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Fig. S1. HSQC spectra of S6wt and P54–55, before and after 60 h of exchange in D2O. (A) S6wt in H2O. (B) P54–55 in H2O. (C) S6wt after 60-h incubation in D2O. (D)
P54–55 after 60-h incubation in D2O.
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Fig. S2. Representative time courses for HD exchange of S6. (A) Under the experimental conditions exchange from the denatured ensemble (global exchange)
yields no appreciable loss of H during 60 h. (B) Intermediate exchange. (C) For the most rapidly exchanging positions the H are lost within the 20-min dead time
of the experiment.
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Fig. S3. Plot of HD protection factors (Table 1) vs. local stability (��GU/F, Table S2) as estimated from the stability loss upon point mutation to Ala. The correlation
R � 0.68 is obtained by fitting to the entire dataset, including the points at the thresholds for global (arrow up) and dead-time exchange (arrow down).
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Movie S1 (AVI)

Movie S1. Video showing the HD-exchange patterns of S6wt and P54–55 (Fig. 4 in main text). The protection factors of S6wt and P54–55 are overall very similar
and do not respond to the changes in folding pathway induced by circular permutation. The backbone positions are color-coded according to the protection
factors (PF) in Fig. S3.
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Table S1. NOE factors for S6wt and the permutant P54–55

S6wt P54–55

Amino
acid NOE Error Amino acid NOE Error

M1 M11

R2 0.59 0.04 R244

R3 0.53 0.02 R345 0.73 0.01
Y4 0.83 0.03 Y446 0.80 0.02
Q5 0.77 0.02 Q547 0.80 0.02
V6 0.67 0.03 V648 0.76 0.02
N7 0.77 0.02 N749 0.82 0.02
I8 0.94 0.02 I850 0.78 0.02
V9 0.85 0.03 V951 0.79 0.02
L10 0.77 0.03 L1052 0.81 0.02
N11 N1153

P12 P1254

N13 N1355

L14 0.66 0.02 L1456 0.68 0.01
D15 0.73 0.02 D1557 0.75 0.01
Q16 0.76 0.02 Q1658 0.76 0.01
S17 0.78 0.01 S1759 0.78 0.01
Q18 0.65 0.02 Q1860 0.80 0.01
L19 0.81 0.02 L1961 0.79 0.01
A20 0.83 0.02 A2062 0.80 0.01
L21 0.83 0.01 L2163 0.83 0.01
E22 0.71 0.02 E2264 0.79 0.01
K23 0.95 0.02 K2365 0.82 0.01
E24 E2466 0.25 0.01
I25 0.87 0.02 I2567 0.84 0.01
I26 0.73 0.02 I2668 0.82 0.02
Q27 Q2769 0.84 0.01
R28 R2870 0.82 0.01
A29 0.74 0.01 A2971 0.81 0.01
L30 0.86 0.02 L3072 0.80 0.02
Q31 0.77 0.02 Q3173 0.82 0.01
N32 0.59 0.01 N3274 0.76 0.01
Y33 0.77 0.02 Y3375 0.78 0.02
G34 0.76 0.02 G3476 0.79 0.02
A35 0.76 0.01 A3577 0.74 0.01
R36 0.73 0.02 R3678 0.71 0.02
V37 0.79 0.02 V3779

E38 0.78 0.03 E3880 0.79 0.02
K39 0.76 0.02 K3981 0.74 0.02
V40 0.52 0.02 V4082 0.55 0.02
E41 0.84 0.03 E4183 0.80 0.02
E42 0.71 0.02 E4284

L43 0.63 0.03 L4385 0.77 0.03
G44 0.64 0.03 G4486 0.71 0.02
L45 L4587

R46 0.74 0.03 R4688 0.78 0.03
R47 0.69 0.02 R4789 0.72 0.02
L48 0.57 0.03 L4890 0.57 0.02
A49 0.04 0.02 A4991 0.16 0.01
Y50 Y5092

P51 P5193

I52 I5294

A53 �0.50 0.04 A5395 �6.47 0.08
L54 �0.40 0.04 L5496 �2.22 0.02
D55 D552 �0.27 0.00
P56 P563

Q57 0.35 0.02 Q574 0.62 0.03
G58 0.77 0.03 G585 0.72 0.03
Y59 0.78 0.03 Y596 0.82 0.03
F60 0.85 0.03 F607 0.79 0.03
L61 0.72 0.03 L618 0.79 0.03
W62 0.72 0.02 W629 0.75 0.02
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S6wt P54–55

