp94 open state, as with the
open state of all Hsp90 chaperones, is conformationally heterogeneous®%-62, One possibility
is that this conformational heterogeneity may help Grp94 interact with the heterogeneous
environment of a prolGF2 oligomer.

Material and Methods

Protein expression and purification

Mouse prolGF2, mIGF2 and E-peptide were purified from Escherichia coli BL21* cells.
Cells were grown at 37°C in LB medium and induced at ODgpy=0.6~0.8 with 0.1mM IPTG
at 30°C overnight. ProlGF2 and mIGF2 proteins were purified through inclusion body
extraction and ion exchange chromatography. Purified IGF2 constructs were stored in 8M
urea, 100mM Tris pH7.5, 25mM KCI, 1mM EDTA, 1mM TCEP. Purified E-peptide was

J Mol Biol. Author manuscript; available in PMC 2022 June 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jinetal.

Page 9

stored in 8M urea, 25 mM Tris, pH 7.5, 250 mM KCI, 1 mM DTT. An additional poly-
histidine tag on the E-peptide was removed via TEV protease and a Histrap column and
stored in 25mM Tris pH 7.5, 150mM KCI, 50mM imidazole buffer.

The purification of mouse Grp94 without the charged linker (A287-328) and BiP is similar
to previously described methods®3 64, Briefly, BiP and Grp94 were expressed in Escherichia
coli strain BL21* at 37°C and purified via a Histrap column (GE Healthcare), ion-exchange
column (MonoQ, GE Healthcare), and by gel filtration (Superdex S-20, GE Healthcare).
Proteins were flash-frozen in 50mM Tris, pH7.5, 50mM KCI, 5mM MgCl, and 5% glycerol.

ATPase measurement

BiP and Grp94 ATPase was measured with a temperature-controlled plate reader (BioTeK)
with an ATP-regenerating system at 37°C as previously described®®. All experiments were
performed with 50mM Tris, pH 7.5, 100mM KCI, 1mM ATP, 1mM MgCl,, 5mM TCEP and
0.8M urea with 1.5uM BiP or 1.5uM Grp94 (dimer), and 5uM IGF2 constructs at 37 °C.
ATPase activity was determined by NADH consumption rate measured at 340nm.

Reverse phase HPLC

To measure prolGF2/mIGF2 folding, samples were diluted 1:10 out of denaturant into
refolding/reduced buffer (50mM Tris, pH 7.5, 100mM KCI, 6.25mM GSH, 1.25mM GSSG,
or 5mM TCEP (reduced), 1ImM ATP/ADP, 1mM MgClI,) at 37°C. The final concentrations
of prolGF2, BiP and Grp94 were all 5uM. At various time points, prolGF2 refolding
reactions were quenched by 500mM H3PO,4 and 5% acetonitrile. The quenched samples
were spun down at 15,0009 for 3min and the supernatant was injected to C4-300 reverse-
phase column (ACE, 100 x 4.6mm, 5um). Different prolGF2 folding states were separated
with 50mM H3PO,4 in H,O (Buffer A) with a linear acetonitrile gradient with 50mM H3PO4
(Buffer B) and a flow rate of 1ml/min. ProlGF2 elution profiles were detected by absorbance
at 220nm. To determine the populations of folding states for the three-state analysis (Figure
1E, Supplemental Figure 1F) the absorbance at 220nm was integrated for the U, I, and N
regions and normalized to the total integrated area. The fitting of the three-state model is
described in the Appendix.

Light scattering

IGF2 constructs were diluted to 5uM into a reducing buffer (50 mM Tris, pH 7.5, 100 mM
KCI, 1 mM MgCl,, 5 mM TCEP, 0.8 M urea, 1 mM ATP/ADP, 25°C) with or without a
stochiometric concentration of BiP and Grp94. Light scattering signals were monitored by
light absorption at 420 nm.

