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Text S1: Composition of the early folding residues data set

The sequence lengths of the proteins in the earlyFold dataset range from 56 to 164
(Figure S1), with lle, Leu, Pro and Arg under-represented, and Cys, Lys and Asn over-
represented compared to SwissProt (Figure S2). The reported temperature range is from
0° to 30° C (except for the BPTI outlier at 70° C), with pH values from 3.0 to 8.0 due to a
variety of experimental reasons (Table S1). Within each protein, the percentage of
reported early folding residues is between 0.5% up to 45% (Figure S3) while ensuring
that the experiments did not report on back-unfolding or aggregation (1). At the amino
acid level, between 2-30% of residues are reported to be early folding, with a strong bias
depending on amino acid type: the most likely residues are, in order of occurrence, Tyr,
Phe, Trp, Val, lle, Leu, Met and Cys, whereas the least likely are Gly, Asn, Asp, Ser and
His (Figure S4). No data is available for Pro as it lacks an amide proton and cannot be
detected in the experiments. Finally, the reported continuous fragments of early folding
residues are very short (often a single residue) in comparison to the length of the
fragments that connect them (Figure S5).
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Figure S1: Sequence length distribution of proteins in the earlyFold dataset.
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Figure S2: Amino acid distribution in the SwissProt database (November 2014) and the
earlyFold dataset.
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Figure S3: Per-protein percentages of reported early folding residues (F) and not early
folding residues (N) in the earlyFold dataset.
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Figure S4: Per-amino acid frequencies of reported early folding residues (F) and not
early folding residues (N) in the earlyFold dataset.
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Figure S5: Length of continuous sequence fragments without early folding (A) and
containing only early folding (B) residues.



Comparison between early folding and native exchange residues.
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Figure S6: Overlap between early folding residues (from pulsed labelling HDX
experiments) and residues that have strong resistance against unfolding (from native
exchange HDX experiments) for 29 proteins from the Start2Fold database. For only 7
proteins the early folding residues fully or extensively (more than 80%) overlap with the
residues that are very resistant to unfolding (OMTKY3, BTPI, apo-Pc (FBA), onconase
(NLFO), HIV RNase H, DHFR and T4_lysozyme), but only BPTI, NLFO and HIV
RNAse H have more than 30% reverse overlap. This shows that there is, as expected,
some overlap between the pulsed labeling HDX dataset and the native exchange HDX
dataset for each protein, but importantly that overall the datasets cover distinct residue
sets. These data therefore cannot be simply equated to each other.
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Additional per-amino acid distributions of backbone rigidity predictions
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Figure S7: Per amino acid, all amino acid (All) and bias-corrected (NoB) distributions of
predicted backbone rigidity for early folding and non-early folding residues. They are
here subdivided by the secondary structure element as found in the related PDB structure
with the native fold for helices (A) and beta sheets (B).
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Figure S8: Per amino acid, all amino acid (All) and bias-corrected (NoB) distributions of
the original predicted backbone rigidity for early folding and non-early folding residues
in early folding fragments, where 3 residues preceding and following early folding
residues were also included.
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Figure S9. Per amino acid, all amino acid (All) and bias-corrected (NoB) distributions of
the normalised predicted backbone rigidity for early folding and non-early folding
residues.
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Figure S10: Per amino acid, all amino acid (All) and bias-corrected (NoB) distributions
of the normalised predicted backbone rigidity for early folding and non-early folding
residues in early folding fragments, where 3 residues preceding and following early
folding residues were also included.
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Text S2: Comparison with hydrophobicity, surface accessibility,
order/disorder and secondary structure population.

The relative (rsa) and absolute (asa) solvent accessibilities were determined using the
online NetSurfP server (2), which includes evolutionary information from PSI-BLAST in
the form of Position Specific Scoring Matrix (PSSM). The order/disorder scores were
predicted using the online ESpritz server (3) with both the versions trained on NMR and
on X-ray data, and using default parameters. Residue hydrophobicity was calculated
based on 22 different hydrophobicity scales using a linear 15 residue sliding window.

