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1  |  INTRODUC TION

Prion diseases, also known as transmissible spongiform encepha-
lopathies, constitute a group of fatal neurodegenerative diseases, 
characterized by the accumulation of the misfolded isoform (PrPSc) 
of the mammalian prion protein, in the central nervous system 

(Kretzschmar et al., 1986; Moore et al., 2009). The mature cellular 
isoform (PrPC) of the mouse prion protein (moPrP) is 208 amino acid 
residues long, and consists of two distinct domains: an intrinsically 
disordered N-terminal domain (NTD) and a structured C-terminal 
globular domain (CTD; Riek et al., 1996). The NTD has a 5-octarepeat 
region, which can bind metal ions, and is thought to be important 
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Abstract
The misfolding of the mammalian prion protein from its α-helix rich cellular isoform 
to its β-sheet rich infectious isoform is associated with several neurodegenerative 
diseases. The determination of the structural mechanism by which misfolding com-
mences, still remains an unsolved problem. In the current study, native-state hydro-
gen exchange coupled with mass spectrometry has revealed that the N state of the 
mouse prion protein (moPrP) at pH 4 is in dynamic equilibrium with multiple partially 
unfolded forms (PUFs) capable of initiating misfolding. Mutation of three evolutionar-
ily conserved aromatic residues, Tyr168, Phe174, and Tyr217 present at the interface 
of the β2-α2 loop and the C-terminal end of α3 in the structured C-terminal domain 
of moPrP significantly destabilize the native state (N) of the protein. They also reduce 
the free energy differences between the N state and two PUFs identified as PUF1 and 
PUF2**. It is shown that PUF2** in which the β2-α2 loop and the C-terminal end of α3 
are disordered, has the same stability as the previously identified PUF2*, but to have a 
very different structure. Misfolding can commence from both PUF1 and PUF2**, as it 
can from PUF2*. Hence, misfolding can commence and proceed in multiple ways from 
structurally distinct precursor conformations. The increased extents to which PUF1 
and PUF2** are populated at equilibrium in the case of the mutant variants, greatly 
accelerate their misfolding. The results suggest that the three aromatic residues may 
have been evolutionarily selected to impede the misfolding of moPrP.
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2  |    PAL and UDGAONKAR

in prion aggregation (Burns et al., 2002; Moore et al., 2006). The 
NTD also contains a hydrophobic stretch of highly conserved res-
idues (Coleman et al., 2014), which play an important role in PrPSc 
interacting with the lipid membrane (Hegde et al., 1998). The struc-
tured CTD consists of three α-helices (α1, α2, and α3), as well as a 
β-sheet consisting of two small anti-parallel β-strands (β1 and β2) 
(Riek et al., 1996). α2 and α3 are linked by a disulfide bond between 
Cys178 and Cys213 (mouse numbering is used throughout), which 
has been shown to be important in maintaining the stability of the 
protein (Ning et al., 2014).

The exact biological role of the prion protein in mammals is still 
unclear. The prion protein appears to play a role in several pro-
cesses, including metal ion homeostasis (Rana et al., 2009; Vassallo 
& Herms, 2003; Watt & Hooper, 2003), cell signaling (Collinge 
et al., 1994; Haigh et al., 2010; Legname, 2017), cell adhesion (Málaga-
Trillo et al., 2009; Martins et al., 2002; Schmitt-Ulms et al., 2001), and 
protection against oxidative stress (Brown, 2006; Choi et al., 2007; 
Milhavet & Lehmann, 2002; Wong et al., 2001). Transgenic mice in 
which the Prnp gene (Prnp0/0) is knocked out, show sleep disturbance, 
altered circadian rhythms (Gasperini & Legname, 2014), as well as 
age-related cognitive decline (Steele et al., 2007). However, the mice 
were able to survive (Büeler et al., 1992), suggesting that the mam-
malian prion protein might have redundant functions, and not be an 
essential protein.

The susceptibilities of various mammals to sporadic prion dis-
eases correlate well with the propensity of their PrPC to misfold 
into β-sheet rich oligomers at low pH (Khan et al., 2010). In vivo, 
during its trafficking through the endocytic pathway, PrPC enters 
lysosomes where it encounters a low pH (Borchelt et al., 1992). 
In vitro studies have shown that moPrP undergoes substantial 
structural fluctuations at acidic pH upon protonation of a criti-
cal residue, His186 (Singh & Udgaonkar, 2016a; Van der Kamp & 
Daggett, 2010), which facilitate oligomer formation. It is therefore 
likely that the prion protein misfolds into its oligomeric form when 
it encounters the low pH in the lysosome. At neutral pH, oligom-
erization cannot be studied, as only a negligibly small fraction of 
moPrP molecules have His.

One hundred and eighty-six in the protonated form (Singh & 
Udgaonkar, 2016a). Importantly, oligomers formed in vitro at low 
pH are cytotoxic (Erlich et al., 2010; Huang et al., 2010; Simoneau 
et al., 2007). They are able to disrupt lipid membranes (Caughey 
et al., 2009; Chich et al., 2010; Singh et al., 2014), which suggests a 
possible mechanism of their toxicity. Remarkably, a diseased human 
brain has recently yielded highly infectious small non-fibrillar oligo-
meric prion assemblies (Vanni et al., 2020). A better understanding 
of the disease as well as the development of therapeutic strategies 
against prion diseases will arise from knowledge of the misfolding of 
the prion protein that results in oligomerization.

The structures of the different mammalian prion proteins have 
been conserved during evolution, and the prion protein sequences 
show a high degree of amino acid similarity (Baiardi et al., 2019; 
Bernardi & Bruni, 2019). Regions that display sequence and structural 

variation across different species include the β2-α2 loop and the 
C-terminal end of α3, which are packed against each other (Bernardi 
& Bruni, 2019; Biljan et al., 2017; Slapšak et al., 2019). Three aromatic 
residues (Tyr168, Phe174, and Tyr217) present at the packing inter-
face (Figure 1) are, however, highly conserved (Bartz et al., 1994; 
Huang & Caflisch, 2015; Kurt, Jiang, et al., 2014; van Rheede 
et al., 2003). Tyr168 and Tyr217 are strictly conserved, whereas 
Phe174 is conserved in all but two species (Huang & Caflisch, 2015). 
The aromatic interactions between Tyr168, Phe174, and Tyr217 are 
the most conserved aromatic interactions observed in the structures 
of different mammalian prion proteins (Zhang, 2015). MD simulation 
studies have suggested that favorable interactions between Tyr168, 
Phe174, and Tyr217 stabilize the interface of the β2-α2 loop and 
the C-terminal end of α3 (Huang & Caflisch, 2015; Jung Cheng & 
Daggett, 2014). It is likely that the highly conserved aromatic resi-
dues play an important role in maintaining the integrity of the PrPC 
structure and in guarding against misfolding that leads to the forma-
tion of oligomers.

