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ABSTRACT: Despite continuing interest in partly unfolded
proteins as precursors for aggregation and adverse gain-of-
function in human disease, there is yet little known about the
local transitions of native structures that possibly lead to such
intermediate states. To target this problem, we present here a
protein-design strategy that allows real-time detection of rup-
ture and swapping of complete secondary-structure elements
in globular proteins—molecular events that have previously
been inaccessible experimental analysis. The approach is applied
to the dynamic f-barrel of SOD1, associated with pathologic
aggregation in the neurodegenerative disease ALS. Data show
that rupture and re-insertion of individual $-strands do not take

1. cut open on
i _‘(@z‘i‘
p2
> /.[ »\‘ \ 2. add copy
B fs.
/ A
48 p4 m—
i ; n
>/ P 79
\ /Y \{ / §l strand (( Y
~BT B YR swap 2
\\ B " [ p2) Ve, B2 v
Sy T
c N

place locally but require the SOD1 barrel to unfold globally. The finding questions the very existence of partly unfolded inter-
mediates in the SOD1 aggregation process and presents new clues to the mechanism by which hydrogen bonding maintains

global structural integrity.

B INTRODUCTION

The behavior of proteins is rarely apparent from static structures
alone but hides in the elusive repertoire of conformational
motions and environmental crosstalk. Pressing examples are the
conspicuous tuning of protein stability in live cells,"” the yet
poorly understood mechanisms of quinary protein organization,’
and the long-standing question about how pathologic pro-
tein aggregation actually initiates and spreads.””” Considerable
progress in identifying the intermediates and structural dynamics
of these processes has come from relaxation—dispersion NMR®
and H—D exchange analysis,” revealing at atomistic detail which
regions of the proteins are susceptible to structural changes and
intermolecular interactions.'® Also, information about how
proteins ultimately rupture completely has been inferred from
phi-value analysis, ' presenting snapshots of protein structures at
the transition state to global disorder.'”"” For scientists who try
to use these results for pinning down the repertoire of possible
structural motions, however, there are two immediate short-
comings. First, the available data only cover events at the lower
and highest ends of the reaction free-energy profiles, leaving the
middle region blank (Figure 1): relaxation—dispersion NMR
(CPMG) detects states with population of >0.5%," H-D
exchange sees only states more stable than the globally unfolded
ensemble,'® and phi-value analysis targets selectively the barrier
maxima.'' Second, since the measurements are ensemble
averages, it is often not clear to what extent the data represent
contiguous unfoldin)g oflocal structural elements, i.e., complete
strands or a helices,” or merely diffuse breathing within elements
that remain embedded in their native context."’ Accordingly,
conventional analysis will not suffice to shed light on the question
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we ask here, namely, how tightly does a B-barrel protein hold
on to its strands during native-state fluctuations? This question
is important not only for delineating secondary-structure plas-
ticity in biological function but also for mapping out possible
misfolding and aggregation pathways. To resolve the problem,
we present here an alternative strategy to follow—in real time—
how individual f-strands dislodge and swap with one another
in the folded state (Figure 2). In essence, the approach is
based on inserting two identical copies of the target S-strand in
the protein sequence and allowing structural competition and
dynamic exchange to occur (Figure 2). Our protein model is the
monomeric f-barrel of the amyotrophic lateral sclerosis (ALS)-
associated protein Cu/Zn superoxide dismutase (SOD1), con-
structed by truncation of the functional loops'* (SOD1%™),
The advantage of the SOD1 model system is that it is already
comprehensively benchmarked with respect to (i) X-ray/NMR
structures,'’ (i) conformational dynamics'* and allosteric
motions,'” (iii) folding pathway'® and functional frustration,'”
(iv) in vitro/in vivo aggregation mechanism,” (v) fibrillar struc-
ture,"*"” and (vi) in-cell stability," providing extensive constraints
for mechanistic interpretation and experimental design. The
strand-swap analysis shows that SOD1%™ is remarkably robust
and does not allow individual f-strands to dislodge and swap
unless the protein is completely unfolded and refolded back
again. Our conclusion is thus that the hydrogen bonding of
SOD1 remains at some level intact through even the most
extreme native-state fluctuations, providing further clues to the
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Figure 1. Schematic folding free-energy profile (D — N) of a globular
protein. Structural information about the maxima is obtained by
transition-state analysis (' and £”), and information about the lower
regions by H-D exchange and CPMG NMR analysis (I and |”). As the
latter approaches are inherently limited to free energies below D, this
leaves the middle region of the native basin inaccessible to conventional
experimental analysis. For details of the ', +” and I, |” structures of the
SOD1%"™, see Figure 6.

structural properties and erroneous side reactions of f-barrel
proteins.

B RESULTS

Experimental Rationale. For simplicity, we start by
assuming the SOD1™™ structure to be fully circularized; i.e.,
the backbone is linked into a ring (Figure 2). Any individual
strand, for instance /2, can now be “peeled off” the central barrel
by cutting it free at its c-terminal end, i.e., toward 3. The vacant
barrel slot is then refilled with a second copy of 82 ($2°°?) that is
linked up with $3 (Figure 2). By design, we are left with a
frustrated protein construct (swap”’?) that can either remain
folded with $2°?” in the barrel position or swap back to the
original 32 (Figure 2). Conversely, since swap”* has identical
copies of 2 at either end of its primary sequence, the protein can
choose one or the other when folding from the globally unfolded
state. The outcome of this f-strand competition depends on the
detailed features of the protein’s free-energy profile, includ-
ing those of the uncharted regions of the unfolding barrier
(Figure 1). Following the design of swap/?, we produced a series
of strand-swap constructs to probe all parts of the SOD1 barrel as
described below.