To investigate the link with hydrophobicity we employed 22 different hydrophobicity
scales available from ProtScale (4) on the earlyFold sequences using a linear 15 residue
window to calculate the central value. In only 1 case (Bull (5)) is there a significantly
different distribution for the bias-corrected overall case (Figure S11). There is no
significance at the amino acid level for any scale after employing the Benjamin-Hochberg
correction. The local interactions required to form foldons therefore go beyond simple
hydrophobic collapse (6, 7); this is not surprising as it is already surpassed as a folding
model (8). Hydrophobicity values are also an amino acid property: specific interactions
between amino acids are not taken into account, resulting in an oversimplified picture of
hydrophobicity in a sequence context.
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Figure S11: Per amino acid, all amino acid (All) and bias-corrected (NoB) distributions
of hydrophobicity calculated for early folding and non-early folding residues using the
Bull hydrophobicity scales.
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Residues in the core of the protein, which are less exposed to solvent, tend to be involved
in early folding events (9). The NetSurfP solvent accessibilities predictions (2), which
include evolutionary information, show 7 highly significant, 2 very significant and 3
significant differences on a per-amino acid basis, totalling 12 residue types (Figure S12).
The overall bias-corrected distributions also show a highly significant difference.
Normalisation by minimum value, similar to the one performed on the DynaMine
predictions, did not change the results.
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Figure S12: Per amino acid, all amino acid (All) and bias-corrected (NoB) distributions
of NetSurfP predicted absolute (A) and relative (B) solvent accessibilities for early
folding and non-early folding residues.
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The DynaMine predictions already relate well to the order/disorder distinction (10), but
we further analysed results from ESpritz (3), a sophisticated order/disorder predictor that
was recently shown to be one of the top five predictors in the field (11), to investigate the
connection of early folding with the tendency of the protein to be ordered (folded into a
specific conformation) or disordered (dynamic and adopting multiple conformations).
Both the ESpritz predictors based on X-ray and on NMR data perform well, with results
slightly improving when shifted by minimum value to zero, similar to the maximum
value correction we do here for DynaMine (Figure S13). The X-ray predictor performs
worse than the NMR-based approach, providing significant differences for 8 amino acid
types compared to 14. These are excellent results, and it is in this context important to
note that the ESpritz-NMR predictor is based on the variability observed in NMR
structure ensembles, while DynaMine is based on estimations of backbone dynamics
directly from NMR chemical shift data for proteins in solution. Variability in NMR
structures is related to lack of meaningful restraints in the structure calculation, which can
be due to dynamics but also, for example, extensive signal overlap. The better
performance of DynaMine in detecting early folding residues shows that NMR chemical
shift data more accurately probe the residue-level behaviour of proteins in solution by
also covering fast transient unfolding and proteins without a well-defined fold.
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Espritz prediction, original values

Espritz prediction, original values

Figure S13: Per amino acid, all amino acid (All) and bias-corrected (NoB) distributions
of predicted disorder tendency for early folding and non-early folding residues with the
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The s2D sequence-based predictions of secondary structure population (12) show only 2
very significant differences on a per-amino acid basis for helix, with the overall bias-
corrected distributions showing a highly significant difference (Figure S14A). No
significance is present for sheet (data not shown), while the coil predictions show highly
significantly lower populations for Glu, Lys and Met, and very significantly lower ones
for Ala, His and Ser (Figure S14B). This shows there is a relation between
conformational preference and early folding, but that it is not in itself a key characteristic.
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Figure S14: Per amino acid, all amino acid (All) and bias-corrected (NoB) distributions
of predicted disorder tendency for early folding and non-early folding residues with the
s2D helix (A) and coil (B) predictions
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Text S3: Comparison with structure-based parameters.