Dynamic light scattering

ProlGF2 hydrophobic radius (Ry) was measured with am ALV/DLS/SLS-5000 Compact
Goniometer System at room temperature. ProlGF2 samples were diluted to 2uM into a
reducing buffer (50mM Tris, pH 7.5, 100mM KCI, 1mM MgCl,, 5mM TCEP, 0.8M urea,
1mM ADP, 25°C) with or without 5uM of BiP or Grp94. Samples were spun down at 20000
x g and the supernatant was monitored at a 90° angle by laser light scattering at 633nm. The
translational diffusion coefficient was obtained by analyzing the autocorrelation fluctuation
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and Ry, is calculated from the diffusion coefficient. The samples containing chaperones and
prolGF2 are polydisperse because Ry values of BiP and Grp94 are below 10nm (BiP:
3.0nm, Grp94 3.2nm). Thus, the mass-weight distribution (M,,) of particles with Ry<10nm
was excluded to minimize the interference of the chaperones on prolGF2 oligomer size
calculation®,

Fluorescence polarization measurements

ProlGF2 was labeled with a 2-fold excess of fluorescein isothiocyanate (FITC) for 1hr under
buffer conditions of 100 mM Tris pH 7.5, 25mM KCI, 1ImM EDTA, 8M urea, at room
temperature. The labeling reaction was quenched with 5mM 2-mercaptoethanol, and free
dye was removed from labeled protein by ion-exchange chromatography. Protein was stored
in 8M urea, 100 mM Tris pH 7.5, 500 mM KCI, 1 mM EDTA, 1 mM TCEP. Fluorescence
polarization measurements were performed with 100nM labeled prolGF2 on a Fluoromax-4-
spectrofluorometer (Horiba Scientific) with an excitation wavelength of 485nm and emission
wavelength of 520 nm with 3nm slit width. Labeled prolGF2 was preincubated with
prolGF2 in a matching 8 M urea buffer before measurements, and then diluted ten-fold into
a reducing buffer (100 mM Tris pH 7.5, 100 mM KCI, 1 mM ATP, 1 mM MgCl,, 1 mM
TCEP, 0.8M urea) to measure the fluorescence polarization at 37°C. Fluorescence
polarization measurements on the E-peptide were performed with 50 nM labeled E-peptide
titrated in a reducing buffer (60 mM MES pH 6.0, 100 mM KCI, 1 mM MgCl,, 1 mM ADP,
0.5 mg/mL BSA, 1 mM DTT).

FOrster resonance energy transfer

ProlGF2 was labeled with a stochiometric concentration of AlexaFluor 555 C2 maleimide or
AlexaFluor 647 C2 maleimide (Invitrogen) for 4hr at room temperature. Free dye was
removed via an SP column. The labeling rate for both fluorophores was determined to be
20% by spectrophotometric measurements. ProlGF2 was stored in reduced denaturant buffer
(100 mM Tris pH 7.5, 25 mM KCI, 1 mM EDTA, 1 mM TCEP, 8M urea). FRET
measurements were initiated by mixing 250nM donor-labeled prolGF2, 250nM acceptor-
labeled prolGF2 and 2uM unlabeled prolGF2. The mixture was diluted into 25mM Tris pH
7.5, 100mM KCI, ImM ADP, 1ImM MgCl,, 5mM TCEP, 0.8M urea buffer. The FRET
kinetics were monitored by exciting donor fluorophore at 532nm, and detecting donor and
acceptor at 565nm and 670nm respectively, with slit width of 4nm and a time interval of 30s.
The FRET efficiency was calculated as Erret= /acceptor/(1ponor* L Acceptor) Where lgoporand
Iacceptor are the donor and acceptor emission intensities observed at donor and acceptor
detection wavelengths.

Confocal microscopy

Alexa Fluoro-647 labeled prolGF2 was diluted to various concentrations in 50 mM Tris pH
7.5, 100 mM KCI, 1 mM ATP, 1 mM MgCl,, 5 mM TCEP buffer. All prolGF2 oligomer
images were obtained on an Observer Z1 microscope (Carl Zeiss) equipped with a CSU-X1
spinning-disk confocal head (Yoka-gawa) and a QuantEM 512SC EM charge-coupled device
(CCD) camera (Photometrics) with a 100x (NA 1.45) oil-immersion-objective at room
temperature. Confocal Z-stacks were collected every 15s for 5min, with manual focus
adjustment. Fluorescence microscope image analysis was performed using ImageJ.