Outline of Strand-Swap Constructs, Reference Struc-
tures, and Nomenclature. To strictly map out the strand-swap
events, we need first to benchmark the X-ray structures, sta-
bilities, and folding behavior of all species involved. Sticking to
the example in Figure 2, the two folded ground states of swap”
are structurally represented by the “parent” circular permutants
P¥3 (PDB 5J0C) and P'/? (PDB 5J07). We denote these com-
peting states swap”?/P*> and swap”*/P'/? (Figure 2). A differ-
ence between the swap” ground states and the parent circu-
lar permutants is, however, that the former have one leftover
P2-strand extending disordered from either the n- or c-termini
(Figure 2). These disordered extensions modulate in some cases
the folding and stability to a small extent. To account for such
modulation, we extended the permutant termini—one residue at

the time—while following the effects on the folding kinetics
(Figure S1, Table S1). In the case of P*/, the n-terminal addition
of AKESNG was sufficient to fully account for the extension
effect, manifested in slight shifts of the refolding and unfolding
rate constants (Supporting Information (SI)). This n-terminal
adapted variant of P*® was denoted P*>" and used as reference
for folding of swap”2/P** (Table 1). As the disordered extension
AKESNG involves only the loop between 2 and f3, it does not
promote swap or otherwise alter the P**" structure, which
remains identical to that of the original P¥3 (SI). Corresponding
extension to the c-terminus of P/? shows no effect, allowing us to
use this permutant as reference for the state swap”?/P"/? without
modification (Table 1). In cases where such c-terminal adapta-
tion is required, we denote these with the superscript extension
“c” (Table 1). Accordingly, the analysis of the f2 exchange
behavior was based on the three constructs swapﬂ 2 pY3" and P12
(Table 1). Following the same protocol and nomenclature,
analogous triads of constructs were produced for the other target
strands of the SOD1**™ structure (Figures 3—4, Table 1, and SI).

Structural and Kinetic Characterization of the Permu-
tant Reference States. The structures of the parent per-
mutants P2, P¥3, P¥5, P78 and P¥! = SOD1%" were deter-
mined by X-ray crystallography and used to infer the structures
of the competing ground states of the strand-swap constructs
in Figures 2—4. In summary, the X-ray data show that circular
permutation has negligible impact on the SOD 1% gtructure,
providing a stringent molecular base for the strand-swap analysis
(Figure S2). The only permutant that failed to produce well-
diffracting crystals was P*%. Next, the solution structures of the
permutant references were verified by their HSQC NMR spectra
(SI). The HSQC spectra are all very similar and consistent with
X-ray data, showing that the solution structures of all proteins
maintain the wild-type barrel architecture (Figure S3). The sole
permutant without crystal structure, P> is highly unstable
(Figure 2 and Table 1) and expected to consist of a mixture of
folded and unfolded species at 0 M denaturant. Consistently, the
P¥* spectrum shows double sets of HSQC cross-peaks, one that
corresponds to the folded state and one to the unfolded state
(Figure S3). The chemical shifts of the folded state cross-peaks
verify that P¥* indeed has the same structure as the other
permutant references (Figure S3). Finally, the stabilities and
folding behavior of the parent permutants (P2, P23, p¥/4 p/5,
P78, and P*') and the reference variants with adapted n- or
c-termini (P2/3n’ P2/3C, P3/4n, P4/5n’ P4/5C, P7/8C, and PS/ln, P8/1c)
were determined by standard chevron analysis'' (SI) according
to previous SOD1 protocols.'® The results show that all
permuted proteins maintain the archetypical two-state folding
transition of the SOD 1l 14 (Figure 2, Table 1, and Figure S1).
Also, the m-values and basic features of the chevron plots fall
within the normal range of variation for circular permutation’
and SOD1 point mutation.'® Taken together, these data show
that the folding free-energy profile of SOD1 is overall robust to
changes in sequence connectivity.12 When it comes to experi-
mental identification, the references display clearly separated
chevron plots (Figure 2), which enables kinetic analysis of the
strand-swap events by conventional stopped-flow mixing and
double-jump experiments.

