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Supplementary Figure 1

Supplementary Figure 1. Structure-based sequence alignment of representative Hsp70s.
The amino acid sequence of human BiP (hBiP) is aligned with the sequences of a number of
selected Hsp70s from both eukaryotes (different cellular compartments) and prokaryotes. The
BiP construct used in crystallization is from residue 25 to 633, and all the residues in the
construct (highlighted in red) are ordered in both protomers. L; 4 which is mutated to VGG
(L;4), is highlighted in blue. Elements of secondary structure in the BiP-ATP2 structure are
specified by cylinders for helices and arrows for strands and labeled. The coloring of structural
elements is: NBD (blue), Linker (purple), SBDp (green) and SBDa (red). The highly conserved
Gly425, Gly430 and Gly431 are highlighted in purple. The first four sequences are Hsp70s from
endoplasmic reticulum (ER); the next 5 sequences (names in red) are Hsp70s from eukaryotic
cytosol; the following two sequences (names in green) are Hsp70s from mitochondria; and the
last five sequences are Hsp70s from prokaryotes (names in blue). hBiP: human ER Hsp70; dBiP:
Drosophila melanogaster ER Hsp70; gBiP: Gossypium hirsutum ER Hsp70; Kar2: S. cerevisiae
ER Hsp70; hHsp70: human Hsp70; dHsp70: Drosophila melanogaster Hsp70; gHsp70:
Gossypium hirsutum Hsp70; bHsc70: bovine Hsc70; Ssal: S. cerevisiae Hsp70; hmtHsp70:
human mitochondrial Hsp70; bmtHsp70: bovine mitochondrial Hsp70; Sscl: S. cerevisiae
mitochondrial Hsp70; eDnaK: FEscherichia coli Hsp70 (gram-negative); dsDnaK:
Draconibacterium sp. Hsp70 (gram-negative); abDnaK: Acinetobacter baumannii Hsp70 (gram-
negative); laDnaK: Listeria aquatica Hsp70 (gram-positive); vhDnaK: Virgibacillus
halodenitrificans Hsp70 (gram-positive).



Supplementary Figure 2

a.

€.

K, (x1073
min)
-Pi 12.92+0.92
+ Pi 2.55+0.36

rmsd (A) BiP-ATP2/BiP-ATP BiP-ATP2/DnaK-ATP
NBD 0.513 0.920
SBDp 2.337 2.618
SBDp-core 0.591 0.615
SBDa 1.076 2.174

SBDp-core: SBDB excluding L, ,, L3 4, Ly 5, L5 5, and B8.




Supplementary Figure 2

Supplementary Figure 2. The BiP-ATP2 structure and structural comparison.

a-b, Electron-density maps for L, , (a, stereo image) and ATP (b) of the BiP-ATP2 structure. 2Fo-
Fc maps (contoured at 16) were shown as meshes. L, , and ATP were drawn as sticks.

¢, The BiP-ATP2 structure. Orthogonal view of Fig. 1b.

d, Structural comparison of BiP-ATP2 with BiP-ATP (PDB code: 5E84). Orthogonal view of Fig.
le.

e, Ca root-mean-square deviation (rmsd) between the Hsp70-ATP structures. NBD and SBDp-core
have the smallest rmsd.

f, Phosphate reduces the ATPase activity of BiP. Single-turnover ATPase assay was carried with
BiP protein in the presence of 100 mM phosphate (+ Pi), and the catalytic constant (k) was
calculated after fitting the data using Prism. The ATPase activity in the absence of phosphate (- Pi)
was used as a control.

g-h, Ribbon diagrams of BiP-ATP2 dimer (g) and DnaK-ATP-dimer (h, PDB code: 4JNE).
Protomer As from BiP-ATP2 and DnaK-ATP are superimposed. The domain coloring for protomer
A is the same as Fig. 1b, and the domain coloring for protomer B is: NBD (light blue), SBDf (light
green), SBDa (pink), and inter-domain linker (magenta).