For the 28 proteins where PDB entries were available, we calculated the relative (rsa)
solvent accessibilities using DSSP (13), and the contact S? parameter, which is predictive
of the backbone dynamics of the protein (14).The DSSP rsa is overall significantly lower
for early folding residues, also after correcting for bias, and on an amino acid level is
highly significant for Ala, Leu and Ser, very significant for Lys, GIn and Val, and
significant for Glu, Phe and Tyr, totalling 9 residues (Figure S15A). The contact S° is a
much better indicator, with the distributions highly significantly different for 7 residues,
very significant for 6 residues and significant for another 2 residues, totalling 15 (Figure
S15B). The structure-based contact S* therefore has a performance similar to the
sequence-based normalised DynaMine values (Table 1). Since the contact S? reflects the
amount of heavy atoms close to the backbone amide H and the carbonyl oxygen of the
preceding residue, it takes all atoms into account in the folded protein, not just local
interactions, and indicates that the early folding residues tend to become the residues with
the most and closest backbone interactions in the folded protein.
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Figure S15: Per amino acid, all amino acid (All) and bias-corrected (NoB) distributions
of the PDB structure derived DSSP relative solvent accessibility (A) and the contact S
parameter (B).
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Additional per-amino acid secondary structure based distributions.
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Figure S16: Boxplots showing the distribution per amino acid residue of the normalised

predicted backbone rigidity divided by their absence or presence in a-helices (A) and -
sheets (B) and coil/other (C) that contain early folding residues. The number of amino
acids in each distribution is indicated at the top of each graph, while the significance of
the difference between the distributions is reported under the amino acid three-letter
code.
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Correlation between SSE length and average backbone rigidity.
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Figure S17: Scatter plots showing the relation between SSE length and the average of the
normalised backbone rigidity prediction for all residues in that SSE for a-helices (A), B-
sheets (B) and coil/other (C). The slope (a) and intercept (b) of the line of best fit are
indicated in red, the Spearman and Pearson correlations are indicated underneath each
plot.
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Relation of backbone rigidity predictions to (reduced) sequence entropy.
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Per-amino acid distributions of entropy and reduced entropy.
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Figure S19: Entropy (A) and reduced entropy (B) distributions per amino acid, over all
amino acids and for the bias-corrected set (NoB) in the HHBLITS_ lowSeqld dataset.
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Predicted median backbone rigidity per MSA column divided by SSE.
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Figure S20: Distribution of median values of the predicted backbone rigidity in the
HHBLITS_ lowSeqld dataset for early folding versus other residues subdivided by helix
(A), sheet (B) and coil/other (C) secondary structure elements as observed in the native
fold. The distribution is shown per amino acid, over all amino acids and for the bias-
corrected values (NoB).
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Predicted median backbone rigidity per MSA column by early folding SSE.
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Figure S21: Distribution of median values of the predicted backbone rigidity in the
HHBLITS_lowSeqld dataset for residues that are part of early folding helix (A), sheet
(B) and coil/other (C) secondary structure elements, and ones that are not. The
distribution is shown per amino acid, over all amino acids and for the bias-corrected
values (NoB).

26



Distributions of average over secondary structure element of the predicted
median backbone rigidity per MSA column.
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Figure S22: Distribution of the average value of the median predicted backbone rigidity
in the HHBLITS lowSeqld dataset over secondary structure elements as observed in the
native fold. The early folding versus normal secondary structure are shown for helix (A),
sheet (B) and coil/other (C).
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Figure S23. Dynamics and evolutionary properties of early folding residues
compared between myoglobins from sperm whale and horse.

The structural, dynamics and evolutionary properties of sperm whale apo-Mb (top) and
horse apo-Mb (bottom) are shown as a function of their residue positions on the left,
while the corresponding 3D structures are on the right (there are no structures available
for the apo forms, thus the ones with the heme cofactor (in black) are shown; PDB IDs
are 1mbc and 1ymb, respectively). Early folding residues are marked with green shading
on the graphs and with green stick representations within the 3D structures, with their
residue positions and types indicated. The per-residue DynaMine-predicted backbone
rigidity is depicted by a red line. The medians of predicted values in the corresponding
HHBLITS_lowSeqld alignment columns are shown as a black line, while their first and
third quartiles are marked in dark grey and their minima and maxima with lighter grey.
The blue shading between the quartile lines represents the sequence entropy for each
alignment position, with darker blue indicating lower entropy (high evolutionary
conservation). The secondary structure elements assigned by the Polyview server are also
provided, with early folding helixes shown as green cylinders and others as grey
cylinders.
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Table S1: Information on proteins in the earlyFold dataset.®

