| Originally published 20 April 2012; corrected 23 April 2012

www.sciencemag.org/cgi/content/full/336/6079/362/DC1

AYAAAS

Supplementary Materials for

Structure of an Intermediate State in Protein Folding and Aggregation

Philipp Neudecker, Paul Robustelli, Andrea Cavalli, Patrick Walsh, Patrik Lundstrom,
Arash Zarrine-Afsar, Simon Sharpe, Michele Vendruscolo, Lewis E. Kay*

*To whom correspondence should be addressed. E-mail: kay@pound.med.utoronto.ca

Published 20 April 2012, Science 336, 362 (2012)
DOI: 10.1126/science.1214203

This PDF file includes:

Materials and Methods
Figs. S1to S14

Tables S1 and S2

Full Reference List

Correction: Some equations did not display properly in the original file. They have been
corrected here.



Supporting Online Material
Materials, Methods, and Results
Sample preparation

The A39V/N53P/V55L G. gallus Fyn SH3 domain (/9) was expressed from a
modified pET vector carrying an NH,-terminal hexahistidine tag followed by a TEV
protease cleavage site. [U-"H,'°N] and [U-*H,"’C,"°N] enriched A39V/N53P/V55L Fyn
SH3 domain was obtained by IPTG-induced overexpression in E. coli BL21(DE3) in 11
M9 minimal medium with 1.5 g "NH4CI and 3.0 g D-glucose-'>C¢-*H; or D-glucose-'""Cs-
’H,, respectively, in 99.9% D,0O at 37°C for 3 to 4 h. In addition, a sample of [U-
50% “H;U-"C,""N] A39V/N53P/V55L Fyn SH3 was expressed in 11 M9 with 1.5¢
PNH,C1 and 3.0 g D-glucose-""Ce-"H; in 50.0% D,O (33). Additional samples were
expressed in 1 1 H,O-based M9 using 1.5 g "NH,4Cl as the nitrogen source and either 3.0 g
D-glucose-1-"C or 3.0 g D-glucose-2-">C as the carbon source (34); these samples are
referred to as [1-">C-glc;U-""N] or [2-"C-glc;U-""N] A39V/N53P/V55L Fyn SH3 in what
follows. The expression product was purified using nickel affinity chromatography and
refolded by dialysis as described previously (35), followed by cleavage with histidine-
tagged TEV protease at room temperature overnight, removal of cleaved hexahistidine-tag
and TEV protease by nickel affinity chromatography, and final purification by size-
exclusion chromatography. The TEV-cleaved construct comprises an unstructured seven-
residue NH,-terminal cloning artifact, the A39V/N53P/V55L mutated SH3 domain from
Thr2 (Thr84 of full-length G. gallus Fyn) to Asp59, and the COOH-terminal residue
Arg60. Site-directed variants of the Fyn SH3 domain were constructed using the
QuikChange Site-Directed Mutagenesis Kit from Stratagene (Agilent, Mississauga, ON,
Canada) according to the manufacturer's instructions or were custom-made by GenScript
(Piscataway, NJ, USA). Samples of [U-""C,""N] A39V/N53P/V55L/A(57-60) Fyn SH3, [U-
BC,">N] A(56-60) Fyn SH3 and [U-"C,"°N] A(57-60) Fyn SH3 were expressed in 1 1 M9
minimal medium with 1.5 g "NH,CI and 3.0 g D-glucose-"’Cs in H,O and purified as
described above; the yield for these aggregation-prone Fyn SH3 truncation mutants could
be improved by performing the overexpression at 25°C for about 10 h, as well as the
refolding and subsequent purification steps at 4°C. NMR samples contained between
0.5 mM and 1.2 mM isotope-enriched Fyn SH3 mutant, 0.2 mM EDTA, 0.05% NaN3,
50 mM sodium phosphate (pH 7.0), in either H,O/D,0O (9:1) or D,0O.
Sequence-specific NMR resonance assignments for the native state

The sequence-specific 'H and "N resonance assignments for the native
A39V/N53P/V55L Fyn SH3 domain at 25°C, generated from '*N-edited experiments
reported previously (19), were verified and transferred to 20°C with a ['H, ""N]-NOESY-
HSQC spectrum (36; 150 ms mixing time) recorded on a sample of 0.7 mM [U-"N]
A39V/N53P/V55L Fyn SH3, as described in more detail previously (/9). Sequence-
specific backbone "*C resonance assignments were obtained from HNCO and HNCA
spectra (37) recorded on a sample of 1.0 mM [U-50% “H;U-"C,'N] A39V/N53P/V55L
Fyn SH3 at 20°C on a Varian Unity INOVA 500 MHz NMR spectrometer. [ Ho., *Ca]
correlations were verified with a ['H, >’C]-CTHSQC spectrum (38) recorded on a sample of
1.0 mM [U-50% “H;U-"C,">N] A39V/N53P/V55L Fyn SH3 in D,O at 20°C on a Varian
Unity INOVA 800 MHz NMR spectrometer. The NMR spectrometers were equipped with
room-temperature probes with z-axis and triple-axis pulsed field gradient capabilities,
respectively. Methyl group 'H and "C assignments were obtained as reported previously
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(39, 40). The H,O resonance was suppressed by gradient coherence selection with
quadrature detection in the indirect °C and "’N dimensions achieved by States-TPPI (41)
and the echo-antiecho method (42, 43), respectively. All NMR spectra were processed with
NMRPipe (44) software and analyzed with NMRViewJ (45). '"H chemical shifts were
referenced with respect to external DSS in DO, BC and >N chemical shifts were
referenced indirectly (46). "N chemical shifts were corrected for *H isotope shifts as
appropriate (47). These experiments resulted in unambiguous assignment of all 'H, N,
BCO, and *Ca backbone resonances from 'Ha,’Coof Ala-4 to lHoc,”Coc of Arg60
(Figure S3A), with the exception of Ile50 °CO, Pro51 N, Ser52 *CO, Pro53 "N, Ala56
13CO, Pro57 15N, which are not observable in these experiments. In addition, the 'Hel-
"Nel indole resonances of the two Trp residues in the protein (Trp36 and Trp37), the side-
chain NH; groups of GIn-1, GIn27, and Asn30, the 'He-""Ne guanidinium resonances of the
three Arg residues (Argl3, Arg40, and Arg60), most of the side-chain 'H and several side-
chain "°C resonances, as well as the 'H and "°C resonances of all 34 methyl groups (39, 40)
could be assigned unambiguously. 'H, "C, and "N chemical shifts of the native
A39V/N53P/V55L Fyn SH3, along with further experimental details, have been deposited
with the BioMagResBank (access code: 17149).

Sequence-specific 'H, °C, and "°N resonance assignments for the native monomeric
state of the A39V/N53P/V55L/A(57-60) Fyn SH3 domain were obtained from ['H, °NJ-
HSQC (36), ['H, "N]-TOCSY-HSQC (36) with a DIPSI-2rc mixing scheme (48; 60 ms
mixing time), ['H, "N]-NOESY-HSQC (36; 150 ms mixing time), HNCO (37), and HNCA
(37) spectra recorded on a sample of 0.6 mM [U-"C,"’N] A39V/N53P/V55L/A(57-60) Fyn
SH3 at 10°C (500 MHz). In addition, a ['H, *C]-CTHSQC spectrum (38) was recorded on
the same sample at 10°C on a Varian Unity INOVA 600 MHz NMR spectrometer equipped
with a cryogenic probe with z-axis pulsed field gradient capabilities. Despite severe line-
broadening due to chemical exchange, these experiments allowed unambiguous assignment
of all detectable backbone amide resonances; the backbone amide resonances of Leu3,
Glu5, Leu7, Trp37, Ser52, and Ala56 were too line-broadened to be observed. In addition,
the *CO resonances from Gly-5 to Tyr49 (except Thr2 to Leu7, Argl3, Trp36), the BCa
resonances from Gly-5 to Ile50 (except Leu3 to Leu7), the 'Ho resonances from Gly-5 to
Leu55 (except Phe4 to Ala6, Pro51 to Pro53), the 'Hel-""Nel indole resonances of the two
Trp residues in the protein (Trp36 and Trp37), the side-chain NH; groups of Gln-1, GIn27,
and Asn30, the 'He-""Ne guanidinium resonances of the two Arg residues (Argl3 and
Arg40), most of the side-chain 'H and several side-chain ">C resonances - including 13 of
the 32 methyl groups - could also be assigned unambiguously.