In the current study, it is shown by mutational studies, that the 
evolutionarily conserved aromatic residues, Tyr168, Phe174, and 
Tyr217 indeed play a significant role in maintaining the structural 
integrity of the protein. The native (N) state of moPrP becomes 
unstable when the conserved aromatic residues are mutated to 
alanines, which also dramatically accelerates (up to 300-fold) the 
misfolding process, Native state hydrogen exchange (HDX) stud-
ies coupled with mass spectrometry (MS) have identified an ag-
gregation-competent partially unfolded form (PUF2**), which is 
in rapid equilibrium with the N state at pH 4. In PUF2**, the in-
terface between the β2-α2 loop and the C-terminal end of α3 is 
disordered, as are the α1-β2 loop and β2. Mutations of the evolu-
tionarily conserved aromatic residues reduce the energy gap be-
tween the N state and PUF2** as well as the previously identified 
PUF1, making both PUF1 and PUF2** more accessible from the N 
state in the mutant variants. This study also reveals that there are 
multiple misfolding pathways for moPrP. The observed misfold-
ing rate constant of the mutant variants correlates well with the 
extents to which both PUF1 and PUF2** are populated at equi-
librium, indicating that both PUF1 and PUF2** can directly mis-
fold. On the other hand, a previous study had identified another 
aggregation-prone partially identified conformation, PUF2* (Pal & 
Udgaonkar, 2022), which is very similar in energy to PUF2** but 
has a very different conformation.

2  |  MATERIAL S AND METHODS

2.1  |  Buffers and reagents

The reagents used in this study were of high purity grade and were 
obtained from Sigma. Ultra-pure guanidine hydrochloride (GdnHCl) 
of the highest purity grade was procured from United States 
Biochemicals [Alfa Aiser, catalog number-J75823].
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    |  3PAL and UDGAONKAR

2.2  |  Site-directed mutagenesis

Mutant variants of full-length moPrP were generated using the 
Quickchange site-directed mutagenesis kit (Stratagene, catalog 
number-200518). Primers containing 3 nucleotide changes were ob-
tained from Sigma. Three mutant variants were prepared: Y168A, 
F174A, and Y217A moPrP. The mutations were confirmed by DNA 
sequencing.

2.3  |  Protein expression and purification

wt moPrP and the mutant variants were expressed in Escherichia 
coli BL21(DE3) codon plus cells (Stratagene) transformed with a 
pET17b plasmid [RRID: Addgene_173032] containing the full-length 
sequence (23–231) of the moPrP gene. The moPrP variants were 
purified, as described previously (Jain & Udgaonkar, 2008; Singh 
et al., 2014). The purity and mass of each moPrP variant preparation 
were confirmed by mass spectrometry using a Synapt G2 HD mass 
spectrometer (Waters Corporation).

2.4  |  Far-UV CD measurements

Far-UV CD spectra were recorded on a Jasco J-815 spectropola-
rimeter using a protein concentration of 10 μM in a 1 mm cuvette, 

using a scan speed of 50 nm/min, a digital integration time of 2 s, 
and a bandwidth of 1 nm. The wavelength was scanned from 200 to 
250 nm, and a total of 15 spectra were averaged. Far-UV CD spec-
tra under native conditions were acquired in 10 mM sodium acetate 
[Sigma-Aldrich, catalog number-S2889], pH 4, at 25°C.

2.5  |  Urea-induced equilibrium unfolding studies

Urea-induced equilibrium unfolding studies were carried out in 
10 mM sodium acetate buffer at pH 4, at 25°C. 10 μM protein was 
incubated in different urea concentrations for 1 h, before the far-UV 
CD signal at 222 nm was monitored. The data were fit to a two-state 
N ↔ U equilibrium unfolding model (Agashe & Udgaonkar, 1995), 
and the thermodynamic parameters were obtained. Ultra-pure urea 
of the highest purity grade was procured from Sigma-Aldrich, cata-
log number-51458.

2.6  |  Misfolding studies at pH 4

Misfolding was initiated by diluting 20 μM protein in 10 mM so-
dium acetate buffer (pH 4) two-fold with 2× misfolding buffer 
(10 mM sodium acetate buffer containing 300 mM NaCl [Sigma-
Aldrich, catalog number-746398], pH 4). Both the protein sample 
and 2x misfolding buffer were incubated at 37°C before starting 

F I G U R E  1  Structure of the C-terminal domain of the mouse prion protein showing the locations of the three conserved aromatic 
residues, Tyr168, Phe174, and Tyr217. The N-terminal domain comprises residues 23–120, and is unstructured in the full-length protein. The 
three conserved aromatic residues are colored pink (Y168), green (F174) and blue (Y217). The side-chains of Y168, F174, and Y217 are buried 
to the extents of 40%, 100%, and 90%, respectively. The distances between the side-chains are shown in Å in the expanded view. The figure 
was drawn using Chimera and Protein Data Bank entry 1AG2.

3.3

5.6
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4  |    PAL and UDGAONKAR

the reaction. The time from the mixing of the protein solution with 
2× misfolding buffer to the first reading was 20 s. To study the 
misfolding kinetics of the moPrP variants, the CD signal at 222 nm 
(θ222) was monitored using a 1 mm quartz cuvette maintained at 
37°C.

2.7  |  HDX-MS measurements

The peptide map of the moPrP variants was generated, as de-
scribed previously (Pal & Udgaonkar, 2022). To initiate deuterium 
labeling, 100 μM protein was diluted into a labeling buffer [10 mM 
sodium acetate buffer in D2O [Sigma-Aldrich, catalog num-
ber-151882] at pH 4, corrected for the isotope effect], so that HDX 
occurred in 95% D2O, at 25°C. At different times, a 50 μL aliquot 
was mixed with 50 μL ice-cold 20 mM glycine-HCl buffer [Sigma-
Aldrich, catalog number-50046] (pH 2.5) to quench the labeling 
reaction. Online pepsin digestion was carried out by injecting the 
samples immediately into an immobilized pepsin cartridge [Applied 
Biosystems, catalog number-39634] at a flow rate of 40 μL/ min of 
water (0.05% formic acid, Sigma Aldrich, catalog number-106 526) 
which was placed in an HDX module (Waters Corporation) cou-
pled to a nanoAcquity UPLC. The peptides eluting from the pepsin 
column were collected using a trap column [Waters, catalog num-
ber-186003975], washed to remove salt, and eluted over 12 min 
on an analytical C18 reversed-phase chromatography column 
[Waters, catalog number-18602346] using a gradient of 3–40% 
acetonitrile [Sigma Aldrich, catalog number-100 029], (0.1% formic 
acid) at a flow rate of 40 μL/min. All columns were kept at 4°C to 
minimize back exchange. The parameters of the mass spectrom-
eter were set as follows: source temperature, 35°C; desolvation 
temperature, 100°C; capillary voltage, 3.0 kV.