Structural and Thermodynamic Comparison of the
Strand-Swap Constructs and Their Permutant Referen-
ces. To confirm that the strand-swap constructs adopt the struc-
tures of their permutant references (Figures 2—4), the solution
structures of swap/?, swap”®, swap”®, swap”' =, and swap”*~® were
verified by HSQC NMR at 0 M urea (SI). The “single-strand”
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Figure 2. Strand-swap design and analysis. (A) The construct’s n- and c-termini are first chosen by a single incision of the circularized SOD1 sequence, here
between 32 (red) and 33 (white). Second, an extra copy of 82 (blue) is added to the n terminus. We denote this construct swap”. (B) Swap”* can now fold
by recruiting either the red /32, attaining the structure swap2/P*3, analogous to that of the circular permutant P (PDB 5J0C), or the blue 32, attaining the
structure swap””/P'/2, analogous to that of the circular permutant P'/? (PDB $J07). The protein is also free to interconvert between the alternate states,
swap”?/P?3 and swap?/P'/?, by swapping 2 segments. (C) Folding chevron plots of the various permutant proteins used as references in this study.
As exemplified for P>/>", the left-hand limb of the plots shows the refolding rate constants (log k;), and the right-hand limb the unfolding rate constants
(log k,). All references display archetypical two-state behavior (SI). The references for swap”> are P>*" and P'/?, where the superscript “n” denotes
n-terminal modification (Table S1). (D) The chevron plot of swap”* displays two relaxation phases (first and second), overall matching the chevron
plots of the permutant references P*>" and P!/, Fits are from the three-state relaxation model in Scheme 1, and the overlaid data points at 0.55 and 9.14 M
urea are from double-jump experiments in panel E (Table $4). (E) Unfolding amplitudes of swap” at 9.14 M urea, after refolding has proceeded at 0.55 M
urea for various delay times. The two unfolding amplitudes (red and blue) were obtained from a double-exponential fit of the unfolding time course,
yielding rate constants matching those of P*" and P'/? (red and blue squares in panel D). The amplitudes display two phases. First is a fast growth with
rate constants that superimpose with the first refolding phase of the swap” chevron plot (red X'** and blue +'*" in panel D). Second is a slower re-
equilibration with rate constants that match the second refolding phase of the swap”? chevron plot (red X*"® and blue +>" in panel D). The population
changes follow precisely the stabilities of the references P*" and P/2. Displayed global fits are from the three-state relaxation in Scheme 1, and the
double-jump relaxation rate constants in panel E (X, +) were obtained by free double-exponential fits to the amplitudes vs delay time data.

Table 1. Kinetic Parameters for the Swap Constructs Derived from Data in Figures 2—4, According to Eqs S5 and S6, and for the
Permutant References Derived According to Eq S1“

log k? .0 m? log kﬁ’Hzo mﬁ log k?’HZO m? log lql?'Hzo mf
swap”? —1.34 + 0.86 —0.97 + 123 —2.69 + 0.44 023 + 0.07 —1.34 + 0.82 —0.97 + 123 —3.30 + 0.41 0.23 + 0.07
p/3 —1.30 + 0.05 —0.96 + 0.06 —2.93 +0.03 0.30 & 0.01
p\2 —1.20 + 0.07 —0.97 + 0.08 —3.43 + 0.05 0.24 + 0.08
swap”> —0.53 + 0.97 —091 + 1.36 —0.77 + 0.38 0.38 + 0.12 —1.36 + 0.91 —091 + 1.36 —-3.05 + 1.11 0.25 + 0.01
p3/4n —0.16 + 0.00 —115 +0.1° —0.54 + 0.04 041 + 0.01
p¥/3¢ —1.08 +0.10 —1.15+0.13 —3.05 + 0.09 0.27 + 0.03
swap”® —0.36 + 0.52 —0.88 + 0.60 —2.60 + 0.34 0.20 + 0.07 —0.72 + 0.48 —0.80 + 0.50 —3.71 + 0.40 0.25 + 0.07
p7/8e —0.38 + 0.03 —0.86 + 0.02 —2.84 + 0.02 0.23 + 0.00
p8/in —0.51 + 0.02 —0.87 + 0.01 —3.88 + 0.02 0.27 + 0.00
swap/1~* 0.30 + 0.88 —0.99 + 0.43 —3.54 +0.42 0.50 + 0.16 —0.40° —0.85° —3.60 +0.23 0.23 + 0.06
p#/s —0.11 + 0.01 —0.79 + 0.01 —3.26 + 0.03 0.43 +0.01
p¥/ie —0.40 + 0.02 —0.85 + 0.01 —3.74 + 0.03 0.25 + 0.00
swap?*~8 0.17 + 0.02 —0.88 + 0.01 —2.78 + 0.02 0.45 +0.01 —1.29 + 0.05 —0.63 + 0.02 —3.87 + 0.02 0.28 + 0.00
p#/se —0.04 + 0.05 —0.80 + 0.04 —2.86 + 0.06 0.44 + 0.01
ps/in —0.51 + 0.02 —0.87 + 0.01 —3.88 + 0.02 0.27 + 0.00

“Rate constants are in units of s, and m values in units of M~". ®Locked to m; of P3¢ because of the low transition midpoint of P4 (Figure 3).
“Locked to values of P*' due to amplitude cancellation of the slow refolding limb of swap” =, cf. Figure 4 and Figure S10.