Experiments probing conformational exchange

Carr-Purcell-Meiboom-Gill relaxation dispersion experiments (49-52) were used to
quantify chemical exchange in the A39V/N53P/V55L Fyn SH3 domain. "N SQ CW
CPMG (53), "N TROSY/AntiTROSY CPMG (54), '"HN SQ CPMG (55), and 'HN/"°N
7Q/DQ CPMG (56) RD experiments (Fig. S1, Fig. S4A,B) were recorded on a sample of
1.0 mM [U-*H,”N] A39V/N53P/V55L Fyn SH3 in H,O/D,O (9:1) at 20°C to study
millisecond exchange processes affecting the backbone amide groups; data sets were
obtained at both 500 and 800 MHz. *CO SQ CPMG ﬁ5 7) RD experiments (Fig. S4E) were
recorded on a sample of 1.0 mM [U-50% “H;U-"C,"’N] A39V/N53P/V55L Fyn SH3 at
20°C (500 and 800 MHz). *Co. SQ CPMG (58) RD experiments (Fig. S4C) for Ile/Leu
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residues and for the remaining residues with the exception of Val were recorded on samples
of 1.2 mM [1-"C-gle;U-""N] A39V/N53P/V55L Fyn SH3 and 1.0 mM [2-"C-glc;U-"N]
A39V/N53P/V55L Fyn SH3, respectively, in D,O at 20°C (600 and 800 MHz). 'Ha SQ
CPMG (33) RD experiments (Fig. S4D) were recorded on a sample of 1.0 mM [U-
50% “H;U-"C,'"N] A39V/N53P/V55L Fyn SH3 in D,O at 20°C (600 and 800 MHz). For
enhanced accuracy the 'Ha SQ CPMG experiments were recorded in duplicate using two
different elements that refocus 'Ho-'H scalar couplings (B and C in Fig. 2 of ref. 33) and fit
together (Fig. S4D). Methyl group >C SQ CPMG experiments were recorded on a sample
of 1.0 mM [1-"*C-glc;U-""N] A39V/N53P/V55L Fyn SH3 in H,0/D,0 (9:1) and have been
reported previously (39, 40). In each CPMG experiment 14 to 17 different CPMG
frequencies vepmg = 1/(28), where O is the time between consecutive refocusing pulses,
ranging up to 1000.0 Hz (2000.0 Hz for '"HN SQ and 'Ho SQ) were sampled during a
constant-time relaxation interval of Tcpyg = 40 ms (30 ms for "HN SQ, THN/PN 7Q/DQ,
and Ca SQ; 24 ms for 'Ho SQ).
Sequence-specific NMR resonance assignments for the intermediate state
Resonance intensities from CPMG RD experiments, I(vcpmg), were quantified by
three-way decomposition using MUNIN (59, 60) and converted into effective transverse
relaxation rates, Res(Vermc) = -In(I(vepmc)/lo)/Tepma, where Iy is the corresponding
resonance intensity in a reference spectrum recorded without the constant-time relaxation
interval (67). Error estimates AR.s for Resr were obtained from duplicate measurements at 3
different vepmg values as described previously (62), assuming a minimum relative error
AR¢/Regr of 1.0% for °N SQ, "N TROSY/AntiTROSY, and "HN SQ, 2.0% for *CO SQ,
BCa SQ, and "Ha SQ, or 4.0% for "THN/PN 7Q/DQ, and a minimum absolute error AR
of 0.2/s for ’N SQ and "N TROSY/AntiTROSY, 0.3/s for 'HN SQ, 0.4/s for *CO SQ and
BCa SQ, or 0.5/s for 'Ha SQ to account for systematic experimental imperfections (63).
All RD profiles for any given sample (note that the extent of *H enrichment as well as the
H content of the solvent have a minor influence on the folding equilibrium) were fit
together to extract global exchange parameters along with residue specific values such as
'HN, N, C0, *Ca, and 'Ho chemical shift differences between exchanging states and
intrinsic IHN, N, 13CO, 13Coc, and 'Ho relaxation rates, Ry0. From the global fit an
exchange rate of 836/s + 4/s and an intermediate state population of 1.98% + 0.01% was
obtained for [U-’H,"’N] A39V/N53P/V55L Fyn SH3 in H,O/D,O (9:1) at 20°C;
corresponding values of 800/s (average) + 98/s (standard deviation) and 1.94% + 0.28%
were obtained for the 25 amide groups with large "°N relaxation dispersions (Res(Vepma) -
Re(1000 Hz) > 4/s) fit on a per-residue basis. For enhanced accuracy, the *CO SQ RD
profiles were fit together with "N SQ CW CPMG dispersion data (53) recorded on the
same sample at 20°C (500 MHz) as described above. In prior work we have shown that the
population of the unfolded state is negligibly small below about 30°C so that RD data are
well approximated by a 2-state model describing the exchange between native and
intermediate states (/9). Parameter extraction was therefore accomplished by a non-linear
least-squares fitting procedure whereby experimental dispersion profiles, Res(Vepma) = Ry
+ Rex(Vepmg), at 20°C were fit to those calculated by deriving the evolution of
magnetization during the CPMG interval by solving the Bloch-McConnell equations (64)
numerically for a 2-site exchange model using in-house written software and procedures



described previously (58, 62, 65). Errors of the fitted parameters were calculated from the
covariance matrix (66), an approach that has been shown to pr0V1de reasonable error
estimates 1n a study similar to that presented here (67). Absolute signs of 'HN, "N, "*CO,
13Coc, and 'Ho chemical shift differences between the intermediate and the native state
were determined from a comparison of resonance positions (derived from single quantum
and multiple quantum coherences) recorded at different static magnetic field strengths (68),
'HN/""N ZQ/DQ CPMG RD profiles (56), and 1D off-resonance R, experiments (69, 70)
as described in detail previously (19, 69-71). The chemical shift for any given nucleus X of
the intermediate state I was then calculated according to @x; = wxr + Awxr1 With an
uncertainty of s(@x) = s(Awxr-1), Wwhere @xr is the chemical shift of nucleus X in the
native state and Awxr1 = ®x1 — @xr 1S the chemical shift difference extracted from the
RD profiles. When the chemical shift difference was too small to allow reliable
determination of its sign wx, was assumed to be identical to @xr within a margin of error
of s(mx) = (Amx, Fo1) + (s(A®x F-1)) )1/2 A minimum error of 0.10 ppm (O 01 ppm for

HN) was assumed for the intermediate state chemical shifts. 'H, °C, and "°N chemical
shifts reconstructed for the intermediate state of the A39V/N53P/V55L Fyn SH3 domain
(Fig. S3B), along with further experimental details, have been deposited with the
BioMagResBank (access code: 17149).

Residual anisotropic interactions

Backbone amide residual dlgolar couplings (RDCs) for the native state, Dnyr, were
obtained by weak alignment of [U-"H,"°N] A39V/N53P/V55L Fyn SH3 via the addition of
24 mg/ml Pfl filamentous phage (72; ASLA Biotech, Riga, Latvia) or a liquid crystalline
C12ES5- PEG/hexanol mixture (73). Dy values were calculated from the observed doublet
splitting in ’N-IPAP spectra (74) by subtracting the 'Jxy scalar coupling contribution as
observed in reference spectra of the unahgned sample. The alignment was verified to be
1ndependent of spectrometer field strength in both cases (75), resulting in residual solvent

*H quadrupole couplings of 27 Hz and 14 Hz, respectively. The measured values for Dy ¢
range from -26.5Hz to +22.2Hz in Pfl (-30.3 Hz to +23.4 Hz in PEG/hexanol),
corresponding to an alignment tensor (76) with a magnitude of D, = -13.3 Hz and a
rhombicity of R = 0.45 (D, =-15.2 Hz, R = 0.36 in PEG/hexanol).

Changes in backbone amide RDCs between native and intermediate states,
ADnpr—1 = Dnmp — Damr, were extracted (54) from fits of BN SQ CW CPMG (53) and N
TROSY/AntlTROSY CPMG (54) RD experiments (Fig. S4F) recorded on samples of [U-

*H,°N] A39V/N53P/V55L Fyn SH3 weakly aligned by addition of Pfl or PEG/hexanol.