Peptide masses were calculated from the centroid of the isotopic 
envelope, using MassLynx. The shifts in the masses of labeled pep-
tides relative to unlabeled peptides were used to determine the ex-
tent of deuterium incorporation at each time point of HDX. Since the 
sample was in 95% D2O during labeling, and exposed to H2O during 
quenching, control experiments were carried out to correct for back 
exchange. For this, the protein was incubated in 10 mM sodium ac-
etate, pH 4 (in 95% D2O), and deuterated by unfolding at 65°C for 
15 min, followed by refolding on ice. CD spectroscopy and thermal 
equilibrium unfolding studies showed that the refolded protein be-
haves like native moPrP. The fully (95%) deuterated moPrP samples 
were processed in the same way as the labeling reaction samples. 
The extent of deuterium incorporation in each peptide fragment, % 
D, was calculated using the equation:

where m(t) is the measured centroid mass at time t, m(0%) is 
the measured mass of the undeuterated reference peptide, and 
m (95%) is the measured mass of the 95% deuterated reference 
peptide.

In the current study, native state HDX was performed in the 
EX2 limit (Moulick et al., 2019; Pal & Udgaonkar, 2022) allowing 
the stabilities of the partially unfolded forms, into which HDX 
occurs, to be determined. For calculation of the free energy of 
opening (ΔGop) of a sequence segment, the observed HDX rate 
constant (kobs) of deuterium incorporation was first obtained by 
fitting the kinetic curve of HDX to either a single exponential or 
a two-exponential equation, depending upon the goodness of 
fit. When the kinetic curve was fit to a two-exponential equa-
tion, kobs was determined as the amplitude-weighted average of 
the two rate constants. In cases where the kinetic curves had yet 
to reach 100% deuterium incorporation at 1000 min, the fit was 
constrained to reach 100% at t = infinity (∞), except in the case of 
sequence segment 205–212 of wt protein.

For each of the sequence segments, kobs was compared to the 
rate constant (kint) that would be observed in the corresponding 
peptide fragment in a random coil state (Bai et al., 1993; Nguyen 
et al., 2018). The quantity Pf = kint/kobs is the protection factor that 
slows down HDX into the sequence segment. The HDX protection 
factor determined for each peptide fragment was used to calculate 
the local stability of the corresponding sequence segment in the pro-
tein, ΔGop = RT lnPf. For each sequence segment, ΔGop is therefore 
the free energy of opening of the N state to form an HDX-competent 
partially unfolded form.

2.8  |  Statistical analysis of the free energy 
levels of the PUFs of the different moPrP variants

One-way ANOVA comparison tests, commonly used to assess sig-
nificant distinctions between the means of multiple groups, were 
used to evaluate the significance of the differences in the free en-
ergy levels of the PUFs of the different moPrP variants. Data are 
represented as mean ± SD of three independent experiments, with 
all statistical analysis performed using the GraphPad Prism soft-
ware (version 10.0.3). Details of the statistical analysis are shown 
in Table S4.

3  |  RESULTS

3.1  |  Mutation of the aromatic residues affects 
stability but not secondary structure

All three single mutant variants showed far-UV CD spectra that 
are very similar to that of wt moPrP (Figure 2a), indicating that 
the Y168A, F174A, and Y217A mutations did not affect the global 
secondary structure of the protein. However, urea-induced equi-
librium studies indicated that these mutations led to significant 
destabilization of the N state of the protein (Figure 2b; Figure S1). 
Y217A moPrP showed the highest degree of destabilization among 
the mutant variants (ΔΔGNU = 2.4 kcal mol−1), followed by F174A 
(ΔΔGNU = 2.2 kcal mol−1) and Y168A (ΔΔGNU = 1.9 kcal mol−1) moPrP, 

%D =
(m(t) − (m(0%)))

(m(95%) −m(0%))
× 100

 14714159, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jnc.16007 by Indian Institute O

f Science E
ducation A

nd R
esearch Pune, W

iley O
nline L

ibrary on [23/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



    |  5PAL and UDGAONKAR

suggesting that the conserved aromatic residues are important in 
maintaining the stability of the native protein.

3.2  |  Mutation of the aromatic residues results in 
rapid misfolding

The prion protein is known to misfold on the cell surface, as well 
as in the endocytic pathway when it enters lysosomes and encoun-
ters a low pH (Borchelt et al., 1992). At pH 4, moPrP remains in its 
native monomeric helix-rich conformation, but becomes prone to 
misfolding due to protonation of the critical residue His186 (Singh 
& Udgaonkar, 2016a). The misfolding of wt moPrP at pH 4 in the ab-
sence of added salt, which would disrupt electrostatic interactions, 
is very slow (~10−4 h−1) (Sengupta et al., 2017). Hence, in the current 
study, the misfolding of the different moPrP variants at pH 4 was 
studied in the presence of a physiological concentration (150 mM) 
of NaCl at 37°C. The kinetics of misfolding were monitored by 
measuring the change in the CD signal at 222 nm. For all the moPrP 
variants, the kinetics of misfolding appeared monophasic and fit 
well to a single exponential equation. It should be noted that the 
misfolding of moPrP at pH 4 is accompanied by oligomerization 
(Sabareesan & Udgaonkar, 2016; Sengupta & Udgaonkar, 2019). 
Earlier studies had shown that the kinetics of CD-monitored 
misfolding and the kinetics of oligomerization monitored by size 
exclusion chromatography (SEC) were identical for wt moPrP, sug-
gesting that both processes occur concurrently (Sabareesan & 
Udgaonkar, 2016). All three mutant variants studied here misfold 
very much faster than wt moPrP (Figure 3a, b; Figure S1, S1 and 
Table S1), suggesting that the three conserved aromatic residues 
might have been evolutionarily selected to impede misfolding. 
Among the mutant variants, Y217A moPrP misfolded the fastest, 
followed by F174A and Y168A moPrP.