ground-state structures at 0 M urea, according to their thermo-
dynamic stabilities (Figures 2 and 3, Table 1). Upon urea
titration, these ground states display cooperative unfolding tran-
sitions (Figure SS), matching those of the references P2, p¥/3

constructs swap’?, swap”’, and swap”® exhibit clean HSQC
spectra fully analogous to those of the reference structures P'/?,
P*3, and P'/® (Figure S4). Consistently, swap”2/P'/2, swap”/
P?3, and swap”/P"/® are also predicted to be the dominating
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Figure 3. Structures and folding behavior of swap? and swap?®. (A) Left: Structures of the competing states of swap” based on the permutant references
P** (inferred from PDB SJOF) and P** (PDB 5J0C). Middle: Biphasic chevron plot of swap” superimposed with those of the permutant references
P34 and P/, Fits are from the three-state relaxation model in Scheme 1, and the overlaid data points at 0.27 and 9.12 M urea are from the double-jump
experiments in the right panel (Table S$4). Right: Amplitude vs delay time plot used to obtain the overlaid relaxation rate constants in the chevron panel
(red X2 and blue +°"%). As the rapid relaxation of the amplitudes from the second unfolding phase is undefined, the rate constant +™ is missing in
the chevron panel. The amplitudes from the first unfolding phase cannot be accurately determined above 100 s delay times in the double-jump mode due
to amplitude domination from the second unfolding phase. Accordingly, the single data point at 480 s has been obtained by standard stopped-flow
mixing of 0.27 — 9.12 M urea, where the signal-to-noise is better (Figure S5). Displayed global fits are from the three-state relaxation in Scheme 1. Fits of
log k, are extended beyond the transition region to clarify extrapolations to 0 M urea; i.e., the change of rate-limiting step ' — F” at high [urea] is not
included in the extrapolation. (B) Left: Structures of the competing states of swap”® based on the permutant references P”® (PDB 5J0G) and P*' (PDB
4BCZ). Middle and right: Data panels are as described in (A), with the difference that all four relaxation rate constants (red x1s/20d 3 d blue +1/224) are
well defined by the double-jump data. Displayed global fits are from the three-state relaxation in Scheme 1.

and PV/8n (Figures 2 and 3, Table 1, and Table S2). The HSQC event.”' It is thus reasonable to assume that the k&' rollover is
spectra of the “multi-strand” constructs swap”' ~* and swap”*~5, linked to the anticipated strand-swap conversion swap?2/P** —
on the other hand, show perfect mixtures of the states swap/} =4/ swapﬁ 2/PY2, To test this assumption, we used refolding—delay—
PY1 swap”! ™*/PY5, swap” 8 /P!, and swap” 8 /P*S (Figure S5). unfolding experiments. In essence, fully denatured swap”” was
Again, the results are fully consistent with the thermodynam- first mixed into stabilizing conditions at 0.55 M urea, and then
ic stabilities of their references states at 0 M urea (Figure 4, folding was allowed to proceed for time tdelay; and finally
Table 1), and urea titration yields unfolding transitions cor- the protein was jumped back to denaturing conditions at 9.14 M
responding to those of p¥/sn pl/Sc p#/sc and pl/e (Figure S5, urea for analysis of unfolding rate constants and amplitudes
Table S2). Finally, the HSQC data verify that the un-recruited (Figure 2). The experiments reveaz%unfoldi?z of two species with
P-strand copies protrude disordered from the strand-swap con- rate constants matching those of P**" and P"* (Figure 2, Table 1).

Upon plotting the amplitudes of these unfolding phases vs glelay
we observe in turn two relaxation events (Figure 2). First is a
parallel amplitude growth matching k", followed by a slower

1% 1f this slow re-equil-

S|
ibration corresponds to the swap”?/P*® — swap/?/P'/? relaxa-

structs; i.e., the non-overlapping cross peaks display archetypi-
cally disordered signal by being clustered at the central parts of
the spectra (Figure S6). ' - gtow '
Strand-Swap Kinetics. For ease of analysis, the ideal strand- amplitude re-equilibration matching k¢

swap construct is one that first folds up with one copy of the . S )
target f-strand and, once the native state is formed, swaps to the tion, the /2 e)%change does not take place rapidly n the nat;/x;ﬁ
other. Such behavior is illustrated by the example swap’> basin. Rather,_llt seersrliienslaved to the glo].aal un.foldmg .O.fP

2 (k,=0.0027 s7' ~ , Table 1). To examine this possibility, we

construct in Figure 2. Upon dilution of urea-denatured swap modeled the system with the minimal three-state process,

into stabilizing conditions at [urea] = 0.55 M, the protein dis-

plays first a fast refolding phase with rate constant k' = 0.029 s, Scheme 1
followed by a slower re-equilibration phase with rate constant kA kP
ko™ = 0.0017 s~ (Figure 2). The fast phase matches well the N* =D= N®
refolding rate constant (k;) of the reference permutant p¥/3n kok
(Figure 2, Table S1). In contrast, the k7™ phase is unique for where D is the denatured ensemble, N* and N® are the two alter-
swapﬂ 2 by being slower than k¢ for the alternate reference P2 native folded states, and k?*, k®?, k%, and k,® are the associated
At [urea] > 1 M, however, the values of k"*" and the kinetics of P'/> refolding and unfolding rate constants. The characteristic relaxa-
converge (Figure 2). The rollover of log k#® at low [urea] sig- tion rate constants of Scheme 1, i.e., kiyj, and kb, are then given
nals also that the relaxation is rate limited by an unfolding by