Data sets were recorded, processed, and analyzed in the same fashion as those obtained for
the unaligned sample described above. There is no indication of any specific interactions of
the two alignment media with either of the exchanging states and the extracted exchange
parameters and chemical shift differences are in excellent agreement with the
corresponding values for the unaligned sample. As expected for well-defined fits, ADnm -1
values are not correlated with the corresponding chemical shift changes Awmn r_1, whereas
their experimental uncertainties, s(ADnmr—1), as estimated from the covariance matrix (66)
are distributed as observed previously (54), with an optimal precision of S(ADnur-1) =
1.9 Hz for |Amnr-1 = 1.5 ppm. The backbone amide RDCs for the intermediate were then
calculated according to Dnur = Dnpr + ADnmro1 with an uncertainty of s(ADnmp) =

((s(DNH,p))2 + (s(ADT\IH,F_g))z)l/2 ~ S(ADnnr-1). The measured values for Dnp; correlate
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poorly with Dnup, indicating a difference in molecular alignment between native and
intermediate states, and range from -32.1 Hz to +24.7 Hz in Pfl (-28.1 Hz to +26.6 Hz in
PEG/hexanol), corresponding to D, = -16.1 Hz and R = 0.35 (D, = -14.0 Hz, R = 0.60 in
PEG/hexanol).

Backbone carbonyl °C residual chemical shift anisotropies (RCSAs) for the native
state, dwco.r, were obtained from differences in °CO peak positions in H(N)CO spectra
recorded at 800 MHz on [U-"H,"C,"’N] A39V/N53P/V55L Fyn SH3 samples either
unaligned or weakly aligned by 36 mg/ml Pfl filamentous phage (72; ASLA Biotech, Riga,
Latvia). The alignment was verified to be independent of spectrometer field strength (75),
resulting in a residual solvent *H quadrupole coupling of 38 Hz. The measured values for
8wcor range from -134 ppb to +149 ppb. In structure calculations a >CO chemical shift
anisotropy (CSA) tensor with o;; = -74.7 ppm, G, = -11.8 ppm, o33 = 86.5 ppm (77) was
used along with an effective N-H bond length of 1.04 A (77) and a molecular alignment
tensor identical to the one determined from Dnpr values measured in 24 mg/ml Pfl but
scaled to take into account the higher Pfl phage concentration in the RCSA measurements
(43% higher magnitude D, based on a comparison of Dxyr values recorded on samples
aligned with 24 mg/ml and 36 mg/ml phage).

iso Pfl

Backbone carbonyl C chemical shift changes Awiyr,, and Awip,, were

extracted from *CO SQ CPMG (57) RD experiments recorded on the same samples used
for measuring dwcor (see above) at 20°C. For enhanced accuracy, the “CO SQ RD
profiles were fit together with additional "N SQ CW CPMG (53) experiments recorded on
the same samples at 500 MHz. Backbone carbonyl >C RCSAs for the intermediate were
then calculated (78) according to

_ Pfl iso
é"ﬁjco,l = 6wco,F TATW o p, — AmCO,F—)I

with an uncertainty of

(0, )= (6000, ) +Sawrn,  F +cawis, )

The measured values for dwco range from -240 ppb £ 53 ppb to +232 ppb + 32 ppb. Dnui
RDCs and dwco1 RCSAs reconstructed for the intermediate state of the A39V/N53P/V55L
Fyn SH3 have been deposited with the PDB (access code: 2L2P).

Unlike RDCs and RCSAs for the native state, which can be measured with very
high precision, RDCs and RCSAs for the intermediate carry substantial experimental
uncertainties. Quality factors (79) quantifying the agreement of RDCs back-calculated from

structures calculated for the intermediate, DYy, with the experimental RDCs were
therefore adjusted by the estimated uncertainties according to
-\ \2
Z(ANH,I(I))

Q.. = |[&——— with

z (D NH,I (1 ))2

A (i)= 0 if ‘DNH,I(i)_D;\?II{C,I(i)( < S(DNH,I (1))
s ‘DNH,I (i)- D, (1X - s(DNHI (1)) otherwise

where the summation extends over all measured RDCs; an analogous equation was used for
RCSAs.




Structure calculation of the native state

An initial structural model for the native state of the A39V/N53P/V55L Fyn SH3
domain was created on the basis of the crystal structure of N53I/V55L Fyn SH3 (PDB
3CQT; 20). That the N53I/V55L Fyn SH3 crystal structure is a valid model for the
A39V/N53P/V55L Fyn SH3 native state is established by the fact that experimental Dy r
values agree with those predicted from this model to a quality factor (79) of Q = 30.3% in
Pfl (Q = 31.6% in PEG/hexanol), with a Q factor of 39.9% for measured d®cor values.
Thus, the native backbone conformation is virtually identical in solution and unaffected by
the two side-chain mutations. To elucidate any structural differences in detail we calculated
the solution structure of the native A39V/N53P/V55L Fyn SH3 domain from NMR-
spectroscopic experimental restraints. To this end, '"H-'"H distance restraints were derived
from the peak list of a ['H, "N]-NOESY-HSQC spectrum (36; 150 ms mixing time)
recorded at 20°C on a sample of 0.7 mM [U-""N] A39V/N53P/V55L Fyn SH3 using the
CHESHIRE-YAPP protocol ﬁ80), which is guided by the structural information inherent in
the experimental 'H, °C and '°N backbone chemical shifts.

CHESHIRE consists of a three-phase computational procedure (87). In the first
phase, the chemical shifts and the intrinsic secondary structure propensities of amino acid
triplets are used to predict the secondary structure of the protein. In the second phase, the
secondary structure predictions and the chemical shifts are used to predict backbone torsion
angle restraints for the protein. These angles are screened against a database to create a
library of trial conformations of three and nine residue fragments spanning the sequence of
the protein. In the third phase, a molecular fragment replacement strategy is used to
assemble these fragments into low-resolution structural models guided by the information
provided by chemical shifts. The resulting structures are refined with a hybrid molecular
dynamics and Monte Carlo conformational search using a scoring function defined by: (1)
the agreement between experimental and calculated chemical shifts, and (2) the energy of a
molecular mechanics force field. This scoring function ensures that a structure is associated
with a low CHESHIRE score only if it has a low value of the molecular mechanics energy
and is highly consistent with experimental chemical shifts. 50,000 structures were
generated using this method.

The CHESHIRE-YAPP protocol uses the best scoring 500-1000 high-resolution
structures generated by CHESHIRE to select compatible NOEs from the unassigned
NOESY peak lists in an iterative fashion. In the first step, atoms are assigned to each
spectral dimension using a chemical shift tolerance of 0.03 ppm for 'H and 0.3 ppm for °N.
Then, chemical shift-based assignments that are violated by more than 2.0 A in 50 or more
of the best 500 CHESHIRE structures are removed. The remaining restraints are used to
refine the best scoring 100 CHESHIRE structures. The last two steps are repeated four
times with decreasing violation thresholds of 1.5, 1.0, 0.5, and 0.2 A. In order to check the
consistency of the remaining NOE distance restraints, they were used in combination with
backbone torsion dihedral angle restraints derived from chemical shifts using 3PRED (87)
and TALOS+ (82) to obtain a low-resolution structure with a backbone RMSD of
approximately 2 A from the initial model based on the crystal structure of the N531/V55L
Fyn SH3 domain (see above). These calculations were performed by torsion angle
molecular dynamics in almost 1.0.4 (A. C.; http://www-almost.ch.cam.ac.uk/site) with the
ParallHDG force field (83) and harmonic NOE distance restraints. The approach described



above generates a set of consistent restraints that are subsequently used in a refinement
protocol to generate high-resolution structural models, as described below.

The resulting NOE distance restraints, supplemented with several additional NOE
distance restraints assigned manually from the ['H, "N]-NOESY-HSQC spectrum, were
used together with the backbone torsion dihedral angle restraints and the experimental
Dnir RDC restraints to refine the initial model based on the crystal structure of N53I/V55L
Fyn SH3 (see above). The initial model was subjected to an initial 1000 steps of steepest-
descent minimization of the total target function, consisting of the AMBERO3 force-field
(84) with a generalized Born implicit solvation model (85) and backbone dihedral angle
restraints from chemical shifts, supplemented with harmonic potentials for the NOE
distance restraints and the RDC restraints (86, 87). This energy-minimized model was used
as a starting structure for generating 1000 structures by 10,000 integration steps of torsion
angle molecular dynamics simulated annealing from 350 K to 300 K in a/most 1.0.4 (A.
C.), followed by 2000 steps of steepest-decent minimization. The 10 best structures out of
the 1000 structures generated were selected for further analysis. As expected, the agreement
with the Dy r improves further to Q = 18.9% (average) + 0.7% (standard deviation) in Pfl
(Q=19.8% £ 0.7% in PEG/hexanol) and the agreement with the measured d@co r (not used
in the structure calculation) is only very marginally affected (Q = 41.9% =+ 1.7%). This final
ensemble of 10 structures describing the native A39V/N53P/V55L Fyn SH3 domain (Fig.
S2, Tab. S1) is well-defined and virtually identical to the initial model based on the crystal
structure of N53I/V55L Fyn SH3 (see above) with RMSDs of 0.78 A (average) + 0.07 A
(standard deviation) for the backbone and 1.16 A + 0.10 A for all heavy atoms (for residues
2 to 59). The most significant difference is the solvent-exposed side-chain of Thr47, which
preferentially populates the gauche” rotamer in solution rather than the gauche rotamer
found in the crystal, as we have noted previously (22).