3.3  |  Dependence of the rate constants of 
misfolding on native state stability

Table S1 shows the effects of the mutations on the stability of the 
N state and the observed rate constant of misfolding. In Figure 3c, 
the observed rate constants of misfolding are plotted against the 
decrease in free energy of unfolding (ΔΔGNU) of the mutant vari-
ants with respect to wt moPrP (Figure 3c). The logarithm of the ob-
served misfolding rate constant increased linearly with the extent of 
destabilization (ΔΔGNU). Several disease-linked mutant variants are 
known to misfold rapidly under similar conditions, and for them too, 
a linear dependence of the logarithm of the observed misfolding rate 
constants on the decrease in the free energy of unfolding (ΔΔGNU) 
has been observed (Singh & Udgaonkar, 2015, 2016b). Interestingly, 
the observed misfolding rate constants of the mutant variants stud-
ied here, and of the disease-linked mutant variants studied earlier, 
have the same dependence on ΔΔGNU (Figure 3c).

3.4  |  Effect of mutation of the aromatic residues on 
protein dynamics

To determine the effect of the mutations not only on the structure 
but also on the dynamics of the protein, HDX-MS studies were car-
ried out. The HDX-MS studies revealed sequence-specific informa-
tion about changes in the structure and dynamics that occurred 
upon mutation. The HDX experiments were carried out at pH 4, 
where the intrinsic rate constant of HDX is slow (Bai et al., 1993). 
This allowed HDX to be monitored at amide hydrogen sites spread 
over all the secondary structural elements of the protein.

Figure 4 shows the kinetics of deuterium incorporation into dif-
ferent sequence segments of the CTD of moPrP, for the different 
mutant variants. The sequence segments covering α1 (144–148, 

F I G U R E  2  Effect of the mutations on secondary structure and stability (a) Far-UV CD spectra of the native monomeric forms of the 
moPrP variants acquired at pH 4, 25°C. (b) Urea-induced equilibrium unfolding transitions of the moPrP variants at pH 4, 25°C, as monitored 
by measurement of the far-UV CD signal at 222 nm. Spectra and unfolding transitions were obtained from three independent experiments, 
and representative spectra and unfolding transitions are shown. The signal change was normalized to obtain the fraction unfolded. The 
colors of the lines represent the different moPrP variants as indicated. The solid lines through the data points are fits to an equation 
describing a two-state unfolding transition.
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6  |    PAL and UDGAONKAR

149–153), part of α2 (177–183) and the loop between α2 and α3 and 
the N terminal ends of α3 (197–204) showed little or no variation in 
the kinetics of deuterium incorporation in the mutant variants com-
pared to that in wt moPrP (except sequence segment 177–183 in the 
case of Y168A moPrP). The kinetics of deuterium incorporation were 
found to be faster in most of the other sequence segments for the 
mutant variants. For sequence segments 96–144 spanning β1, 168–
173 spanning the loop between β2 and α2, 182–196 spanning the 
C-terminal end of α2 (182–196), 210–216 spanning the second half 
of α3, and 225–231 at the C-terminus of the protein, the observed 
rate constants were only 2–10 faster for the mutant proteins than 
for the wt protein (Figure S2; Table S2). It should, however, be noted 
that in the case of the wt protein, the kobs values for these sequence 
segments were less than 10-fold faster than the corresponding kint 
values. For sequence segment 154–167 spanning the loop between 
α1 and β2, and β2 the observed rate constants of deuterium incor-
poration (kobs) were significantly faster for all three mutant variants 
than for wt moPrP (Table S2). Sequence segment 205–212 spanning 
the first half of α3 as well as sequence segment 217–223 spanning 
the C-terminal end of α3, showed significant increases in kobs values 
for two of the three mutant variants.

Figure 5 and Figure S3 show the ΔGop values of the different 
sequence segments of the mutant variants studied here. It shows 
that the mutations principally decreased the ΔGop values for the 
sequence segments of α3 (205–212, 210–216, and 217–223), along 
with the sequence segments of β1 (96–144), the loop between α1 
and β2, and the β2 (154–167), the loop between β2 and α2 (168–
173), the C-terminal end of α2 (182–196) and the C-terminal end of 
the protein (225–231). Since the conserved aromatic residues form 
a very stable network of aromatic interactions spanning the loop 

between α1 and β2, β2 (154–167) and the loop between β2 and α2 
(168–173) and the C-terminal end of α3 (210–216, 217–223) and 
225–231 (Figure 1) their mutation decreased the local stabilities 
(ΔGop) of these sequence segments (Figure 5; Table S3). This sug-
gests that the mutations principally affected the local stabilities of 
the sequence segments near the sites of the mutations. It is inter-
esting that sequence segments 96–144 and 182–196 also showed 
reduced ΔGop values upon mutation, even though they are far from 
the sites of the mutations.

3.5  |  Identification of partially unfolded forms in 
equilibrium with the N state

Previous HDX-NMR and HDX-MS measurements had identified 
two sparsely populated, partially unfolded forms (PUFs), PUF1 and 
PUF2, in dynamic equilibrium with the N state, in the case of both 
isolated CTD (Moulick et al., 2015; Moulick & Udgaonkar, 2017) 
and full-length wt moPrP (Pal & Udgaonkar, 2022). PUF2 was 
more disordered than PUF1; it had more regions that had lost 
intramolecular hydrogen bonding and become fully solvent-
exposed, and hence unprotected against HDX. In the case of 
wt moPrP, PUF1 was characterized by a local stability (ΔGop) of 
1.3 ± 0.2 kcal mol−1, whereas PUF2 was characterized by a higher 
local stability (ΔGop) of 3.3 ± 0.2 kcal mol−1 (Moulick et al., 2015; 
Pal & Udgaonkar, 2022). The current study not only confirmed the 
existence of PUF1 and PUF2 in the case of wt moPrP but also de-
termined the effects of the mutations of the conserved aromatic 
residues on the stabilities of the two PUFs. These mutations were 
found to increase the sampling of both PUFs from the N state by 