Supplementary Figure 3

»

—

(9]

>
1

-o- BiP

—

(=

(=]
1

n
=1
1

Polarization (mP)

=}
I

B Al mamm am m Al mm a Al mmmam midl memann )l sl
0.001 0.01 0.1 1 10 100
BiP concentration (M)

BiP-SBD BiP-SBD-L; ' Superposition
rmsd for SBDp=0.723 A

Supplementary Figure 3. The L;,' modification in BiP significantly compromises peptide
substrate binding but has little structural impact in the isolated domain structure.

a, Peptide substrate binding to BiP proteins using fluorescence polarization. The NR peptide was
labeled with fluorescein at the N-terminus. This F-NR peptide was incubated with serial dilutions
of BiP proteins. After binding reached equilibrium, fluorescence polarization was measured and
fitted to one-site binding equation. The dissociation constant (K,) for the WT BiP is 0.95 uM,
consistent with published results. The binding for BiP-L; ;' protein was drastically reduced.

b-d, Structural comparison of the isolated SBD domain of BiP. The structures of isolated SBD
from WT BiP (b, PDB code: 5E85) and BiP-L; ' (¢, PDB code: SE86) were superimposed based
on the Cas of SBDf. The coloring for both structures is: SBDp (green), SBDa (red), linked NR
(cyan), and the Tev linker between SBD and NR peptide (blue). d is the superposition of the two
structures. The WT SBD structure has the same color code as in b and the SBD-L; ' is colored in
purple. The rmsd for the SBDB is 0.723A.



Supplementary Figure 4

. Co distance (A)

BiP-ATP2 vs BiP-ATP vs
BiP-ATP DnaK-ATP

T428 5.01 4.98

V429 6.93 6.66

G430 9.24 9.73

G431 10.30 10.83

V432 7.58 8.87

M433 5.09 5.80

BiP-ATP2/Ssel-ATP

BiP-ATP2 Ssel-ATP

Supplementary Figure 4. The conformations of the polypeptide-binding pocket.

a, Ribbon diagram of the SBDf from the DnaK-ATP structure (PDB code: 4JNE). The Ca atoms
of Gly400 and Gly406 are shown as balls.

b, Superposition of the SBDfs from BiP-ATP2 (green) and DnaK-ATP (purple). The structures
were superimposed based on the Ca atoms of the SBDB-core. The Ca atoms of Gly400 and Gly406
are shown as balls. The rotation of L, , between BiP-ATP2 and DnaK-ATP is labeled.

¢, Distances between the Ca atoms in the B1-L;,-f2 segment from the BiP-ATP2, BiP-ATP and
DnaK-ATP structures.

d-f, The polypeptide-binding pockets in BiP-ATP2 (d), BiP-ATP (e, PDB code: 5E84), and
isolated BiP SBD (f, PDB code: SE85). SBDPs are shown as worm representation. The NR peptide
bound to the isolated SBD is shown in cyan with the side chain of the central leucine, Leu4,
highlighted in yellow. SBDf side chains that make van der Waals contacts with Leu4 in the
isolated BiP SBD structure are shown as sphere drawings. Since the polypeptide-binding pocket is
fully closed, these residues pack against each other to exclude the binding of the NR peptide.

g-i, Structural comparison of the SBDfs from BiP-ATP2 (g) and Ssel-ATP (h, PDB code: 2QXL).
i is the superposition of g and h. The SBDs are superimposed based on Co. atoms. Except L, 5 and
B8, the two structures aligned well (rmsd: 1.511 A), especially the peptide-binding loops. The
disordered region in L, g of Sse1-ATP is not shown.
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Supplementary Figure 5

Supplementary Figure 5. Crystal contacts surrounding the SBD region.

a-d, Crystal contacts in the BiP-ATP2 structure. a, Overall crystal contacts surrounding the SBD.
Only protomer A was shown (NBD: blue; SBDf: green; and SBDa: red). Three molecules from two
symmetry mates form crystal contacts with SBDB: protomer A from symmetry mate 1 (symlA,
orange), and both protomers from symmetry mate 2 (sym2A and sym2B, cyan and grey,
respectively). b, Details of the crystal contacts formed between SBDf and syml1A. L, and L, 5 of
SBDJ are involved in these crystal contacts. A hydrophobic contact was formed between Val432 (in
L;,) and Lys352 (symlA). Two hydrogen bonds were formed between the side-chain of Glu347
(symlA) and Thr473 in L, 5 (both side-chain and main-chain). There are a number of hydrophobic
contacts formed between two residues on L, 5 (Lys472 and Pro471) and three residues on symlA
(GIn343, Lys344 and Glu469). ¢, Details of the crystal contacts formed between SBDB (the L, ; and
L region) and sym2A. Hydrophobic contacts were formed between the side-chains of Pro444 (in
L,) and Pro70 and Glu71 from sym2A. Moreover, a hydrogen bond was formed between Glu498
(in B6) and Glu71 in sym2A. d, Details of the crystal contacts formed between SBD and sym2A
and sym2B around the L;, and L; 4 region. There are two hydrogen bonds: between Ser452 in L,
and Glu606 of Sym2A, and between GIn449 in 3 and Glu606 of Sym2A. Hydrophobic contacts
were formed between Pro491 in Ls s and side-chain of Glu329 from sym2B.