15574 DOI: 10.1021/jacs.6b05151

J. Am. Chem. Soc. 2016, 138, 15571-15579


http://pubs.acs.org/doi/suppl/10.1021/jacs.6b05151/suppl_file/ja6b05151_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b05151/suppl_file/ja6b05151_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b05151/suppl_file/ja6b05151_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b05151/suppl_file/ja6b05151_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b05151/suppl_file/ja6b05151_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b05151/suppl_file/ja6b05151_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b05151/suppl_file/ja6b05151_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b05151/suppl_file/ja6b05151_si_001.pdf
http://dx.doi.org/10.1021/jacs.6b05151

Journal of the American Chemical Society

A

swapbi4/ P45 swaphi-4/ P8

swapfi-4, 1st and 2" relaxation

swapF1-#4 double jump
[urea]=6 M—2.06 M delay—9.28 M

o: 1 S 1
i " v p4sn L "'.o %
E ([(33 3‘ 1st/1st ,«" " - § 05 & c FW\-V"\"%
152 o %0.1’ ..-_u' E P . g ssstre
‘ u"".. o:2nd g ;ﬁ."
O " n,, 2nd/2nd o p8/ic ‘g 0
- \Ls 2n oy ,
° 2 4 6 8 10 0 100 200 5000 110
[urea] (M) delay time at [urea]=2.06 M (s)

| ATKAVAVLKG JelaVQGIINFEQKES @V KVWGS IKGLT eI FHVHGAGG DI iR T 181 MGATKAVAVL (EleldVOGIINFEQK SNV VWGSIKG JI=ETIGFHV ]
f1

p1 p2 p3 pa

B.

swaphs8 / P45 swaphs8 / P8/

swaph5-8, 1st and 2n relaxation

p2 p3 p4

swaphs8 double jump
[urea]=6 M—2.06 M delay—9.28 M

o: st A 3
- pa/sc ,x':;z & =]
N 0 (3 =
“ ) /\ 2 a!ﬂ g P
c’ /,vg & %m/m 53!‘ S 05 o LI,
/{— 8 ® ¥ {A . e"'bgl § ’ 'o‘
J’ ﬁ5§ ﬁs 0y oot 200" £ ¢ © i
& 0e000® o:20d [ P
_-—"‘2nd/2ua o: p8/in ’g 0¥
7/
0 2 4 6 8 10 0 100 200 5000 110*
[urea] (M) delay time at [urea]=2.06 M (s)
JYCIRENV TADKDGVA SIZDSVISLSGDHSIIEY LVVHEKAGA J¥e SRLASGVIGIA I B P % BetelolRe NVTADKDGVANSIEDS VISLSGDHICTLVVHEKAGA JXSSRLASGVI Je)
p5 p6 p7 p8 p5 p6 p7 p8

Figure 4. Structures and folding behavior of the multi-strand constructs swap” #* and swap”=%. (A) Left: Structures of the competing states of
S1—p4 4/5 8/1 . T . 31— p4 . .
swap! based on the permutant references P*> (PDB SJOF) and P*' (PDB 4BCZ). Middle: Biphasic chevron plot of swap superimposed with

those of the permutant references p#/sn

and P¥!, Fits are from the three-state relaxation model in Scheme 1, and the overlaid data points at 2.06 and

9.28 M urea are from the double-jump experiments in the right panel (Table S4). Right: Amplitude vs delay time plot used to obtain the overlaid

relaxation rate constants in the chevron panel (red x'*/2"

and blue +'*/>"%). Displayed global fits are from the three-state relaxation in Scheme 1. Fits of

log k, are extended beyond the transition region to clarify extrapolations to 0 M urea. (B) Left: Structures of the competing states of swap”>® based on
the permutant references P*¥* (PDB $JOF) and P¥! (PDB 4BCZ). Middle and right: Data panels are as described in (A).
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relax

=%(kg“+kf+kf5+kfi

\/(kf + kM kP KD — Akl + kD + kfka))
(1)

The expression is expanded in eqs S5 and S6 to include also the
double-jump amplitudes and adapted to global fit of the data in
Figures 2—4. As shown in Figure 2 and Table 1, the three-state
model captures all aspects of the swap”? kinetics, without need to
invoke further complexity: swap”? relaxes between the alternate
states swap”?/P¥* and swap”?/P'/? via the denatured ensemble
(Scheme 1). Also, the folding and re-equilibration of the swap”?/
P?3 and swap”*/P'/? match well the kinetics of the references
P?3" and P'/2. On this basis, we conclude that the exchange of 52
in the SOD1*™ does not occur locally but relies on global
unfolding followed by global refolding (Figure S). With reference
to the macroscopic dynamics in Figure 1, the 2 segment seems
thus prevented from local exchange on the native side of the
unfolding barrier.