J Mol Biol. Author manuscript; available in PMC 2022 June 25.
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Total Internal Reflection Fluorescence Microscopy (TIRF)

Alexa Fluor-555 labeled prolGF2 was diluted from 2.5 puM to 25 nM into 50 mM Tris buffer
(pH 7.5, 50 mM Tris 50 mM KCI, 600 uM MgCls, 0.5 mg/ml BSA, 600 uM ADP and
equilibrated at room temperature. Glass slides, coverslips and sample preparation followed
previously descriptions8”: 68 Single molecule TIRF imaging of prolGF2 oligomers was
performed on a custom microscope®®, using 532 nm excitation wavelength and a 2.4 s
sampling interval with 600 uW laser power. Data analysis and spot identification was
performed on custom software built in Matlab, available online (https://github.com/gelles-
brandeis/CoSMoS_Analysis).

Numerical simulations

Numerical simulations in Figure 5 were performed in Python using Gillespie sampling. The
k4 rate constant (0.05 min~1) was determined from the light scattering kinetics in Figure 3.
The k; rate 3 min~1 (without Grp94) and 18 min~1 with Grp94, were selected arbitrarily.
Both oligomers and irreversible aggregations were included in calculating the average size
of prolGF2 particles <n>, which represents the average number of prolGF2 monomers per
particle.

Circular Dichroism

E-peptide was diluted 1:10 out of denaturant at 25°C. The final concentration of E-peptide in
the experiment was 8.1 yM in 0.8 M urea, 2.5 mM Tris, 25 mM KCI, and 0.1 mM DTT.
Measurements were performed on a Jasco J-810 Circular Dichroism System.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

ProlGF2 form oligomers and E-peptide region is responsible for
oligomerization.

Bip and Grp94 exert counteracting effects on prolGF2 oligomerization.

Grp94 enhances prolGF2 oligomerization by interacting with dynamic
oligomers.

Bip and Grp94 only moderately slow down prolGF2 folding by stabilizing the
unfolded state.
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Figure 1.
ProlGF2 oxidative protein folding. (A) The prolGF2 E-peptide is an intrinsically disordered

region. Disorder prediction of prolGF2 is calculated with PONDR-VLXT®. (B) Protocol to
populate and characterize prolGF2 folding states by RP-HPLC. (C) HPLC chromatograms
of prolGF2 folding intermediates quenched at various folding times. Folding times shown in
the legend. The fully reduced peak elutes at 11.5min (U standard), whereas the oxidized
populations elute at earlier times. (D) ProlGF2 folding is categorized into three states (U, I,
and N). (E) Populations of prolGF2 were fitted with a three-state model (see Methods). The
populations of U, I and N are color-coded in blue, orange, and green respectively. Error bars
are the S.E.M of at least three measurements. Refolding buffer: 50mM Tris pH 7.5, 1700mM
KCI, 1mM ATP, ImM MgCl,, 1.25mM GSSG, 6.25 mM GSH, 0.8M urea, 37°C.
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A) Influence of BiP and Grp94 on the folding of prolGF2. HPLC elution profiles of prolGF2
with and without chaperone are compared at various refolding times. Peak areas are
normalized for a direct comparison between different conditions. Refolding buffer
conditions are the same as Figure 1. Populations of prolGF2 in the presence of Bip (B) and
Grp94 (C) were fitted with a three-state model as Figure 1E. The populations of U, I and N
are color-coded in blue, orange, and green respectively. Error bars are the S.E.M of at least
three measurements. Refolding buffer: 50mM Tris pH 7.5, 100mM KCI, ImM ATP, 1mM
MgCl,, 1.25mM GSSG, 6.25 mM GSH, 0.8M urea, 37°C.
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A) ProlGF2 produces light scattering under reducing conditions (TCEP), as measured by
increased light absorption at 420 nm. Solid line is a single exponential fit (0.057 + 0.003 min
~1). Error bars are the S.E.M of at least three measurements. B) FITC-labeled prolGF2 and
E-peptide (inset) were titrated with corresponding unlabeled constructs under TCEP
conditions. Solid line is a single site binding model fit (ProlGF2 Ky zpp = 2.98 + 0.66 UM; E-
peptide Ky zpp= 2.5 + 2.1uM, uncertainty from fitting error). Monomeric prolGF2 and E-
peptide (in 8M urea) has a low fluorescence depolariztion value. Error bars are the S.E.M of
at least three measurements. C) Images of Alexa 647-labeled prolGF2 oligomers visualized
by confocal microscopy. D) E-peptide composition analysis. Upper: E-peptide amino acid
sequence. Phenylalanine, Proline and Arginine are color-coded in purple, green and blue
respectively. Lower: E-peptide amino acid composition comparison to DisProt 3.4 and PDB
select 25 calculated with Composition Profiler (http://www.cprofiler.org,38 * P < 0.05; ****
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P < 0.0001 calculated via t-test). Y-axis statistical enrichment (/) is the residue probability
differences between E-peptide (05 and the background sample from bootstrap sampling