*

Protein$ Method® PDB FT SST | NR NP pH £ T Protection threshold MSA Ref. PL

ACBP (bovine) QF HDX NMR 2abd 2 all-a | 39 82 5.3 5 protection rate (s-1) ~20+5 226 (15) 8.5

apo-Mb (horse) | PL HDX MS lymb 3 all-a | 15 all 2.0>10.0 0 deuteration level <0.5 at 10ms 227 (16) 20

apo-Mb (whale) | PL HDX NMR 1mbc 3 all-a | 12 51 5.8 25 ka/Kkop >80 (strong protection) 223 (17) 3.6

apo-Pc CO HDX NMR 9pcy 3 atb 6 29 5.0,5.9 25 protection factor (P)>20 165 (18) -

(French bean)

Lysozyme PL HDX NMR, | 1lam7 2 atb | 29 54 5.6 20 RTC <180 ms 20 (19) 8.4

(phage A) MS

BPTI CO HDX NMR Spti 3 all-b | 7 8 4.0,..,7.5 70 - 711 (20) -

CD2.D1 (rat) CO HDX NMR (1a64) 2 all-b | 19 42 6.0,..,10.0 25 InP >1.0 62 (21) -

cobrotoxin QF HDX NMR 1coe 3 all-b | 6 24 3.0 5 RTC <20 ms 62 (22) 10

(CBTX)

CTXIII QF HDX NMR 2crt 3 all-b | 12 32 3.0 5 RTC <30 ms 58 (23) 10

DHEFR (E. coli) PL HDX NMR 5dfr 3 atb 5 26 6.3 15 strong protection in 13 ms 576 (24) 20

Fadd-DD QF HDX NMR (1e3y) 2 all-a | 24 24 6.2 20 folding rate constant: | (6) (25) 5.4
20.9+£1.7 s1

ferricytochrome | CO HDX NMR (1hrc) 3 all-a | 13 all 2.029.8 22 folding eq. constant | 482 (26) -

c (horse) H33N Kuilec >3 at 140 ps

GB1 PL HDX NMR 1pga 2 b+a | 26 26 4.1 5 rate constant (s1) ~ 133 (4) (27) 252

hen egg white | PL HDX NMR 1hel 3 atb 7 48 5.2 20 RTC <3 ms 81 (28), 8.4

lysozyme (29)

(HEWL)

human  acidic | QF HDX NMR (1rg8) 3 all-b | 39 75 5.0 20 fast protection rate (s-1) 1-0.3 7 (30,31) | 10

FGF

hisactophilin-1 QF HDX NMR 1hce 3 all-b | 10 31 7.8 20 fast protection rate (s1) >20 n.a. (30) 29b

RNase H (HIV) PL HDX NMR 1lhrh 3 ath 13 23 5.5 25 P>10 at 74 ms 567 (32) 20

IL_1B QF HDX NMR 1ilb 3 all-b | 21 | 47 5.0 4 amide protection half-lives between | 42 (33) 16
0.7and 1.5s

LB1 DT HDX NMR 2ptl 2 b+a 12 24 6.82>9.0 n.a. P>1.4 (34) 3.5

lysozyme CO HDX NMR 2eql 3 atbh | 10 | 46 7.5 25 high protection within 3.5 ms 80 (35) -

(horse)

lysozyme PL HDX NMR 11z1 3 atb | 13 | 47 5.3 20 high protection within 3.5 ms 83 (36) 8

(human)

ovomucoid third | pH-dependent | lomu 3 atb 4 13 6.0,..,10.0 30 high protection within 170 ps 51 (37) -

domain HDX NMR

(OMTKY3)

protein A, B- | PLHDXNMR 1bdd 2 all-a | 20 | 20 5.0 5 proton occupancy >0.7 at 6 ms | na. (38) 10
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domain refolding time

RNase A PL HDX NMR 1rbx 3 atbh | 14 | 27 4.25 10 strong protection in 11 70 (39) 37¢
RNase H* (E. | PLHDXMS 121 3 ath | 16 all 5.0 10 high protection in 9 ms 118 (40) 10

coli)