Moving the Analysis across the Entire SODPa"e!
Structure. Following the procedures above, we examined next
the swap behavior of the single strands 3 and 8 (Figure 3,
Table 1). Of interest is that £2,”* #3,"® and #8"” have been impli-
cated as key amyloidogenic segments of the SOD1 sequence and,
thus, can put the protein at risk of aggregation if exposed
transiently in the native basin. 161923 1n this regard, the c- termmal
/88 stands out as especially vulnerable to native-state fraying,'® as
it partly lacks side-chain interactions in the unfolding transition
state (3", Figure 6). Even so, the results show that the swap”® and
swap”® constructs behave just as swap”? (Figure 3, Table 1): the
kinetics follow the three-state relaxation in Scheme 1, which
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indicates that the exchange of 3 and 8 occurs via global
unfolding. Notably, the relatively different refolding rate con-
stants and stabilities of the competing states swap”>/P** and
swap”/P¥? lead to heavily biased populations in the two
relaxation steps. This bias makes the double-jump amplitudes of
the minor state swap”>/P>* difficult to determine with accuracy
(Figure 3). It is nevertheless clear that accumulation of swap”/
P** dominates the first phase and accumulation of swap”/P*/>
the second phase. The just fractional occupancy of ~0.4 for
swap”/P3* around % = 5 s is due to this species being close to
the transition midpoint under the delay conditions at 0.27 M urea
and thus coexisting with fully denatured protein. Although the
relaxation rate constants from double-jump of swap”> have larger
errors than the other constructs, it is evident that the second
amplitude relaxation is considerable slower than k, of swap”/
P3/* as predicted for 43 exchange via global unfolding (Scheme 1,
Figure S, and Figure S7). To investigate also the behavior of the
remaining strands /4 and /35, we moved on to analyze the swap’*
and swap”® constructs. These strands are implicated in allosteric
control and seen to display tunable dynamics by NMR."” Because
of the low stabilities of the swap”*/P¥* and swap”>/P>/¢ species,
however, they did not sufficiently populate to allow stopped-flow
detection (Figure S8). The inability to directly target the #4 and
BS kinetics prompted us instead to determine how these strands
interact in the unfolding transition state of the SOD1**"™ by phi-
value analysis (see Clues from Transition-State Structure, below).

Multi-strand Swaps. The question is then, what happens
upon insertion of multiple strands to swap? Such design not only
enables analysis of contiguous regions of the SOD1**™ struc-
ture, such as those implicated in partly ruptured intermediates,”*
but also opens up for intermolecular formation of more complex
aggregation nuclei.”” To cover as many outcomes as possible, we
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Figure S. Model-free control. (A) Folding kinetics of the strand-swap constructs vs the permutant reference structures (data from Table 1). The y-axis
displays the kinetic parameters for the strand-swap constructs derived from fit of eqs S5 and S6, and the x-axis the corresponding parameters for the
permutant references derived from fit of eq S1. The plot shows that the biphasic relaxations of the strand-swap constructs match well the two-state
transitions of the permutant references (Figures 2—4), providing independent evidence that f-strand swap follows global unfolding: folding of the
strand-swap constructs is the sum of two cooperative transitions according to Scheme 1. (B) The corresponding free-energy profile is the combination of
two competing two-state transitions, linked via a common denatured state. Blue arrow indicates the relaxation pathway of species swap” to swap®, with
the effective exchange barrier given by the free-energy difference between swap™ and +°. The associated deviation between the rate constants for swap®
unfolding and f-strand exchange is particularly notable for swap™ in Figure 3.

opted for constructs with the maximum number of exchangeable
strands, i.e., four out of eight (Figure 4). The combinatorial out-
come of four exchangeable strands is five competing permutant
states (Figure S9). The constructs were aimed to probe—as
selectively as possible—the swap behavior of barrel regions that
become structured early and late in the SOD1 folding process.'®
These early and late regions are indicated by the distributions of
high and low phi—values16 in the SOD1 transition states (3’ and
F”, Figures 1 and 6). The designs that best fulfill these criteria are
(i) swap”'™* which targets the major part of the high phi-value
nucleus, and (i) swap”*~®, which entails mainly the peripheral
low phi-value regions that fold late (Figure 6). Despite their
complexity, the multi-strand constructs behave as cooperatively
and predictably as the single-strand dittos: both swap”'™* and
swap”>~® display predominantly three-state relaxations involv-
ing the two most stable ground-state structures, P*5 and P!
(Figure 4). The slow refolding phase of swap”'~ becomes invis-
ible at low [urea] due to amplitude cancellation but re-emerges
predictably upon changing denaturant to GdmCl (Figure S10).
Contributions from the other competing structures, i.e., P”/8, can
be discerned for swap”*~® upon extending the fitting model to >3
states but are small in accordance with their relatively low
stabilities (Figure S10). The cooperative behavior of swap/'~*
and swap”~® adheres thus with earlier observations of global
unfolding in complete domain-swap.”® Somewhat surprisingly,
we find no indication of transient aggregation,27 misfolding,21 or
intermolecular domain swap”® in the stopped-flow experiments
(Figure S11), as recently observed with tandem repeats of titin.”
The possible exception is a tendency of swap”' ™ to transiently
dimerize during purification (sometimes visual in gels) that we
tentatively assign to intermolecular domain swapping. However,
this dimerization is not identified by varying protein concen-
tration in the stopped-flow analysis (Figure S11), suggesting
either that the accumulation is small or that the kinetics involved
overlap with the strand-swap events.