Amino
acid NOE Error Amino acid NOE Error

Y63 Y6310 0.79 0.02
Q64 Q6411

V65 0.84 0.02 V6512 0.79 0.02
E66 0.76 0.02 E6613 0.85 0.02
M67 0.78 0.02 M6714 0.81 0.02
P68 P6815

E69 0.75 0.03 E6916 0.73 0.02
D70 0.83 0.01 D7017 0.75 0.01
R71 0.70 0.02 R7118 0.71 0.02
V72 0.74 0.02 V7219 0.82 0.01
N73 0.81 0.02 N7320 0.81 0.02
D74 D7421 0.15 0.00
L75 0.76 0.02 L7522 0.84 0.01
A76 0.95 0.02 A7623 0.76 0.01
R77 0.77 0.01 R7724 0.81 0.01
E78 0.86 0.02 E7825 0.80 0.02
L79 0.81 0.02 L7926 0.77 0.02
R80 0.77 0.02 R8027 0.78 0.01
I81 I8128 0.78 0.02
R82 0.73 0.02 R8229 0.76 0.02
D83 0.75 0.02 D8330 0.83 0.01
N84 0.77 0.02 N8431 0.82 0.02
V85 0.79 0.02 V8532 0.79 0.02
R86 0.78 0.03 R8633 0.82 0.03
R87 0.70 0.02 R8734 0.81 0.02
V88 0.84 0.02 V8835 0.80 0.02
M89 0.76 0.02 M8936

V90 0.79 0.02 V9037

V91 0.75 0.03 V9138 0.73 0.03
K92 0.76 0.02 K92A39 0.73 0.02
S93 0.80 0.02 S9340 0.71 0.02
Q94 0.56 0.02 Q94T41 0.66 0.01
E95 0.19 0.02 E95T42 0.71 0.01
P96 P9643

F97 �0.06 0.02 F97 0.72 0.01
L98 �0.66 0.01 L98
A99 A99
N100 N100
A101 A101

The residues are labeled according to the S6wt sequence and subscripts refer to P54–55 numbering.
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Table S2. � values and free-energy changes upon point
mutation (� � GU/F) for S6wt and P54–55

Mutation S6wt � S6wt � � GU/F P54–55 � P54–55 � � GU/F

V6A48 0.511* 3.64 0.57* 3.38
I8A50 0.45* 4.17 0.40* 3.44
L10A52 0.32 4.62 0.18 4.20
L19A61 0.25 2.61 0.05 1.90
I26A68 0.40* 3.03 0.23 1.33
L30A72 0.34 3.66 0.14 2.87
V37A79 0.27 2.66 0.07 1.17
V40A82 — 0.74 — 0.16
L48A90 — 0.65 — 0.30
F60A7 — 1.23 — 0.69
L61A8 0.25 3.42 0.08 2.97
Y63A10 0.21 3.91 0.10 2.69
V65A12 0.38 3.33 0.17 2.74
V72A19 0.17 1.42 0.00 1.14
L75A22 0.41* 2.08 0.51* 1.83
L79A26 0.17 4.78 0.23 4.03
V85A32 0.08 3.46 0.15 2.74
V88A35 0.15 2.09 0.61* 1.59
V90A37 0.16 2.86 0.56* 2.33

Adapted from data in ref. 1. Subscripts refer to P54–55 numbering.
*The positions with f � 0.4 are shown in Fig. 1.

1. Haglund E, Lindberg MO, Oliveberg M (2008) Changes of protein folding pathways by
circular permutation. Overlapping nuclei promote global cooperativity J Biol Chem
283:27904–27915.

Haglund et al. www.pnas.org/cgi/content/short/0907665106 7 of 8

http://www.pnas.org/cgi/content/short/0907665106


Table S3. The groups of overlapping cross-peaks referred to in Table 1

Group Amino acid log kex
obs Structural location Comment

1 E3173 �5.55 � 1, hydrogen bonds with Q2769. Overlapping region where the cross-peaks of Y3375

and K3981 are lost at t � 20 min.Y3375 �2.9 End of � 1/loop 1, possible hydrogen bond with
L3072.