F I G U R E  3  Dependence of the observed rate constant of misfolding on native state stability (a) The fraction misfolded form at different 
times of misfolding in 150 mM NaCl at pH 4, 37°C of 10 μM Y168A, F174A, and Y217A moPrP (a) and of 10 μM wt moPrP (b) are shown. The 
fraction misfolded form was calculated from the fractional change in the CD signal at 222 nm. The continuous lines through the data points 
in both panels a and b are fits to an exponential equation. (c) Plot of the relative observed rate constant of misfolding of the different moPrP 
variants in 150 mM NaCl at pH 4, at 37°C versus the decrease in global stability of the mutant variants (ΔΔGNU) with respect to wt moPrP. 
The misfolding of the single aromatic mutant variants was studied at 10 μM concentration, and that of the disease-linked mutant variants 
was studied at 100 μM concentration. Kinetic misfolding curves were obtained from three independent experiments, and representative 
data are shown. The continuous line through the data points are linear fits to the data points. For both sets of mutant variants, the 
misfolding rate constants were normalized to a value of 1 for the misfolding rate constant of 10 and 100 μM wt moPrP. Asterisks denote data 
for disease-linked mutant variants, which was taken from references Singh & Udgaonkar, 2015, 2016b.
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    |  7PAL and UDGAONKAR

decreasing the ΔGop values of the sequence segments that ex-
change out in PUF1 and PUF2.

3.6  |  Identification of PUF2**, a structurally 
distinct sub-population of PUF2

When PUF1 and PUF 2 were first identified by HDX-NMR and 
HDX-MS studies of moPrP as two distinct states that differed 
in structure and energy, it was assumed that each PUF consisted 
of a structurally homogenous population of molecules (Moulick 
et al., 2015), and not of iso-energetic sub-populations differing in 
their structures. The first evidence for conformational heterogeneity 
in PUF2 came from the HDX-MS characterization of Pro to Ala mu-
tant variants of moPrP (Pal & Udgaonkar, 2022), which identified a 
sub-population of PUF2, called PUF2*, which was disordered in only 
some of the sequence segments known to have become disordered 

in PUF2, but which had a local stability (ΔGop) of 3.7 ± 0.4 kcal mol-1 
(Pal & Udgaonkar, 2022). Of the sequence segments known to be 
disordered in PUF2, PUF2* had sequence segments 144–148, 149–
153, 154–167, and 197–204 disordered (Figure 6), but not sequence 
segments 177–183 and 217–223. That study suggested that in ad-
dition to the sub-population PUF2*, PUF2 must consist of another 
isoenergetic sub-population in which sequence segments 177–183 
and 217–223, and possibly other sequence segments, had become 
disordered.

Of the sequence segments known to be disordered in PUF2, 
only sequence segments 154–167 (the loop between α1 and β2, 
and the β2) and 217–223 (the C-terminal end of α3) became disor-
dered upon mutation of the conserved aromatic residues (Figure 5). 
Importantly, the sequence segments known to be disordered in 
PUF2* (Pal & Udgaonkar, 2022) were not affected, except for se-
quence segment 154–167. Hence, the effects of the mutations of 
the three aromatic residues suggested that there exists a second 

F I G U R E  4  Effect of the mutations on the native state dynamics. The time courses of HDX into different sequence segments of the native 
states of the moPrP variants at pH 4, 25°C are shown. The black diamonds represent wt moPrP, and the differently colored circles represent 
the mutant moPrP variants, as indicated. Each data point represents the mean value obtained from three independent experiments, and the 
error bars represent the standard deviations of measurement. For some data points, the error bars fall within the size of the symbol. The 
solid lines through the data represent fits to either monoexponential or biexponential equations.
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8  |    PAL and UDGAONKAR

sub-population of PUF2, designated here as PUF2**, in which se-
quence segments 154–167 and 217–223 have become disordered 
(Figure 6). In the case of wt moPrP, the local stability (ΔGav

op
) of 

PUF2**, determined by averaging the ΔGop values of sequence 
segments 154–167 and 217–223, is 3.7 ± 0.1 kcal mol−1. Mutation 

of the aromatic residues also has a significant impact on sequence 
segments 96–144, 168–173, 182–196, 210–216, and 225–231, 
which were known to be disordered in PUF1, and it is likely that 
these segments are also disordered in PUF2**, as indicated in 
Figure 6 and discussed later.

F I G U R E  5  ΔGop values of the different sequence segments of the aromatic mutant variants. The secondary structural elements coded for 
by the sequence are shown above the sequence segments (rectangular boxes represent the α-helices, and arrows represent the β-strands). 
The differently colored bars represent the different moPrP variants, as indicated. The error bars represent the standard deviations 
determined from three independent experiments.

F I G U R E  6  Stabilities (ΔG) of the native and partially unfolded forms of wt moPrP at pH 4 as identified by native state HDX-MS. PUF1 
appears to be a homogenous population of molecules. PUF2 is shown to comprise two isoenergetic sub-populations of molecules, PUF2* 
and PUF2**, which differ in structure. For each PUF, segments that are intact in structure are shown in purple, while those that have 
unfolded are shown in gold. The stabilities of the individual PUFs are shown in red. It appears that the perturbation of different elements 
of structure, α1 and the spatially adjacent N-terminal end of α2 in PUF2*, and the β2-α2 loop and the C-terminal end of α3 in PUF2**, can 
lead to the same extent of destabilization. The different forms (PUF1, PUF2*, PUF2** and U) in dynamic equilibrium with the N state will be 
populated in accordance with Boltzmann's Law. Hence, while it has been shown (see text) that misfolding can potentially commence from 
any of the three PUFs shown, it will occur predominantly from PUF1 which only is populated to a significant extent.
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    |  9PAL and UDGAONKAR

3.7  |  Effect of mutation of the aromatic residues 
on the stabilities of the PUFs

The mutations of the conserved aromatic residues had a significant 
impact on the stability with respect to the unfolded (U) state of 
each PUF (ΔGPU = ΔGNU−ΔGop) for each protein variant. In the case 
of PUF1, the ΔGPU value was found to be equal to about 0.7 ΔGNU 
for wt moPrP, indicating that PUF1 retains approximately 70% of 
the stabilizing interactions that were originally present in the native 
state of wt moPrP (Table S3; Figure S4). Although the ΔGPU values 
for the three mutant variants are different from each other, they 
all fall in the range of 0.61–0.69 times the ΔGNU value (Figure S4). 
Consequently, it can be concluded that, on averaging the ΔGPU val-
ues for PUF1 of the three mutant variants, the stability of PUF1 in 
each of the mutant variants is about half the stability in the case 
of wt moPrP. Hence, it appears that PUF1 of the mutant variants is 
stabilized by only about 45% of the stabilizing interactions that are 
present in the N state of wt moPrP.