Structure calculation of the intermediate state

The chemical shift differences, Awx 1, for the RT-src loop and the central B-sheet
(strands B, B3, B4) are very small (Fig. S5A), indicating the absence of any major structural
rearrangements between the native and intermediate states in these regions. Thus, the
conformational sampling required for structure calculation of I is limited to topologies close
to the native state. We have demonstrated previously that in such cases correct atomic-
resolution structures of satisfactory quality can be obtained from backbone chemical shifts
as the only experimental restraints using chemical shift restrained molecular dynamics (CS-
MD) simulations starting from partially unfolded structures (24). In this approach chemical
shifts are implemented as restraints in a molecular dynamics conformational search via
energy functions that penalize differences between experimental and calculated chemical
shifts, in a manner analogous to conventional NMR structure calculations. Additional NMR
restraints such as RDCs and RCSAs are readily incorporated using standard algorithms.
Accordingly, the high-resolution structure of the folding intermediate was calculated
essentially as described previously (24) by replica-exchange molecular dynamics
simulations (Fig. S6; 88) in almost 1.0.4 (A. C.), using the AMBERO3 force-field (84) with
bond lengths and angles kept fixed by the SHAKE algorithm (89), a generalized Born
implicit solvation model (85), and CamShift 1.2 (Fig. S7; 90) chemical shift restraints
supplemented with RDC and RCSA restraints. Only chemical shifts defined to better than
0.25 ppm (for °N, *CO, *Ca) or 0.11 ppm (for 'HN, "Ha), Dny RDCs defined to better
than 7.1 Hz, and *CO RCSAs defined to better than 80 ppb were used as experimental
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restraints. RDCs and RCSAs close to zero as a result of conformational averaging in
flexible parts of the structure were also excluded from the structure calculation. RDC and
RCSA restraints were imposed via standard flat-bottom square well potentials (86, §7) with
a width equal to the experimental uncertainties and force constants of 0.020 kcal/mol/Hz’
(optimized with respect to the quality factor of RDCs set aside for cross-validation in a
similar calculation; 24) and 0.001 kcal/mol/ppb® (adjusted to generate similar energetic
penalties for RDCs and RCSAs for similar quality factors), respectively. Magnitude, D,,
and rhombicity, R, of the two molecular alignment tensors in Pfl and PEG/hexanol were
fixed to the values estimated as described above while the variable orientations of these
tensors were represented by two artificial tetra-atomic molecular coordinate systems (86).
As described above, a *CO CSA tensor with o, = -74.7 ppm, o2, = -11.8 ppm, o33 =
86.5 ppm (77), an effective N-H bond length of 1.04 A (77), and an identical molecular
alignment tensor for the BCO RCSAs as for the Dnu RDCs in Pf1 but with 43% higher
magnitude D, were assumed.

The initial model of the native state of A39V/N53P/V55L Fyn SH3 created on the
basis of the crystal structure of the N531/V55L Fyn SH3 (see above) was partially unfolded
by 100 ps torsion angle molecular dynamics at 10,000 K with a time step of 20 fs (24) in
almost 1.0.4 (A. C.) using the AMBERO3 force-field (84). A structure with a backbone
RMSD of 5.37 A (for residues 2 to 59) to the native state was randomly selected from the
denaturing trajectory as a starting structure for the CS-MD simulations (Figs. S6, S7).
Several additional structures randomly selected from the trajectory were used for control
CS-MD simulations to establish that the results are robust with respect to the choice of
initial conditions. Starting structures were subjected to 4 ns replica-exchange CS-MD
simulations (initially without RDC and RCSA restraints) with swap attempts between the
21 replicas spanning temperatures from 270 K to 515 K every 6 ps (24). Snapshots of the
lowest-temperature replica were saved every 0.6 ps. Each structure from this ensemble of
snapshots was re-scored using a modified target function Eg = Epp + 5XEcg with five times
higher weight on the CamShift potential Ecs (Fig. S7) relative to the force-field Egr than
during the CS-MD simulation itself, which we have found to significantly improve
selection of structures that agree with the chemical shift restraints (24). The 21 structures
with lowest Eg were then used as starting structures for refinement by further 4 ns of
replica-exchange CS-MD simulations (Fig. S6) with RDC restraints Erpc and RCSA
restraints Ercsa, followed by 500 steps of steepest-descent minimization with the modified
target function Eg = Epp + 5XEcs + Erpc + Ercsa for selection of the 10 best structures
from the lowest-temperature replica for further analysis, and 5000 steps of steepest-descent
minimization without chemical shift restraints to relax any minor local distortions that can
occur around aromatic rings when the CamShift potential is weighted very strongly.
Structural statistics were evaluated using NIH version 2.25 (97) of X-PLOR 3.851 (92) and
PROCHECK-NMR 3.5.4 (93).

As a positive control we tested this structure calculation protocol on the native state
first. Even before refinement with RDC and RCSA restraints the CS-MD simulations with
the native state chemical shifts produced a cluster of 21 structures with backbone RMSDs
of only 1.30 A (average) = 0.12 A (standard deviation) (for residues 2 to 59) from the initial
model and 1.30 A £ 0.12 A from the average solution structure of the native state of
A39V/N53P/V55L Fyn SH3 (Fig. S8A), but with only poor agreement with the Dy r (Q =
50.6% =+ 5.6% in Pfl and Q = 53.9% =+ 6.4% in PEG/hexanol) and dwcor (Q = 67.0% =+
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6.3%). Refinement with the native state RDC and RCSA restraints followed by energy
minimizations as described above improved the agreement of the resulting ensemble of 10
structures with the Dngp to Q =22.2% + 2.1% in Pf1 (Q = 22.1% + 1.6% in PEG/hexanol)
and with the dwcor to Q = 27.4% + 2.7%. These quality factors are typical for the target
function used in our CS-MD protocol (24). Inclusion of the RDC and RCSA restraints also
further improved the accuracy of the structures, to backbone RMSDs of 0.76 A = 0.11 A
(for residues 2 to 59) from the initial model and 0.75 A = 0.10 A from the average solution
structure of the native state.

By contrast, initial CS-MD simulations with the intermediate state chemical shifts
extracted from CPMG RD profiles, while still sampling native-like structures (backbone
RMSD around 1.3 A from the native state) extensively, preferentially sample a
substantially different backbone conformation approximately 3.5 A away from the native
state (Fig. S8A). Notably, these conformations are favored by the chemical shift penalty
function Ecs - especially for the amide proton chemical shifts (Fig. S8B), which are
particularly sensitive to tertiary interactions such as hydrogen bonds and ring-current shifts
- whereas the force-field Err favors native-like conformations. These initial structures
already exhibit all the essential structural features of the intermediate discussed below. In
particular, the COOH-terminal strand s is not yet formed in the folding intermediate. In
fact, the chemical shifts indicate virtually complete flexibility of Pro57 to Asp59 with little
or no detectable structure in the intermediate (Fig. S5B). Exclusion of any artificial tertiary
contacts of the flexible COOH-terminal residues with the structured remainder of the
domain became an — albeit minor - concern for a structure calculation protocol with a force-
field that includes attractive long-range interactions such as AMBERO3. To this end all
further structure calculations for the folding intermediate were carried out on a truncated
construct comprising residues 1 to 56 only; in addition, any artificial electrostatic
interactions in silico involving the terminal NH;" and COO™ groups were excluded by
addition of acetyl (PDB hetero-compound ACE) and N-methylamide (NME) protection
groups, respectively.