RNase T1 PL HDX NMR (lygw) | 3 ath | 13 24 5.0 10 rate constant (s-1) > 25 (41) 504
SNase H124L PL HDX NMR ljoo 3 atb 9 60 5.3 15 P>=5 30 (42) 57e
lysozyme (phage | DT HDX NMR (lam7) | 3 ath | 7 60 6.8->10.2 25 proton occupancy <~ 0.6 19 (43) 13

T4) C54T/C97A

Villin 14T QF HDX NMR 2vil 2 ath | 31 31 4.1 21 RTC ~ 60 ms 42 (44) 20

Onconase QF HDX NMR lonc 3 b+a | 31 42 55 20 highly protected within 250 ms n.a. (45) 8.3
(NLFO)

$FT: Folding Type, SST: Secondary Structure Type: PDB; PDB code; NR: Number of early folding residues; NP: Number of probes; T: Temperature in °C; MSA: Number of
sequences in Multiple Sequence Alignment; Ref.: Reference to paper; PL: Length of labelling pulse in ms, with justification if longer than 20 ms as footnote to this table. In the
Protection threshold column, P stands for protection factor, while RTC stands for refolding time constant. In the PDB code column the ids are in brackets if the PDB sequence does
not completely match the sequence measured in the folding experiment.

% Abbreviations used in this table column: ACBP, acyl-coenzyme A binding protein; apo-Mb, apo-myoglobin; apo-Pc, apo-plastocyanin; BPTI, bovine pancreatic trypsin inhibitor;
CTX lll, cardiotoxin analogue Ill; DHFR, dihydrofolate reductase; Fadd-DD, C-terminal domain of the Fas-associated death domain; CD2.D1, C-terminal domain of rat CD2,;
GB1, B1 immunoglobulin-binding domain of streptococcal protein G; IL-1p, interleukin-1bsubunit; LB1, B1 immunoglobulin-binding domain of peptostreptococcal protein L;
RNase, ribonuclease; SNase, staphylococcal nuclease.

¥ Quenched flow (QF), pulsed labelling (PL), exchange/folding competition (CO) and dead time labelling (DT) HDX experiments are distinguished indicating also the detection
approach (NMR or MS). In case of OMTKY 3, the pH dependence of exchange was used to obtain the unfolding and folding rates.

£ An arrow connecting two pH values represents a pH jump in the experiment, values separated by a single comma mean measurements at different pH values, while those
separated by “,...,” mean multiple measurements within the given pH range.

“The number of sequences in the MSAs from the HHBLITS_lowSeqld approach is indicated. If in brackets, this MSA was not included in the analysis. If n.a., no alignments
could be generated for this protein.

® The protein remains fully folded over a range extending from pH 2 to pH 11.3 at 25 C. Unfolding begins to occur above pH 11.3, conditions for the quenched flow D-H
experiments were therefore chosen so that no significant contribution from the reverse reaction (i.e., unfolding) could occur.

P Using a labeling buffer of pH 8.93 gave the same results as using pH 9.52, confirming sufficient intensity of labeling pulse. At pH 9.52 the average time constant for exchange for
the amides monitored is ~0.5 msec; therefore, protons are excluded from sites where exchange is retarded >60-fold.

¢ The duration of the pulse starts to limit complete labeling"

d There is no back exchange by varying pulse pHs and length; proton occupancies do not change.

¢ The stability of H124L SNase to the conditions of the labeling pulse were verified by equilibrium CD measurements and kinetically by using stopped-flow fluorescence to
monitor the protein following pH jumps from pH 5 to pH 9 and from pH 5 to pH 10.
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Text S4: Supporting Material on materials and methods

Modifications to original DynaMine version

The predictions from the original DynaMine linear model are affected at the termini by
the lack of sequence context information, which we compensated for by assigning a
weight in the linear model that captures the median behaviour over all residue types at the
missing sequence positions (pre-N and post-C terminus). This adaptation did not require
training a new model and practically only affects the first and last 25 residues in each
sequence. With the adapted model the Root Mean Square Error (RMSE) decreases from
0.221 to 0.199, almost 10%, when run on the original RCI-S2_UNION_DP dataset of
1952 proteins in (10).
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