In the case of PUF2**, the ΔGPU value was found to be approx-
imately 0.25 ΔGNU for wt moPrP (Figure S4). This result suggested 
that, in the case of wt moPrP, PUF2** possesses only 25% of the sta-
bilizing interactions that are present in the N state. However, for the 
mutant variants, the ΔGop values for PUF2** were higher than their 
corresponding ΔGNU values (Figure S4), suggesting that PUF2** was 
a high energy intermediate form less stable than the U state. The 
data cannot distinguish between PUF2** being on or off the path-
way from the N state to the U state. It would appear that the U state 
of the mutant variants is stabilized by residual structure that is ab-
sent in the U state of wt mPrP, as suggested for other proteins (Park 
& Marqusee, 2004; Wedemeyer et al., 2002; Wrabl & Shortle, 1999). 
Such stabilizing residual structure would be absent in PUF2**.

3.8  |  Effect of the mutations on the sequence 
segment not disordered in PUF2

In the case of wt moPrP, sequence segment 205–212 did not be-
come disordered (open to HDX) in either PUF1 or PUF 2, and its 
ΔGop value suggested that it becomes disordered only in the U state 
(Moulick et al., 2015). While this sequence segment appeared to be 
impacted by all three mutations (Figure 5), the impact was found to 
be significant in the case of Y168A and F174A moPrP. For these two 
mutant variants, the ΔGop value was lowered to a value equal to the 
ΔGop value for PUF2 (Figure 5), suggesting that this segment may 
have lost structure in PUF2 itself. It could not, however, be deter-
mined whether this segment has lost structure in PUF2**.

3.9  |  Misfolding rate constants of the mutant 
variants correlate with their local stabilities

The logarithm of the observed rate constant of misfolding of the mu-
tant variants was found to increase linearly with the decrease in the 

average of the ΔGop values (ΔGav
op

), for the sequence segments that 
exchange out in PUF1 (96–144, 168–173, 182–196, 210–216, and 
225–231; Figure S6) as well as those that exchange out in PUF2** 
(154–167 and 217–223) (Figure S7). As the logarithm of the observed 
misfolding rate constant correlates well with the equilibrium popula-
tions of PUF1 as well as of PUF2**, it appears that both PUFs can act 
as precursors to misfolding.

The dependences of the logarithm of misfolding rate constant 
on ΔGop for PUF1 and for PUF2** were a bit different (Figure 7a). 
Interestingly, when the logarithm of the observed rate constant 
of misfolding of the mutant variants was plotted against the frac-
tional destabilization (calculated as [(ΔGwt

op
− ΔGmutant

op
)/ΔGwt

op
]), of the 

sequence segments that are unstructured in PUF1 (sequence seg-
ments 96–144, 168–173, 182–196, 210–216, 225–231) as well as in 
PUF2** (sequence segments 154–167 and 217–223), the linear de-
pendences were found to be same for both PUFs (Figure 7b).

4  |  DISCUSSION

4.1  |  Mutation of the conserved aromatic amino 
acids destabilize the N state

The observation that the mutations of the conserved aromatic 
residue to Ala reduces the free energy of unfolding (ΔGNU) can 
be rationalized to be the result of enthalpic destabilization of 
the N state. The network of stabilizing interactions by the three 
aromatic residues would be perturbed in the mutant variants. 
The side-chains of Phe174 and Tyr217 are 100% and 90% bur-
ied, respectively, and are also part of the hydrophobic core of 
the protein, in addition to being part of the network of aromatic 
contacts. Mutation of Phe174 or Tyr217 to the smaller Ala is ex-
pected to create a cavity and to perturb the packing of the core. 
The occurrence of cavities within the hydrophobic core of a pro-
tein is known to have a strong destabilizing effect on the N state 
(Jackson et al., 1993). Not surprisingly, mutation of Tyr168, whose 
side chain is only 40% buried, has a weaker destabilizing effect 
than do the mutations of Phe174 and Tyr217. However, it appears 
from NMR and MD simulation studies that the Tyr168 hydroxyl 
group and the Asp177 carboxyl group form a very stable H-bond 
(Caldarulo et al., 2017; Huang & Caflisch, 2015). The reduced sta-
bility of the Y168A mutant variant can be rationalized by invoking 
the loss of this stabilizing interaction, as well as the loss of stabi-
lizing stacking interactions with Phe174. The combined effect of 
disruption of these stabilizing interactions has a synergistic im-
pact, causing the mutant variants studied here to have a markedly 
destabilized N state.

4.2  |  Heterogeneity in PUF2

The current study has identified a sub-population, PUF2**, in the 
PUF2 ensemble that is structurally distinct from a previously 
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10  |    PAL and UDGAONKAR

identified sub-population, PUF2* (Pal & Udgaonkar, 2022). PUF2* 
is disordered in α1 (sequence segments 144–148, 149–153), the 
loop between α1 and β2 and β2 (sequence segment 154–167), and 
the loop between α2 and α3 as well as the N-terminal end of α3 
(sequence segment 197–204; Figure 6). In contrast, PUF2** is not 
disordered in these regions except for the loop between α1 and β2 
and β2 (sequence segment 154–167), and is disordered also at the 
C-terminal end of α3 (sequence segment 217–223; Figure 6). Neither 
PUF2* nor PUF2** are disordered in sequence segment 177–183, 
which is known to be disordered in PUF2, suggesting that PUF2 
must comprise other sub-populations of distinct conformations.

Hence, the N state of moPrP is in dynamic equilibrium with at 
least two PUF2s, which have distinct conformations, but which 
nevertheless have similar stabilities. This result is supportive of 
energy landscape theories of protein folding which posit that com-
pletely different conformations may have similar energies (Eaton & 
Wolynes, 2017).

4.3  |  PUF1 and PUF2** may form either 
sequentially or in parallel from the N state

It has been suggested that protein unfolding occurs by the sequen-
tial loss of blocks of secondary structure (Hughson et al., 1990), and 
for several proteins, including apomyoglobin (Hughson et al., 1990), 
cytochrome c (Hu et al., 2016), and ribonuclease H (Hu et al., 2013), 
partially unfolded forms have been shown to be populated sparsely, 
in equilibrium with the N state. For cytochrome c and ribonuclease 
H, PUFs could be placed on a ladder of increasing disorder from the 

N to U state, as determined from their ΔGop values and their ex-
posures to solvent. In this way, PUFs were assumed to form on a 
sequential unfolding pathway from the N to U state, with regions 
unfolded in a PUF of lower ΔGop value being also unfolded in a PUF 
of higher ΔGop value. A PUF was assumed to be a homogeneous 
population of molecules, and not instead be a heterogeneous mix 
of sub-populations with different structures. In the case of moPrP, 
since the ΔGop value of PUF2 was found to be higher than that of 
PUF1 (Moulick et al., 2015; Pal & Udgaonkar, 2022), it appeared that 
PUF1 was on the pathway of unfolding of the N state to PUF2, and, 
consequently that the sequence segments that were unfolded in 
PUF1 were also unfolded in PUF2.