For this truncated construct, CS-MD simulations with the intermediate state
chemical shifts generate an energy landscape funneled to a cluster of 10 structures with
backbone RMSDs of 1.37 A + 0.17 A (for residues 2 to 55) from the initial model and
134A + 021 A from the average solution structure of the native state of the
A39V/N53P/V55L Fyn SH3 (Fig. S8C); note that the backbone RMSDs between
intermediate and native states are smaller for the truncated construct as most of the
backbone variability in the full-length construct derives from the COOH-terminal region.
As in the case of the control calculations for the native state (see above) the agreement with
the D (Qerr = 50.6% £ 5.9% in Pfl and Qerr = 80.6% =+ 5.3% in PEG/hexanol) and 0®co
(Qerr = 60.0% =+ 6.4%) is still poor. The 21 structures with lowest Eg were further refined
by replica-exchange CS-MD with RDC and RCSA restraints as described above, resulting
in an even narrower energy landscape (Fig. S8D). After energy minimizations as described
above we obtained a final set of 10 well-defined structures (Fig. 1A, Tab. S2) with
backbone RMSDs of 1.17 A + 0.07 A (for residues 2 to 55) from the initial model and
1.15A = 0.06 A from the average solution structure of the native state of the
A39V/N53P/V55L Fyn SH3 and excellent agreement with the Dnpy (Qerr = 16.3% + 1.4%
in Pfl and Q¢ = 35.1% + 3.1% in PEG/hexanol) and d®wcor (Qerr = 14.7% £ 0.4%).
Together with the experimental RDC and RCSA restraints the atomic coordinates of this set
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of 10 structures of the folding intermediate of the A39V/N53P/V55L Fyn SH3 have been
deposited with the PDB (access code: 2L2P).
H/D exchange NMR experiments

The structures calculated for the folding intermediate are consistent with all the
experimental data but nevertheless we decided to seek independent verification. In light of
the sparse number of experimental restraints, setting aside the Dny; values measured in
PEG/hexanol for cross-validation was not considered to be an attractive option because
even highly precise Dyg RDC restraints in one alignment medium often do not carry
enough information for insightful cross-validation (94, 95) and the Dxu; RDCs extracted
from CPMG RD profiles have elevated experimental uncertainties. Measurement of
additional RDCs, such as Dnco or Degpg, using suitable CPMG experiments was hampered
by the relatively low equilibrium population of the intermediate (p; = 2%). However,
knowledge of the kinetics and thermodynamics of the three-state folding equilibrium
Fo 1o U (19) and of the high-resolution structures and hence the hydrogen bond
networks of both F and I (calculated from CPMG RD profiles, see above) allows
quantitative prediction of the H/D exchange kinetics (23, 96-97), which is readily testable
under suitable experimental conditions.

To this end, a sample of 500 ul 1.1 mM [1-"*C-glc;U-""N] A39V/N53P/V55L Fyn
SH3 was buffer-exchanged into 0.2 mM EDTA, 50 mM sodium phosphate (pH 6.0) in
H,0/D,0 (9:1). This pH value, one unit lower than in the other experiments, was chosen to
enable quantification of exchange rates that would otherwise be too rapid. An "N SQ CW
CPMG (53) RD experiment was recorded at 20°C (500 MHz) to verify that the pH change
has virtually no influence on the kinetics and thermodynamics of the F <> I equilibrium nor
on the chemical shifts of either of the two exchanging states. Thus the structures of F and I
are invariant to pH over this range. The sample was freeze-dried, dissolved in D,O and a
series of ['H, "N]-HSQCs was recorded over 13h at 15°C (500 MHz). Resonance
intensities were quantified by three-way decomposition using MUNIN (59, 60) and the net
H/D exchange rates k¢x determined by exponential fitting (97). Intrinsic (unprotected) H/D
exchange rates ki, for these experimental conditions were predicted from the amino acid
sequence (98) using the SPHERE server (http://www.fccc.edu/research/labs/roder/sphere)
and are of the order of magnitude of 1/min to 10/min. On this time-scale the
folding/unfolding reaction F <> I <> U is always in full equilibrium because it rapidly
equilibrates within milliseconds (/9) so the observed net H/D exchange rate in this limit
(EX2) is the population-weighted average over the states involved (23):

kex = pr ke + p1 ki + pu Kine

where kr and k; are the direct H/D exchange rates from F and I, respectively, U is assumed
to be completely unstructured (/9) and hence ky = kin, and neglecting any back-exchange
due to residual solvent protonation. The calculated net protection factor PF therefore
follows

1/PF = Kex/kint = pe/PE(F) + p/PF(I) + pu
where PF(F) = kin/kr and PF(I) = kin/k; are the structural protection factors (99) that report
on the hydrogen bond networks of F and I, respectively. From the CPMG RD experiments
recorded in D,O (see above) we obtain the relative populations of F and I under the given

experimental conditions to be pr = 98.6% and p; = 1.4%, respectively, and the relative
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population of the unfolded state can be extrapolated from the known thermodynamics of
the folding equilibrium (/9) to puy = 0.04%.

Because all these quantities are positive the exchange rates and protection factors
have to satisfy several inequalities. First, kex > pr kg = pp/PF(F)Xkin = 0.986/PF(F)*kin so
amide protons without significant protection in the native state (PF(F) = 1) exchange on the
time-scale of kiy and only protected amide protons are observable beyond the experimental
dead time of a few minutes; the results of the H/D exchange experiment can therefore be
color-coded onto the hydrogen bond network of the native state (Fig. S9). Second, PF <
1/puy = 2500 is an estimate for the upper bound on the net protection factors. Third, any
given net protection factor PF implies a lower bound for the protection in the intermediate
according to PF(I) > pixPF > 0.014xPF. In practice, structural protection factors are
typically highly polarized, with PE(X) > 10° for amide groups protected by stable hydrogen
bonds (note that local fluctuations causing some “fraying out” of the apparent hydrogen
bond stabilities — 1. e., decreased protection factors - at the termini of regular secondary
structure elements are not uncommon; /00) in state X or PF(X) < 5 for residues not
involved in hydrogen bonds (97). Therefore, the net protection factors are predicted to be
either PF = 1/py = 2500 for amide groups already involved in stable hydrogen bonds in the
folding intermediate (PF(F) = PF(I) = ) or PF = 1/p; ® 70 for amide groups whose
hydrogen bonds form after the folding intermediate (PF(F) = oo, PF(I) = 1). This is indeed
the pattern that is observed experimentally (Fig. S9), thus corroborating the atomic-
resolution structure of the folding intermediate calculated from CPMG RD profiles.

CD spectroscopy

For CD spectroscopy, samples were diluted to about 30 uM.
A39V/N53P/V55L/A(57-60) Fyn SH3 aggregates were separated from the monomeric SH3
domain (supernatant) by ultracentrifugation. CD spectra from 185 nm to 290 nm were
recorded in 0.04 mM EDTA, 10 mM sodium phosphate (pH 7.0) on a Jasco J-810
Spectropolarimeter using a step width of 0.2 nm, a band width of 1 nm, and a scanning
speed of 50 nm/min in cuvettes with a light path of 1 mm (Hellma, Miillheim, Germany) at
room temperature. To increase the signal to noise ratio 10 scans were accumulated. The
residue ellipticity ®pvrw was calculated from the measured ellipticity ® according to Oyrw
= @/c/d/N, where c denotes the protein concentration, d the light path, and N the number of
peptide bonds. A thermal unfolding profile (Fig. S10) was obtained by monitoring changes
in ellipticity at 220 nm of a sample consisting of 32.7 uM A39V/N53P/V55L/A(57-60) Fyn
SH3 domain, 0.2 mM EDTA, 50 mM sodium phosphate (pH 7.0) in H,O on an Aviv 202
CD spectrometer (Aviv Biomedical, Lakewood, NJ, USA) and analyzed as described
previously (22, 35).