K3981 �2.9 � 2, solvent-exposed amide.
2 S1759 �2.9 � 1, no apparent hydrogen bond partner. Overlapping region where the individual cross-peaks

are either lost at t � 20 min or still persist at t �

60 h.
K2365 Global � 1, forms backbone hydrogen bond with L1961.
L3072 Global � 1, forms backbone hydrogen bond with I2668.
N100 �2.9 Next to the N terminus, no apparent hydrogen

bond partner.
3 A3577 �2.9 Loop 2, no apparent hydrogen bond partner. Overlapping region where assignments of R47 and

K54 are unclear; can be swapped. A35 and one of
R47/K54 are lost at t � 20 min, whereas the other
persists after t � 60 h. The high protection factor
of the remaining group seems inconsistent with
the solvent-exposed amides of both R47 and K54.

R4789 �2.9/�4.28 End of � 3, no apparent hydrogen bond partner.

K5496 �2.9/�4.28 Loop 3, no apparent hydrogen bond partner.

4 N1153 �5.04 � 1, forms backbone hydrogen bond with N8431. Overlapping region where the individual cross-peaks
are either lost at t � 20 min or exchange slowly.N1355 �2.9 Loop 1, no apparent hydrogen bond partner.

Q574 �2.9 HN points towards solvent from � 3, no apparent
hydrogen bond partner.

5 I2668 Global � 1, forms backbone hydrogen bond with E2264. Overlapping region where the individual cross-peaks
are either lost at t � 20 min or still persist at t �

60 h.
I5294 �2.9 Loop 3, no apparent hydrogen bond partner.
D552 �2.9 Loop 3, no apparent hydrogen bond partner.

6 L4587 �2.9 � 2, amide points towards solvent. Overlapping region where the individual cross-peaks
are either lost at t � 20 min or exchange slowly.Y5092 �2.9 Loop 3, no apparent hydrogen bond partner.

Q6411 �4.31 � 3, forms backbone hydrogen bond with K3981.
7 R4688 �2.9 End of � 2, forms backbone hydrogen bond with

G585.
Overlapping region where all cross-peaks are lost at

t � 20 min.
Y596 �2.9 Beginning of � 3, forms backbone hydrogen

bond with L1052.
V8835 �2.9 � 4, amide points into solvent.

8 V3779 �2.9 � 2, amide points towards solvent. Overlapping region where the individual cross-peaks
are either lost at t � 20 min or exchange slowly.E4385 �2.9 � 2, forms backbone hydrogen bond with F607.

M8936 �4.60 � 4, forms backbone hydrogen bond with N749.
9 V951 Global � 1, forms backbone hydrogen bond with R8734. Overlapping region where the individual cross-peaks

are either lost at t � 20 min or still persist at t �

60 h.
Q1860 �2.9 Beginning of � 1, no apparent hydrogen bond

partner.
W629 �2.9 � 3, forms backbone hydrogen bond with E4183.

10 E2466 �4.69 � 1, forms backbone hydrogen bond with A2062. Overlapping region where the individual cross-peaks
are either lost at t � 20 min or exchange slowly.D7421 �2.9 � 2, hydrogen bonding implicated from crystal

structure ambiguous.
11 Y596 �2.9 Flexible end of � 3, close to the P54–55 N terminus. Overlapping region where the individual cross-peaks

are either lost at t � 20 min or exchange very fast.E6613 �3.55 � 3, forms backbone hydrogen bond with R3678.
V8835 �2.9 � 4, amide points towards solvent.
R4688 �2.9 Flexible end of � 2 close to the P54–55 C terminus.

12 L4587 �2.9 � 2, amide points towards solvent. Overlapping region where L4587 is lost at t � 20 min
and Q6411 exchanges by intermediate rate.Q6411 �3.64 � 3, forms backbone hydrogen bond with K3981.

13 I5294 �2.9 Loop 3, no apparent hydrogen bond partner. Overlapping region where I5294 is lost at t � 20 min
and I2668 persists at t � 60 h.I2668 Global � 1, forms backbone hydrogen bond with E2264.

14 N1153 �4.64 � 1, forms backbone hydrogen bond with N8431. Overlapping region where N1355 is lost at t � 20 min
and N1153 exchanges relatively slowly.N1355 �2.9 Loop 3, no apparent hydrogen bond partner.

15 D7421 �2.9 � 2, hydrogen bonding implicated from crystal
structure ambiguous.

Overlapping region where D7421 is lost at t � 20 min
and E2466 exchanges by intermediate rate.

E2466 �3.80 � 1, forms backbone hydrogen bond with A2062.

As seen from the descriptions, the spectral overlap has little bearing on the HD-exchange rate constants because the disappearance of the involved cross-peaks
in most cases takes place on well-separated time scales.
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