In the case of the aromatic mutations studied here, each muta-
tion significantly destabilizes the N state as well as the PUFs. With 
respect to their stabilities in wt moPrP, the N state is destabilized 
the most, then PUF1, and PUF2 is destabilized the least, which is 
not surprising given that PUF2 would have less structure that can be 
destabilized. Unfortunately, while it appears that PUF1 and PUF2** 
are populated sequentially on the pathway of unfolding from the N 
to U state, it cannot be definitely concluded that this is the case. 
The observation that the dependence of the logarithm of the ob-
served rate constant of misfolding on fractional localized destabi-
lization (calculated by Gwt

op
−) of PUF1 is the same as that of PUF2** 

(Figure 7b) suggests that PUF2** may populate from the N state via 
PUF1. If this is indeed so, then PUF2** would have β1 (96–144), the 
α1-β2 loop, β2 (154–167), the β2-α2 loop (168–173), the C-terminal 
end of α2 (182–196) and the second half (210–216) and C-terminal 
end of α3 (217–223) and sequence segment 225–231 all disordered 
at the main chain level. In Figure 6, it is assumed that PUF1 is on the 

F I G U R E  7  Dependence of the observed misfolding rate constant on ΔGop for different sequence segments. (a) Plot of the dependence 
of the observed rate constant of misfolding of the aromatic mutant variants at 10 μM concentration in 150 mM NaCl at pH 4, 37°C on the 
stability (ΔGav

op
) of PUF1 (dottted line) and PUF2** (solid line). The stabilities (ΔGav

op
) of PUF1 and PUF2** were determined by averaging the 

ΔGop values of the sequence segments 96–144, 168–173, 182–196, 210–216, and 225–231 for PUF1 and 154–167 and 217–223 for PUF2**. 
The continuous lines through the data points are linear fits. (b) Plot of the dependence of the observed rate constant of misfolding of the 
single aromatic mutant variants at 10 μM concentration in 150 mM NaCl at pH 4, at 37°C on the fractional destabilization of the sequence 
segments 96–144, 154–167, 168–173 182–196, 210–216, 217–223, and 225–231. Each data point represents the fractional destabilization 
averaged over these seven sequence segments. The continuous lines through the data points are linear fits. The error bars represent the 
standard deviations determined from three independent experiments.
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    |  11PAL and UDGAONKAR

pathway of unfolding from the N state to PUF2**, but it cannot, how-
ever, be ruled out at the present time that PUF1 and PUF2** form 
independently and in parallel from the N state.

4.4  |  Misfolding can potentially commence from 
multiple PUFs

The observation that the logarithm of the observed rate constant 
of misfolding is linearly proportional to the free energy difference 
(ΔGop) between the N state and PUF1 as well as PUF2** (Figure 7) 
suggests that misfolding can potentially commence from both these 
PUFs. An earlier study identified PUF2* as a precursor conformation 
from which misfolding begins in the case of full-length moPrP (Pal 
& Udgaonkar, 2022). Hence, it appears that misfolding can poten-
tially commence from either of the two isoenergetic but structur-
ally distinct sub-populations, PUF2* and PUF2**. Mutation of the 
conserved Pro residues (Zhang, 2015) affects the stability of PUF2*, 
while mutation of the conserved aromatic residues affects the sta-
bility of PUF2** (Figure S5). In this way, misfolding of different mu-
tant variants may commence from or proceed via either PUF2* or 
PUF2**.

Misfolding will, however, predominantly begin from PUF1, as it is 
considerably more stable than both PUF2* and PUF2**, and would 
be populated >30-fold more than them at equilibrium. Hence, PUF1 
would be the dominant precursor conformation from which misfold-
ing commences. Misfolding can, however, begin, albeit to very small 
extents, from PUF2* and PUF2**, which have very different struc-
tures (Figure 6). If PUF1 is indeed populated on the pathways of un-
folding from the N state to PUF2*, and from the N state to PUF2**, it 
is likely that it is the structure lost during the unfolding of the N state 
to PUF1, which makes all three PUFs competent to misfold. If PUF1 
is not populated on the pathways of unfolding from the N state to 
PUF2*, and from the N state to PUF2**, then when misfolding com-
mences from PUF1, additional structural loss and conformational 
conversion would occur only during the oligomerization process 
(Sengupta & Udgaonkar, 2019).

4.5  |  Structure lost in PUF1 makes it prone 
to misfolding

It is important to determine what critical structure is lost in the PUFs 
which make them start to misfold. Misfolding rate constants will de-
pend not only on the extent to which the PUFs are populated but 
also on the nature of the structural perturbation that has occurred 
to them. A mutation might lead to a small increase in the population 
of a PUF by changing its stability only to a small extent, but might 
yet have altered its structure in such a way that drastically lowers 
the barrier to misfolding.

In the case of PUF1, the sequence segments covering β1 (96–
144), the α1-β2 loop, the β2-α2 loop (168–173), the C-terminal end 
of α2 (182–196), the second half of α3 (210–216), and the sequence 

segment 225–231 are found to have become disordered. An earlier 
NMR study of the temperature dependence of chemical shifts seen 
for wt moPrP (Bhate et al., 2021) had indicated that in the absence 
of added salt, many residues in β1 and the β1-α1 loop (in sequence 
segment 96–144), as well as Gln211 in the second half of α3 (in se-
quence segment 210–216), which is adjacent in structure, sample at 
least one alternative conformation. Both these sequence segments 
are disordered in PUF1 suggesting that it is the alternative confor-
mation that is sampled.