Electron microscopy

Samples to be analyzed by transmission electron microscopy (TEM) were deposited
on fresh continuous carbon films prepared from copper rhodium grids (Electron
Microscopy Sciences (EMS), Hatfield, PA, USA). Grids were charged using a glow
discharger (EMS) for 15 s at 30 mA negative discharge before the addition of samples.
Protein solutions were diluted 1000-fold and were allowed to adsorb to the grids for 2
minutes. The solution was then blotted away from the grid using Whatman No. 2 filter
paper. Samples were washed in a 10 ul drop of water, then stained twice with 10 ul drops
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of freshly filtered 2% uranyl acetate, with blotting between and after staining. Negative
stain TEM images were obtained using a JEOL JEM-1011 microscope operating at 80 kV.
Congo red assay

Congo red binding assays were carried out using a modified protocol described by
Klunk et al. (101). A fresh stock of 35 mM Congo red (Sigma-Aldrich) solution was
prepared in 0.04 mM EDTA, 10 mM sodium phosphate buffer (pH 7.0). This stock was
diluted to 20 uM in 250 ul aliquots containing this buffer alone or SH3 domain mutants in
this buffer, incubated for 30 minutes at room temperature, transferred into a clean quartz
cuvette with a 1 cm light path, and tested for the spectrophotometric hyperchromicity and
red shift of the major absorbance band of Congo red around 500 nm typical for amyloid
fibril binding (101, 102). This was achieved by comparing the absorption spectra, recorded
from 240 nm to 600 nm on a Biochrom Ultrospec 2100 pro spectrophotometer at room
temperature, in the absence and presence of SH3 domain mutants.
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Supporting Tables

Table S1. Summary of the structure calculation of the A39V/N53P/V55L Fyn SH3 domain
native state. Except for the experimental restraints and Ramachandran plot statistics all
values are averages over the 10 accepted structures in the form average value + standard
deviation.

Experimental restraints used for the structure calculation

Intraresidual NOEs 116
Interresidual NOEs
Sequential 176
Medium-range 42
Long-range 82
Dihedral angle restraints 73
Residual dipolar coupling (RDC) restraints
DNH,F in Pf1 54
Dyur in PEG/hexanol 53

Molecular dynamics simulation statistics

Energies / kcal/mol

Total -2572+ 13

Bond lengths 244+ 0.2

Bond angles 95.6+1.2

Dihedral angles and dihedral angle restraints 4715+ 14

Improper angles 2.57+0.14

Electrostatic interactions -1344 + 33

Van der Waals interactions -283.6+2.3

Solvation -1558 £ 15

Distance restraints 0.26 £0.02

Residual dipolar coupling (RDC) restraints 20.1 £ 1.6
RMSDs from RDC restraints” / Hz

Dygr in Pf1 2.41£0.09 (2.25+£0.09)

Dnur in PEG/hexanol 2.84+£0.10 (2.70 £ 0.10)
Ramachandran plot statistics according to PROCHECK-NMR 3.5.4 (93)

Residues in most favored regions 98.0%

Residues in additional allowed regions 2.0%

Residues in generously allowed regions 0.0%

Residues in disallowed regions 0.0%

Atomic RMSDs from the average structure
Backbone / A Heavy atoms / A
Well-ordered part of structure” 0.28 £0.07 0.47+0.10
Comparison with the initial model of the native state
Backbone / A Heavy atoms / A

Well-ordered part of structure” 0.78 £0.07 1.16+0.10

* Values in parentheses were calculated from Ayyr values adjusted by the experimental uncertainties
as described above and in analogous manner for RCSA restraints.
® Residues 2-59.
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Table S2. Summary of the structure calculation of the A39V/N53P/V55L Fyn SH3 domain
folding intermediate. Except for the experimental restraints and Ramachandran plot
statistics all values are averages over the 10 accepted structures in the form average value +
standard deviation.

Experimental restraints used for the structure calculation
Chemical shift restraints

PN 48

'HN 48

PCo 45

Beg, 38

"Ha, 32
Residual dipolar coupling (RDC) restraints

DNH.I in Pf1 44

Dyp; in PEG/hexanol 42
Residual chemical shift anisotropy (RCSA) restraints

Smco I in Pfl 31

Chemical shift restrained molecular dynamics simulation statistics
Energies / kcal/mol

Total -1543 £ 4

Bond lengths 177+ 7

Dihedral angles 495+ 6

Improper angles 7.4+0.7

Electrostatic interactions -1170 £ 120

Van der Waals interactions -261+9

Solvation -830+£120

CamShift restraints 10.8+0.9

Residual dipolar coupling (RDC) restraints 19.1£1.6

Residual chemical shift anisotropy (RCSA) restraints 74+04
RMSDs from RDC restraints® / Hz

Dy, in Pfl 448 +£0.27 (2.53£0.22)

Dyn, in PEG/hexanol 6.49 + 0.36 (4.00 £ 0.35)
RMSDs from RCSA restraints® / ppb

S®wco, in Pfl 49.5+£9.6 (15.5+£0.4)
Ramachandran plot statistics according to PROCHECK-NMR 3.5.4 (93)

Residues in most favored regions 89.4%

Residues in additional allowed regions 9.0%

Residues in generously allowed regions 1.7%

Residues in disallowed regions 0.0%

Atomic RMSDs from the average structure
Backbone / A Heavy atoms / A
Well-ordered part of structure” 0.59+0.17 1.12+£0.23
Comparison with the average structure of the native state
Backbone / A Heavy atoms / A

Well-ordered part of structure” 1.15+0.06 2.02 +£0.21

* Values in parentheses were calculated from Ayy; values adjusted by the experimental uncertainties
as described above and in analogous manner for RCSA restraints.
® Residues 2-55.

14



Supporting Figures

A — Fig. S1. Basic principles of CPMG RD NMR
spectroscopy. (A) One-dimensional (highly
schematized) free energy landscape of a “generic”
protein showing a ground state conformation along
with a low-lying excited state conformation that is
thermally accessible via a low free energy barrier. If
the states are populated to > 0.5% in equilibrium and
interconvert on a time-scale of approximately 100 to
2000/s the exchanging system is readily amenable to
study by CPMG RD NMR spectroscopy (/6). In the
case of the A39V/N53P/V55L Fyn SH3 domain
studied in this work the exchange “reaction” is well
approximated by a two-state interconversion between
the native ground state N and an excited folding
intermediate [

Energy

4

—La,
NC
VepPMG — 500 Hz . IF
TITTTTTITTITTTTTTTITTTTTTIITTITTI with an exchange rate, kexr = ke + kip = 836/s £ 4/s,
D and a fractional population of I, pr = 1.98% + 0.01%, at

phase evolution of magnetization

20°C (see above). The A39V/N53P/V55L mutant was
i -— chosen because kexrr and pr are well within the
window of the CPMG technique, in contrast to the
wild-type (wt) protein (20); the N53P mutation
increases the populations of the minor conformers
E (unfolded and intermediate states) relative to the wt
CE-X-X-X-X-X-) (20), while A39V/V55L speeds up folding by an order
F of magnitude (/03). (B) In CPMG RD NMR
spectroscopy, a series of experiments are performed in
which variable numbers of refocusing pulses are
applied to magnetization as it evolves under the
influence of chemical shift that varies stochastically
7000 due to the exchange process. The effect of the pulses,

applied at the times denoted by the vertical bars above
each plot, is illustrated schematically in (B)-(D), as a function of vcpmg = 1/(27), where 1 is
the time between successive refocusing pulses. In these figures signal phase is plotted as a
function of time so that the chemical shift is the slope. Each of the refocusing pulses inverts
the signal phase. Note that in the absence of exchange, chemical shift is completely
refocused by the action of each of the pulses, restoring the phase of the magnetization to its
initial value. By contrast, the sets of colored traces correspond to signals from nuclei
undergoing exchange between two different environments associated with two different
chemical shifts, as would be the case for the exchanging system illustrated in (A). Due to
the stochastic fluctuations in chemical shift (slope), each nucleus follows a slightly
different trajectory, leading to dephasing of the magnetization, (B), peaks with low
intensity in NMR spectra, and correspondingly large effective transverse relaxation rates,
Resr. As the number of refocusing pulses is increased, the trajectories are prevented from

VePMG = 1000 Hz
0 t/ ms 40

Reff

0 vepmg / HZ
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deviating greatly from the initial position (C, D) so that dephasing is suppressed and peak
intensities increase (E), corresponding to smaller values of Re. In this work CPMG RD
profiles are presented, Res versus vepmc (F). The shapes of the resultant RD profiles (F)
depend on the populations of the interconverting states, rates of exchange, and the
difference in resonance positions (chemical shifts) for nuclei in each of the exchanging
conformations. Experiments can be performed either in isotropic media (“normal” buffer)
such that the probability of each molecular orientation is equal or in media that impart a
small degree of solute alignment (typically 0.1%; /04) such that certain orientations are
preferred (54). In the former case differences in resonance positions (Av in Hz,
corresponding to Am in ppm) are related directly to the chemical shift differences between
ground and excited states, from which chemical shifts of the excited state are calculated
directly (68). When experiments are performed under condition of fractional alignment the
differences in resonance positions correspond to Av + 0.5xAD, where AD is the difference
in residual dipolar couplings in the interconverting pair of states. As described in detail
previously it thus becomes possible to extract residual dipolar couplings of spin pairs (such
as amide ’N-'HN) in the excited state (54). In summary, fits of CPMG RD data provide
thermodynamic and kinetic information for the exchange reaction, as well as structural
information for the exchanging states, even in cases where the excited states are populated
so marginally that only the dominant conformer is directly observable in NMR spectra, as
in the study presented here (Fig. S3). Additional details can be found in the literature (75,
16, 105, 106). Figure adapted from references (106, 107).
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RT-Src loop