Additional Controls of the Three-State Relaxation
Behavior. To further test the Scheme 1 mechanism, we per-
formed a series of mutational controls on swap’' ™. First, we
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eradicated the individual of the swap”' ~* relaxation phases by Trp
mutation. As predicted from the results in Figures 2—4, the
mutation W146A, targeting selectively the species swap”' ~*/P**,
leaves only the phases for the competing state swap”'~*/P*!
(Figure S12). Vice versa, the mutation W32A leaves only the
phases for swap”'™*/P¥* (Figure S12). Second, we selectively
perturbed swap”!™*/P¥! by the severely destabilizing mutation
I35A. The mutation reduces the kinetics to a single chevron plot,
identical to that of the alternate state P¥*" (Figure S12), and
shifts the ground-state equilibrium entirely to swap”' ~*/P*, as
detected by HSQC NMR (Figure S13). Again, the data show full
agreement with the minimal three-state relaxation in Scheme 1,
the thermodynamic stabilities in Table 1, and equilibrium unfold-
ing data (Figure SS). To finally validate that the constructs
undergo f-strand exchange in a fully cooperative manner, as
indicated by the kinetics in Figures 2—4, we mapped out the urea
equilibrium transition for swap”' ~* by HSQC NMR and double-
jump mixing (Figure S14). The results show that even this
extreme construct, involving four exchangeable strands and five
competing states (Figure S9), displays a clean cooperative tran-
sition between the most stable structures, swap’'~*/P*> and
swap”'~*/P¥! (Figure S6). Moreover, the urea dependence of
this structural shift matches the m-value difference between the
reference states P and P¥¢, providing direct thermodynamic
support for the mechanism in Scheme 1 (Table 1, Figure S14).

Model-Free Control. As last control we plotted simply the
kinetic parameters obtained for the biphasic strand-swap con-
structs in Figures 2—4 versus those of the reference permutants.
Data yield a linear correlation with R* = 0.98 (Figure $),
suggesting that the strand-swap constructs are kinetically the
combinations of their reference permutants. The folding free-
energy profiles of the strand-swap constructs are well described
by the sum of two cooperative transitions linked by a common
denatured ensemble (Figure S).

Clues from Transition-State Structure. To examine why
the SOD1"™ needs to traverse the entire unfolding barrier to
swap strands, we looked into the structures of the unfolding tran-
sition states with phi-value analysis.'" From the curved chevron
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Figure 6. Transition-state structure, native-state dynamics, and
implicated folding mechanism of SODI1%, (A) The interactions of
the early (+') and late (+”) transition states of SOD1**™ a5 determined
by phi-value analysis (SI). Upon folding 3 — +”, the interactions
expand to encompass most parts of the f-barrel structure. (B) The H—D
exchange kinetics of SOD1%™ shows a contiguous pattern of protected
backbone amides that involves the majority of the barrel § strands. The
strand with the weakest protection is S (adapted from data in ref 10).
Similarly, NMR CPMG analysis indicates breathing motions that overall
comply with the phi-value and H—D exchange data but reveals also local
motions in other directions of the native-state basin (adapted from data
in ref 10). (C) Model for in-register alignment of f-strands during
folding. The schematic depiction shows the extreme case where the
radial folding nucleus'®** is confined to a single layer of core residues.
“D” is the denatured ensemble, “+” is the transition state, and “N” is the
native state. In the early transition state of SOD1%™ (4, panel A), the
corresponding layer is less well-defined and partly open, but the
mechanism presents still a consistent explanation to why f-strand swap
requires the protein to globally unfold (Figures 2—4).

data in Figure 2, it is apparent that the protein undergoes a
Hammond shift™ from an early () to a late (+”) barrier maxi-
mum at high [denaturant] (Figure 1). Following the approach
applied to UIA®' and S6,>* the +' and F” phi-values were
obtained from urea and GdmCl data, respectively (S, including
Figure S15). The key motivation for this hybrid approach is that
urea allows the refolding kinetics and $’ to be measured
accurately for severely destabilized mutants, whereas GdmCl is
required for shifting the unfolding kinetics into the “curved” £”
regime (Figure 2). The results are presented in Figure 6 and
Table S3. Similar to what has been observed for the wild-type
apoSOD1 monomer,'® we find that the highest phi values of F'
tend to form a layer across the SOD 1% core (Figure 6). Even
though a general decrease of phi-values in SOD1**™ diffuses this
layered pattern relative to the wild-type apoSOD1 monomer
(Figure S16), the folding nucleus seems on the whole to capture
and align the f-strands “by their waists” (Figure 6). The excep-
tions are S and A8 that maintain phi values of approximately
zero in the early transition state 3’ (Table S3). This disc-like
arrangement of the folding nucleus is not unique for SOD1, but is
also observed for the p-barrel protein TNfn3.”> Upon
progressing to the late transition state 3" the side-chain contacts
seem to consolidate further and expand spatially to integrate
also S (phi > 0.45) and 8 (phi > 0.70) (Figure 6, Table S3).
Although the phi-values probe only the side-chain interactions,

they point to a picture where all strands of the SOD1°™ are tied

in to the folding nucleus at the top of the unfolding barrier £".
Matching patterns of cross-strand interactions emerge also at
the lower levels of the native basin, as indicated by H-D
exchange analysis'* and CPMG NMR."’ The globally exchang-
ing amide groups of SOD1"™ outlines a contiguous linkage of
stable hydrogen bonds that connects all strands, save f5, at the
edge of the active-site sheet'* (Figure 6). Consistently, 35 also
stands out as dynamic at the very lowest levels of the native basin
as measured by CPMG relaxation analysis'® (Figure 6). The only
evidence that swapping of this edge strand occurs by global
unfolding is thus from phi-value data of the late transition state
3" (Figure 6), which previously went unnoticed in analysis of the
wild-type apoSOD1 monomer."® Since phi-values and dynamic
motions need not to be linked in systems with parallel unfolding
pathways, however, we consider this evidence alone as incon-
clusive."® Even so, the combined data in Figures 2—6 leave us
with a coherent picture of the strand-swap events from bottom to
top of the unfolding barrier in Figure 1: the SOD1™™ chain
seems fixed by a belt of tertiary bonds that encompasses the
entire perimeter of the -barrel, with the possible exception of 35
at the edge of the active-site sheet.