It is not yet known how the addition of the salt (150 mM NaCl) 
affects the extents to which the PUFs are populated. The NMR 
study of the temperature dependence of chemical shifts (Bhate 
et al., 2021), indicated that, upon the addition of the salt, the al-
ternative conformation in which the residues in β1 and the β1-α1 
loop as well as Gln211 in the second half of α3 are perturbed (see 
above), becomes populated to a greater extent. This could mean 
that PUF1 becomes populated to a greater extent. Another NMR 
chemical shift study (Bai et al., 1993) also indicated that the salt 
bridge between Lys193 and Glu195 (in sequence segment 182–196 
which is disordered in PUF1), as well as the local environment of 
Gln211, become structurally perturbed in the monomer upon the 
addition of the salt, before oligomerization commences. The very 
early perturbation of the salt bridge between Lys193 and Glu195 
was also indicated in the burst phase change in the fluorescence 
of a Trp introduced at residue position 197, before misfolding com-
mences (Nguyen et al., 2018). These previous results support the 
results of the current study that misfolding commences primarily 
from PUF1.

Of the sequence segments that have become disordered in 
PUF1, the C-terminal end of α2 (182–196) contains the sequence 
187TVTTTT192, which has a high propensity for β-sheet formation 
(Dima & Thirumalai, 2004), but is part of the helix α2. The β2-α2 
loop (168–173) spans the sequence 169SNQNNF174, and a peptide 
with this sequence is known to be highly amyloidogenic (Huang & 
Caflisch, 2015). When these sequence segments become disordered 
in PUF1, they would become available for potential intermolecular 
interactions that facilitate misfolding. Moreover, the tertiary inter-
actions between the β2-α2 loop and the second half of α3, which are 
known to play a crucial role in prion misfolding, are also perturbed in 
PUF1, making it prone to misfolding.

The β2-α2 loop interacts also with residues at the C-terminal 
end of α3, which are disordered in PUF2**, and perturbation of 
these intramolecular interactions would appear to be required for 
the formation of the specific intermolecular contacts that are in-
volved in PrP conversion (Bett et al., 2012; Kurt, Bett, et al., 2014; 
Meli et al., 2011). It appears that mammals carrying a flexible β2-α2 
loop are more easily infected than mammals with a rigid loop (Scialò 
et al., 2019; Zhang, 2011). In vivo as well as in vitro studies have 
revealed that several residues in the β2-α2 loop can regulate the for-
mation of PrPSc by influencing the structural stability of this loop 
(Bett et al., 2012; Kurt, Bett, et al., 2014; Kurt, Jiang, et al., 2014; 
Sigurdson et al., 2011). PrPC structures that are characterized by a 
rigid β2–α2 loop have a closer contact between the loop and the 
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12  |    PAL and UDGAONKAR

C-terminal half of α3 (Scialò et al., 2019). The spontaneous formation 
of PrPSc in the cases of the E200K (Meli et al., 2011), Y217N (Jung 
Cheng & Daggett, 2014), V210I (Biljan et al., 2011), Q212P (Giachin 
et al., 2011), and Q226E (Slapšak et al., 2019) mutant variants, which 
are associated with familial prion diseases, is thought to be caused 
by the disruption of the long-range interactions between the β2-α2 
loop and the C-terminal half of α3.

4.6  |  Subdomain separation is facilitated by two 
different mechanisms

It has been proposed that during the misfolding of the prion protein, 
the separation of the α2-α3 and the β1-α1-β2 subdomains must occur 
before the conversion of α2 and α3 to the β-conformation later dur-
ing the misfolding process (Goluguri et al., 2019; Hadži et al., 2015; 
Sengupta & Udgaonkar, 2019). Locking of the α2-α3 subdomain to 
the β1-α1-β2 subdomain by binding to anti-prion drugs (Kamatari 
et al., 2013; Kuwata et al., 2007), prevents misfolding and oligomeri-
zation, presumably by stabilizing the N state with respect to an ag-
gregation-competent PUF. When a disulfide bond was introduced 
between the β2-α2 loop and the C-terminal half of α3, the formation 
of misfolded oligomers was significantly reduced, which suggested 
that the interactions between the two subdomains guarded against 
misfolding (Prigent & Rezaei, 2011). In the case of the mutant vari-
ants studied here, the perturbation of the aromatic and hydrophobic 
interactions between the β2-α2 loop and the C-terminal part of α3 
appears to result in a decrease in the local stability of the β2-α2 loop. 
This loop serves as a hinge loop connecting the two subdomains, 
whose perturbation facilitates their separation. It seems that the 
decreases in the local stabilities (ΔGop) of the sequence segments 
covering β1 (96–144) and the C-terminal end of α2 (182–196), which 
are far from the site of mutations, is a consequence of the separation 
of the two subdomains.

Several disease-linked mutations (Singh & Udgaonkar, 2015), as 
well as mutations of the CTD Pro residues (Pal & Udgaonkar, 2022), 
facilitate subdomain separation by perturbing the electrostatic in-
teraction network at one end of the protein. This electrostatic net-
work is comprised of salt bridges formed by residues present on α1 
of the β1-α1-β2 subdomain, and the loop between α2 and α3, and 
the N terminal end of α3 of the α2-α3 subdomain (Figure S8a). In 
the case of the mutant variants studied here, this electrostatic in-
teraction network is largely unaffected as the ΔGop values of the 
sequence segments α1 (144–148, 149–153), and 197–204 (the loop 
between α2 and α3 and the N terminal end of α3) of the mutant 
variants were found to be same to those of wt moPrP. Nevertheless, 
subdomain separation appears to be facilitated by the perturbation 
of aromatic and hydrophobic interactions present at the other end 
of the protein (Figure S8b). This result reveals that subdomain sep-
aration can be triggered by two different structural mechanisms in 
which PUF1 can potentially misfold via both PUF2* and PUF2**, in 
which electrostatic interactions at one end and aromatic interac-
tions at the other end of the protein, respectively, are perturbed.

A previous study utilizing force spectroscopy (Yu et al., 2012) had 
identified multiple, off-pathway partially structured intermediates 
that fold from the U state, but no structural information could be 
obtained, nor was it shown that they lead to misfolding. In a previous 
study utilizing fluorescence correlation spectroscopy, the N state 
was shown to be in rapid dynamic equilibrium with two native-like 
states (Goluguri et al., 2019), but, again, these states could not be 
characterized structurally. In this study, as well as in a previous study 
(Pal & Udgaonkar, 2022), the structures of partially unfolded forms 
(PUF1, PUF2* and PUF2**) from which misfolding can commence 
has been obtained. Both PUF2* and PUF2** have the same stabil-
ity and would be populated equally at equilibrium. Since PUF2* and 
PUF2** differ in the regions of the protein structure that have be-
come disordered, they must form in parallel from N, on independent 
pathways. It is interesting that the loss of very different elements of 
secondary structure can destabilize a protein to very similar extents.
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