Fig. S2. Structure of the native state. (A) Backbone overlay of the 10 lowest-energy
structures of the native A39V/N53P/V55L Fyn SH3 domain from Serl to Asp59 (Tab. S1).
(B) Schematic representation of the lowest-energy solution structure of the native state
(orange). Same view as in Fig. 1A, B.
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Fig. S3. ['H, "N]-HSQC spectrum of (A) the native [U-"H,"’N] A39V/N53P/V55L Fyn
SH3 domain recorded at 800 MHz and of (B) the folding intermediate of [U-’H,'°N]
A39V/N53P/V55L Fyn SH3 reconstructed from Awnro1 and Ampnrr values extracted
from the backbone amide CPMG RD data (Fig. S4) at 20°C. Amide proton resonances are
labeled according to their residue numbers. The spectrum of the intermediate shows good
chemical shift dispersion and several backbone amide resonances, e. g. Glu5 (magenta),
shift dramatically compared to the native state, consistent with the fact that the intermediate
adopts a non-native but overall well-defined conformation.
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relaxation rates Resr as a function of CPMG frequency vepymg for Tyr8 of suitably isotope-
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enriched A39V/N53P/V55L Fyn SH3 measured at 800 MHz (circles) and 500 or 600 MHz
(squares) at 20°C. Continuous lines are the RD profiles predicted using parameters
generated from fitting all RD data available for any given sample together as described in
the Materials and Methods section. For enhanced accuracy the 'Ho SQ RD profiles
recorded with refocusing elements B (green) and C (magenta) in Fig. 2 of ref. (33) were
also fit together. (F) As highlighted by the arrows, weak alignment by addition of 24 mg/ml
Pfl causes a difference in exchange contributions to N TROSY (red) and AntiTROSY
(blue) relaxation rates Res(vepma) (94) of Tyr8 due to the change in backbone amide RDCs
between native and intermediate states, ADnur—1 = +23.1 Hz £ 3.2 Hz. Dashed horizontal
lines indicate the value predicted for Rer(1000 Hz) as an approximation for the intrinsic
relaxation rate. The exchange contribution to the ’N CW SQ CPMG RD profile (green) is
between the contributions to the '’N TROSY and AntiTROSY curves.
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Fig. S5. (A) Backbone chemical shift differences between native and intermediate states
normalized with respect to nucleus-specific variations in chemical shifts for each residue
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where the summation extends over all experimentally determined backbone chemical shift
differences (N < 5) for any given sequence position (/7). Large differences are localized
primarily to a region including the proximal NH,- and COOH-termini comprising strands

B and Bs, consistent with the rest of the domain essentially retaining a native-like backbone
conformation in the intermediate state. (B) Backbone order parameters predicted from the
Random Coil Index (RCI), S;, for the native (black) and intermediate (red) states of

A39V/N53P/V55L Fyn SH3, calculated using the RCI Webserver with the default
parameters (/08). The dashed horizontal line indicates the cutoff of 0.5 used by TALOS+

Normalized Chemical Shift Difference

RCI
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(82) to identify highly dynamic protein segments. Unlike in the native state, the backbone
chemical shifts of Pro57 to Asp59 in the intermediate are very close to random coil values

(109), leading to very low S;. values. The regular secondary structure elements of the
native A39V/N53P/V55L Fyn SH3 domain are indicated above the figure.
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Fig. S6. Schematic illustration of the replica-exchange protocol that has been used to
perform molecular dynamics simulations with chemical shift restraints (CamShift-MD). In
this protocol chemical shifts are implemented as restraints to bias the molecular dynamics
trajectory towards structures that are maximally compatible with the experimentally
measured chemical shifts, in a manner similar to the use of NOE restraints in conventional
NMR structure calculations (Fig. S7; 24). Chemical shift restrained molecular dynamics
(CS-MD) conformational searches are implemented using the replica-exchange algorithm
(88) to enable a more thorough sampling of accessible conformational space. In this
approach, multiple independent CS-MD simulations are run at different temperatures (21
temperatures, ranging from 270 K to 515 K, in this investigation). At a designated time
interval At (6 ps in this investigation) replica swaps are attempted between the structures
currently sampled by simulations running at adjacent temperatures. Before a replica swap
attempt, the energies of the structures being considered for the swap are evaluated. The
energy E, of a structure sampled at a temperature T, consists of a molecular mechanics
force-field energy term (Epr) and an additional chemical shift penalty term (Ecs), which
penalizes deviations from the experimentally measured chemical shifts (Fig. S7). The
differences between the energies of structures, normalized by the temperatures of their
respective CS-MD simulations, dictate the probability that a swap attempt is successful. For
structures sampled at temperatures T; and Ty and with energies E; and Ey, respectively, the
swap is accepted if (E; - Ex)x(1/(kgTx) - 1/(kgT;)) < 0, where kg is the Boltzmann constant.
If (E;- Ex)*x(1/(kgTx) - 1/(kgT;i)) > 0 the swap is accepted with a probability equal to
exp(-(E; - Ex)x(1/(kgTx) - 1/(kgTi))). If a swap attempt is accepted the structures are
switched such that the structure previously sampled at temperature T; will now be sampled
at Ty and vice versa. If the swap attempt is rejected, the structures remain at their initial
temperatures. As the sampling progresses, structures with the most favorable force-field
energies and smallest chemical shift restraint penalties will preferentially be sampled at the
lowest temperature T,y and structures with unfavorable force-field energies and large
chemical shift penalties are sampled at higher temperatures, where they are more likely to
undergo the large conformational adjustments necessary to improve their energies.
Structures sampled at T,y are saved at regular intervals (0.6 ps) throughout the simulations
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and after a designated sampling time the lowest-energy structures sampled at T}, are taken
as the final structures.
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Fig. S7. Principle of the CamShift-MD protocol to perform molecular dynamics
simulations with chemical shift restraints. (A) Chemical shifts are calculated from a given
structure through the CamShift method based on differentiable functions that depend on
interatomic distances (90). To calculate a chemical shift 0.y for a given backbone query
atom on residue 1 in a protein CamShift considers distances from the query atom to the
backbone atoms of the neighboring residues i-1 and i+1, distances from the query atom to
the side-chain atoms of residue i, distances to all non-bonded atoms within a 5 A radius
sphere originating from the query atom, a set of additional distances between atom pairs in
residues i-1, 1, and i+1 not involving the query atom (as depicted in A) and additional semi-
empirical terms to capture the effects of aromatic ring currents and hydrogen bonds. For
each pair of atoms a and b considered, the value of the interatomic distance d,, makes a
contribution to d.,c based on the parameters o, and Pap,, which have been optimally fit
from a database of structures and shifts for each pair of atoms considered in the
calculations. The sum of these contributions is added to the random coil chemical shift dc,;
and combined with additional contributions from ring current effects and hydrogen bonds.
(B) Illustration of the function used to convert CamShift backbone chemical shift
calculations to an energetic penalty used to restrain molecular dynamics conformational
searches (24). At each step in a molecular dynamics conformational search an energetic
penalty contribution Ej; is calculated for each backbone atom for which an experimental
chemical shift is available. The sum of these energetic penalties, Ecs, represents how well
the current structure of the molecular dynamics conformational search agrees with the
experimental chemical shifts. Differences between CamShift calculated chemical shifts,
dcale, and experimental chemical shifts, .y, are converted into forces which drive the
molecular dynamics conformational search towards structures in better agreement with
experimental chemical shifts. Force vectors are generated between all atom pairs a and b
used as inputs in the CamShift calculation of 3¢, by evaluating the gradient of the chemical
shift penalty function Ecs with respect to the Cartesian coordinates of a and b. This has the
effect of pushing atom pairs apart or pulling atom pairs together in such a way that drives

the values of Ocaic closer to 8.y and lowers the energetic penalties Ecs. Figures adopted
from (24, 90).