e-f, Crystal contacts around the peptide-binding loops in the DnaK-ATP structure solved by the
Mayer’s group (PDB code: 4B9Q). Only protomer A was shown (NBD: blue; SBD: green; and
SBDa: red). e, Overall crystal contacts around the peptide-binding loops. Three symmetry mates
form crystal contacts around the peptide-binding loops: sym1B (purple), sym2D (cyan), and sym3C
(yellow). f, L, , forms crystal contacts with symmetry mate sym2D. This crystal contact features a
number of hydrophobic interactions between the side-chain of Met404 in L, , and side-chains of
both Asp555 and Pro558 (sym2D), between the main-chain of Gly405 in L,, and side-chain of
Pro558 (sym2D), and between the side-chains of Val407 in L, ,-B2 junction and Pro558 (sym2D).
g-h, Crystal contacts around the peptide-binding loops in the DnaK-ATP structure solved by our
group (PDB code: 4INE). Only protomer A was shown (NBD: blue; SBDf: green; and SBDa: red).
g, Overall crystal contacts around the peptide-binding loops. Three symmetry mates form crystal
contacts around the peptide-binding loops: syml (purple), sym2 (cyan), and sym3 (yellow). h, The
crystal contacts formed between L,, and symmetry mate syml. A number of hydrophobic
interactions and hydrogen bonds are formed on these crystal contacts. The hydrogen bonds are
labeled as dotted lines. The side-chain of Met404 in L, , forms hydrophobic contacts with the side-
chains of Leu538, Ala588 and Ser591 on syml. The main-chain Ca of Gly406 in L,, forms
hydrophobic contact with Met595 on sym1.
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Supplementary Figure 6

BiP-ATP BiP-SBD
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DnaK-ATP DnaK-SBD

Supplementary Figure 6. The conformation of p8.

a-e, The SBDfs from BiP-ATP2 (a), BiP-ATP (b, PDB code: 5E84), BiP-SBD (¢, PDB code:
5E85), DnaK-ATP (d, PDB code: 4JNE), and DnaK-SBD (e, PDB code: 1DKX) are drawn in
ribbon diagram. Side chains of B8 are highlighted in stick representation. The f8 in BiP-ATP2 has
similar side-chain orientations as those in the isolated BiP-SBD; whereas the side-chain orientations
of B8 in BiP-ATP are flipped. The side-chain orientations of B8 in the isolated DnaK SBD are
similar to those of the isolated BiP SBD. Interestingly, the first two residues at the N-terminal end
of B8 in DnaK-ATP have similar side-chain orientations as the isolated SBD structures, whereas for
the rest of B8 starting from the third residue, the side-chain orientations are flipped as those in BiP-
ATP. Thus, the side-chain orientations of B8 in DnaK-ATP seem to be a hybrid between BiP-ATP
and BiP-ATP2.

f, Superposition of SBDs from BiP-ATP2 (green), BiP-ATP (orange) and DnaK-ATP (blue). The
SBDps were superimposed based on the Ca atoms of SBD-core. 38 is indicated by arrows.
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Supplementary Figure 7

a.
BiP proteins K, (x10- min™) K, (uM)
WT 12.04+0.80 0.91+0.042
C41A/C420A 12.46+0.43 0.85+0.012
C41A/C420A/V429C 10.47+0.74 0.82+0.026
C41A/C420A/V429C/T462C 9.11+1.38 0.61+0.023
b.
=
8=
s
E - WT
£ - C41A/C420A
2 - C41A/C420A/V429C
.g -+ C41A/C420A/V429C/T462C
s
0 L} L} L} L} L}
0 50 100 150 200