B DISCUSSION

Folded-State Behavior and Implications for SOD1
Aggregation. In light of the extensive sequence altera-
tions made to the various strand-swap constructs in this study
(Figures 2—4), their structural behavior stands out as remarkably
uniform and robust: dislodgement and re-insertion of individual
P-strand segments in the SOD1 barrel do not take place locally
but follow complete cycles of global unfolding and refolding
(Figure 5). The chief ambiguity is here 4 and 35 of the active-
site sheet, where low populations of transiently swapped species
prevent conclusive analysis (Figure S8). Even so, when it comes
to our question about conceivable precursors for aggregation, it
seems unlikely that these are intermediates in the form of locally
unfolded barrels. The SOD1 segments identified in aggregate
structures, i.e., primarily 42, 43, and 88,'%'**> appear protected
as long as the protein is on the native side of the folding barrier.
In addition, the 2 and f3 segments will experience additional
restriction in the disease-associated wild-type context where they
reside anchored at either end, rather than just n- or c-terminally
as in the strand-swap constructs (Figure 3). The results clarify
thus at the structural level why the aggregation kinetics of mutant
SODL1 in vitro, as well as survival times of transgenic ALS mice,
correlate with the levels of globally unfolded protein:” the
aggregation-competent epitopes of the SOD1 sequence are only
free to interact intermolecularly upon complete rupture of the
protective f3-barrel (Figure S). Notably, this interpretation chal-
lenges regorts where SOD1 aggregation is traced to inter-
mediates,””** including our previous suggestion that aggrega-
tion-prone strands are exposed by native-state fraying.'® From
the perspective of identifying targets for disease intervention,® it
is pressing to clarify whether these conflicting interpretations
stem from variable sample conditions, heterogeneous protein
material or, like in our seminal SOD1 phi analysis,"® lacking
access to the decisive control.

Implications for Folding. The global strand-swap behavior
sheds also new detail on the mechanism of f-barrel folding.
Generally, the structural repertoire of folded proteins is deter-
mined by the free-energy landscape of the native side of the
folding barrier, i.e., the native basin.”*** Imperceptible from the
macroscopic projection in Figure 1, this microscopic native
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basin is multi-dimensional and allows dynamic motions in all
directions that are energetically accessible.”® The unfolding
pathway that is ultimately controlled by the most favorable route
for barrier crossing (F) needs thus not to follow the most
prevalent ground-state dynamics."> Although the present data
are not conclusive regarding this specific issue, it is possible
that the slight mismatches between the phi-values and H-D
exchange patterns in Figure 6 relate to such decoupling between
the unfolding pathway and the ground-state dynamics. Another
notable detail is that the rate constants for strand swap (ke

107*—107% s, Figures 2—4) match closely those of monomer
dissociation from fS-pleated fibrils, kg, & 107 s71.°7* Similarly
slow, erroneously paired B-strands of titin repeats are reported to
interconvert with fully denatured sgpecies in the folding pre-
equilibrium on a seconds time scale.” If such slow dissociation of
de-solvated f-strand interfaces is universal, then folding path-
ways relying on strand-register changes will be kinetically futile;
i.e., the reconfiguration times®” for opening and reclosing mis-
folded f-sheets (seconds) will end up in excessively long barrier-
passage times."” A clue to how SOD1 evades such out-of-register
traps is hinted by the phi-values. Similar to TNfn3,” the early
transition-state of SOD1 () is overall biased to a layer of side-
chain contacts that aligns the f-strand segments radially across an
embryonic hydrophobic core (Figure 6). Upon progressing to
the late transition state (£”), this layer then seems to consolidate
and expand axially to include also the bottom and top parts of
the SOD1 barrel. Assuming that these core interactions are
accompanied by de-solvation”' and backbone hydrogen bond-
ing,42 we arrive at a picture where the successful nucleus aligns,
from the very beginning, the f-strands in correct register and thus
dodges the slow shufling dynamics. This, of course, does not
exclude that the protein attempts to fold also via out-of-register
excitations, but these will be kinetically penalized by increased
reconfiguration times, i.e., local trapping.*> The interpretation
highlights the influence of conformation-dependent reconfigura-
tion times’” in kinetic partitioning, provoking the question if
P-sheet structures are generally biased to in-register transitions
because the energetically viable alternatives are too slow? It also
points to the possibility that low levels of trapped states will
eventually emerge as “glassy” ** debris across the free-energy
landscape,” providing the protein is kept long enough at equi-
librium. With SOD1, however, the population of such trapped
species seems sparse in vitro. As discussed above, intermediate
SOD1 species are also unlikely to present the principal precur-
sors for in vitro aggregate growth, since this kinetically peaks
at high concentrations of urea where the protein is globally

unfolded.”
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