Pk

(gx), where hy. = q—_qu. DisProt 3.4 is a set of experimentally determined disordered

protein, and the PDB select 25 is a subset of structures from Protein Data Bank (PDB) with
less than 25% sequence identity. Error bars are the standard deviations of the observed
statistical enrichment (/) of 10,000 times bootstrap sampling.
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Figure 4.
A&B) ProlGF2 light scattering measurements in the presence of BiP and Grp94 under ATP

and ADP conditions. Solid lines are single exponential fits (prolGF2 ATP conditions: 0.057
+0.003 min~L; prolGF2 and Grp94 ATP conditions: 0.045 + 0.001 min~L; prolGF2 ADP
conditions: 0.052 % 0.001 min~; prolGF2 and Grp94 ADP conditions: 0.074 + 0.008 min
~1). C) Design of prolGF2 oligomerization FRET measurement. D) ProlGF2 FRET in the
absense and presence of Grp94 under ADP conditions. Solid line is a single exponential fit
(prolGF2 and Grp94: 0.10+ 0.01 min~1, prolGF2: 0.12+ 0.04 min~1). Error bars are the
S.E.M of at least three measurements. Buffer conditions: 50mM Tris pH 7.5, 100mM KCl,
1mM ATP /ImM ADP, ImM MgCl,, 5mM TCEP, 0.8M urea. Error bars are the S.E.M of at
least three measurements.
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Figure 5.

A) Design of prolGF2 oligomerization FRET measurement with Grp94 introduced to
prolGF2 oligomers at variable times. B) ProlGF2 FRET in the absence and presence of
Grp94 under ADP conditions. Error bars are the S.E.M of at least three measurements.
Buffer conditions are the same as Figure 4D. C) ProlGF2 aggregation and oligomerization
model and numerical simulation. Monomers are added to oligomers with a rate of &, while
oligomers transition to aggregates with a rate of k4. Numerical simulation of prolGF2
particle size distribution with k4=0.05min™1, k&,=3min~1 after one hour of oligomer growth.
Solid line is a single exponential fit. D) Numerical simulation of prolGF2 particle growth
over time with £4=0.05min~1and &.=3min~1. E) Numerical simulations of prolGF2
oligomerization with Grp94 introduced at various times to match the FRET measurements in
Figure 5B. The k; is increased 6-fold by Grp94, therefore the maximium average oligomer
size <n> is 6R.
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Schematic illustration of Grp94 and BiP chaperone influence on prolGF2. A) Both BiP and
Grp94 stabilize unfolded prolGF2. The E-peptide region promotes prolGF2 oligomerization,
potentially facilitating the packaging of prolGF2 into vesicles for transportation to Golgi. B)
Grp94 in the open conformation (ADP) binds to prolGF2 oligomers and increases their size.
BiP decreases the size of prolGF2 oligomers. Regulated prolGF2 oligomerization may
trigger the ER-associated degradation pathway or be a mechanism to isolate unfolded and
misfolded species of prolGF2.
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Table 1.
ProlGF2 average particle size (Ry) measured by DLS.

Measurements were taken directly after oligomer formation (0 hr) and after 1 hour of incubation in the
reaction buffer: 50mM Tris pH 7.5, 100mM KCI, ImM ATP, 1ImM MgCl,, 5mM TCEP, 0.8M urea.

0hr (nm) 1hr(nm)

ProlGF2 230 747
ProlGF2+Bip 274 67
ProlGF2+Grp94 311 1370
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