25



— _1100 T T T T T T — 60 T T T T
E 1150 1 £ sof B ]
© 8 R . ]
£ 1200+ 1 £ 40t
%1250 1z 30t
W T
{) -1300 o 1% 20
b 1350 - ~ 1 w10
w e
023 4 5 6 71 _ 9%
RMSD(2..59) / A 2
£
B -1000 T T T T T g —900 T T T T T
£ 1050t ¢ . 1 & -9501 D .
® ’ s
¢ 1100} o 1 g-1000f . 1
%1150 1 o-1050F A -
L r o) ; ]
X -1200F 1 JF-1100+ : :
L
L 12501 1 g-1150¢ .
w _1300 1 1 1 1 1 1 LE _1200 L 1 1 1 1 1 ]
0 1 2 3 4 5 6 719 o 1 2 3 4 5 6 7
RMSD(2..55) / A w RMSD(2..55) / A
11]

Fig. S8. (A) Comparison of the energy landscapes of the structures generated in the lowest-
temperature replica of CS-MD simulations with native (black) and intermediate (red) state
chemical shifts as a function of the backbone RMSD for residues 2 to 59 from the initial X-
ray crystallography model of the native state (see above), which was used as a reference
during the structure calculations (backbone RMSDs from the average solution structure of
the native state are almost identical, see text). A cluster close to the native state is sampled
extensively in both CS-MD simulations but favored by the target function Es = Epp +
5xEcs only in the positive control based on the native state chemical shifts. In contrast, the
CS-MD simulations with the intermediate state chemical shifts favor a substantially
different backbone conformation approximately 3.5 A away. (B) The energy landscape for
the same structures generated with intermediate state chemical shifts re-scored using only
the CamShift penalty function for amide protons demonstrates that only the latter
conformation is fully consistent with the amide proton chemical shifts of the intermediate
state. (C) Energy landscape of the structures generated in the lowest-temperature replica of
CS-MD simulations using the intermediate state chemical shifts as input as a function of
the backbone RMSD for residues 2 to 55 from the X-ray crystallography model of the
native state. The flexible COOH-terminal residues were excluded from the simulations.
Note that the backbone RMSDs from the native state calculated for this shorter construct
are smaller (=1.5 A vs. 3.5 A, compare with A) because most of the backbone variability
between intermediate and native state is located in the COOH-terminal region. (D)
Refinement CS-MD simulations with intermediate state chemical shifts, Dyg RDCs, and
BCO RCSAs narrow this energy landscape further (compare D with C), thereby yielding a
set of well-defined structures representing the intermediate state at atomic resolution (Fig.
1A).
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Fig. S9. Backbone hydrogen bond network of the native A39V/N53P/V55L Fyn SH3
domain with amide protons color-coded according to the net protection factors PF
measured in H/D exchange NMR experiments. As described in detail under the section
“H/D exchange NMR experiments” in Materials and Methods, the observed net H/D
exchange rate for the experimental conditions here, key, is given by the population-weighted
average
Kex = pr ke + p1 ki + pu Kint
where kr and k; are the H/D exchange rates for F and I, respectively, and we have assumed
that ky = kint (1. €., U is unstructured). The net protection factor PF can hence be written as
1/PF = Kex/kint = pe/PF(F) + p/PF(I) + py

with pr = 98.6%, p1 = 1.4% and py = 0.04%. From the above expression, net protection
factors can be calculated and subsequently compared with experiment. For example, for an
amide group in a region of structure that is well protected from exchange in both the native
and intermediate states (PF(F) = PF(I) = oo, PF(U) = 1) the net PF is given by PF = 1/py =
2500. By contrast, if there is no protection in the I state (PF(F) = oo, PF(I) = PF(U) = 1) then
the net PF = 1/(p1+pu) = 70. The predicted range of net PF values, =70-2500, is in
excellent agreement with the experimentally determined range, indicated in the first line of
the color-coding bar graph below the hydrogen bonding network. Therefore, the measured
net PF values can be used to calculate the extent of protection in the intermediate state
(assuming that PF(F) = o), which can then be compared with the structure of the
intermediate, as a means of cross-validation. As described in the text, the folding
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intermediate structure establishes that the topology of strands i, B2, B3, and B4 is native-
like, so that the net H/D exchange protection factors in this region, based on the arguments
given above, are predicted to be on the order of 2500. Notably, the experimentally
measured net PFs for amide groups in hydrogen bonds connecting strands ;-f3,, B.-f3 and
B3-B4 are =2500 (blue color-coding). By contrast, experimental net PF values for amide
groups in hydrogen bonds between strands [; and 35 are on the order of 70 (yellow/orange
colors), indicating an absence of protection in the intermediate state. This is fully consistent
with the structure of the folding intermediate, where strands ; and s do not interact.
Notably, the amide of Glu5 shows a considerably higher level of protection from exchange
than what might naively be expected given that it is part of strand ;. However, although
strands B; and s are not hydrogen bonded in the intermediate, the side-chain of Phe4
changes conformation to occupy the void created by the absence of strand s and in so
doing can protect the Glu5 amide hydrogen from solvent exchange (Fig. 1D). Again, this
result is consistent with expectations based on the structure of the intermediate. The H/D

exchange results thus provide strong cross-validation of the proposed structure for the
A39V/N53P/V55L Fyn SH3 domain folding intermediate.
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Fig. S10. Thermal unfolding profile of the A39V/N53P/V55L/A(57-60) Fyn SH3 domain
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Fig. S11. Comparison of the chemical shift differences between the directly visible ground
state resonances of the A39V/NS53P/V55L/A(57-60) and A39V/N53P/V55L Fyn SH3
domains (abscissa), Awx as7 = @x(A39V/NS3P/V55L/A(57-60)) — wx(A39V/N53P/V55L),
with the differences between native and intermediate states, Awxp1, of the
A39V/N53P/V55L Fyn SH3 extracted from CPMG RD experiments (ordinate) for the
following backbone nuclei: X = °N (A), 'HN (B), “Ca (C), 'Ha (D), *CO (E). The
excellent correlation demonstrates that the A39V/N53P/V55L/A(57-60) Fyn SH3 domain is
a faithful structural mimic of the folding intermediate of the A39V/N53P/V55L Fyn SH3.
The diagonals are indicated by continuous lines. Best-fit slopes, m, and intercepts, c, were
calculated by linear regression. Note that a slope slightly larger than unity is expected for a
system undergoing chemical exchange because exchange contributions move the apparent
peak positions in the directly visible spectra slightly towards the excited state (68) so that
the difference between the peak positions for the two mutants, Awmxasy, slightly
underestimates the true difference in chemical shifts between their respective ground states.
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Fig. S12. Negative stain transmission electron micrographs of (A to C)
A39V/NS3P/V55L/A(57-60), (D to F) A(56-60), and (G and H) A(57-60) Fyn SH3
aggregates at different magnifications as indicated by the scale bars. Note that in D to H the
Fyn SH3 constructs are wild-type up to the truncation at residue 56 or 57.
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Fig. S13. Overlay of the absorption spectra of 20 uM Congo red in the absence (red) and
presence (black) of (A) A39V/N53P/V55L/A(57-60) Fyn SH3 aggregates (same graph as
Fig. 3E), (B) A39V/N53P/V55L Fyn SH3 as a negative control, (C) A(57-60) Fyn SH3,
and (D) A(56-60) Fyn SH3. The difference spectra (dashed blue) show a clear
hyperchromicity and red shift of the absorbance band around 500 nm (arrow), except in the
case of the monomeric negative control (B), in which the difference spectrum (dashed blue)
is identical to the absorption spectrum of the SH3 domain alone (continuous blue). Note
that (C) and (D) show only the region of interest.
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Fig. S14. Backbone overlay in schematic representation of the lowest-energy solution
structure of the native state of the A39V/N53P/V55L Fyn SH3 domain (orange) with the
(A) Yes (PDB 2HDA; 32), (B) N47A a-spectrin (PDB 1QKX; 770), and (C) PI3K (PDB
2PNI; 7/11) SH3 domains (cyan). Same view as in Fig. 1C. Comparison with Fig. 1C
reveals that all three SH3 domains form the hydrogen bond (dashed lines) corresponding to
the non-native interaction between Ile28 HN and Thr2 CO stabilizing the folding
intermediate of the A39V/N53P/V55L Fyn SH3 domain.
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