NR concentration (LM)

Supplementary Figure 7. The cysteine modifications used in the FRET and EPR analysis
have little influence on BiP’s biochemical activities.

a, The intrinsic ATPase and peptide-binding activities of the site-directed cysteine mutations in
BiP. The single-turnover ATPase assay was carried out at 20°C, and the catalytic constants (k,)
were calculated after fitting the data using Prism. Peptide substrate binding affinities were assayed
using fluorescence polarization with the NR peptide, and the dissociation constants (K;) were
calculated by fitting one-site binding equation using Prism.

b, The allosteric coupling in BiP proteins was analyzed using the NR peptide stimulation on the
ATPase activity. The intrinsic ATPase activities were set as 1. Fold of stimulation was plotted.
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Supplementary Figure 8

BiP BiP-ATP2 BiP-ATP BiP-SBD DnaK | DnaK-ATP | DnaK-SBD | Ssel Ssel-ATP
o) | VO | 0C) | VO | o) [ w(C) o) [ v | o) [ w®) o) | vC)
T423 63 | 130 | 58 | 133 | -66 | 132 | S398 68 | 136 | -71 | 147 | s401 | -74 | 133
L424 | -101 [ 134 [ -100 [ 148 | -107 [ 143 [ L399 99 | 125 | -121 | 136 | V402 | -123 | 124
G425 | -136 | 164 | -154 | -176 | -170 | -166 | G400 | -142 | -178 | -168 | -161 | S403 | -106 | 153
1426 -126 | 151 | -128 | 155 | -128 | 162 | 1401 -134 | 154 | -134 | 163 | Y404 | -117 | 141
E427 | -120 [ 112 | -77 [ 137 | -86 | 127 | E402 83 | 116 | -83 | 129 | S405 | -124 | 162
T428 92 | 120 | -134 | 159 | -108 | 177 | T403 | -108 | 166 | -116 | 173 | W406 | -155 | 167
V429 62 | 125 | -26 | 130 | -55 | 126 | M4o4 43 | 134 | 50 | 124 [ D407 | -62 | 130
G430 72 14 87 | -137 | 104 11 | G405 102 -4 [ 110 9
G431 | -134 | -158 | -140 66 64 43 | G406 75 20 76 34
V432 83 | 153 | 96 [ 130 [ -99 [ 124 [ V407 -86 | 154 | -106 | 147 | D414 | -122 31
M433 [ -109 [ 131 [ -77 88 | -73 | 117 | M408 90 | 172 | -89 | 131 | H415 | -170 | 137
T434 | -154 | 146 | -81 [ 105 | -112 [ 117 | T409 | -109 | 118 | -112 | 122 | M416 | -172 | 132
K435 64 | 143 | 58 [ 146 [ -65 | 130 [ T410 76 | 132 | 83 | 130 | E417 | -74 | 134
L436 | -120 | -55 [ -132 [ -53 [ -111 [ -56 | L411 | -104 | -41 | -101 | -41 | V418 | -119 | -51
1437 -134 | 112 | -128 | 113 | -114 | 112 | 1412 -133 | 116 | -121 | 118 | F419 | -117 | 100

Supplementary Figure 8. Backbone conformation of the P1-L,,-f2 segment in Hsp70

structures. The y and ¢ angles of Gly425 and Gly431 are highlighted in red.
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Supplementary Figure 9
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Supplementary Figure 9. The G400P and G405P/G406P mutations drastically reduced the

peptide-binding activity of DnaK. The fluorescence polarization assay for peptide binding
activity was carried out on the DnaK proteins in the same way as in Fig. 5b.
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Supplementary Figure 10
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Supplementary Figure 10. ERd}3 has little effect on the fluorescence intensity of the TMR-
labeled BiP in the presence of ADP. Assay was carried out essentially the same way as in Fig. 6a
except that ADP was added in place of ATP.
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Supplementary Figure 11

a. C 30°C r 37°C
vector
M404C
M404C/T437C
b.
DnaK proteins K., (x10- min™) K, (M)
WT 27.88+2.18 1.70+0.07
C15A/M404C/T437C 28.03+2.95 2.12+0.07
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Supplementary Figure 11

Supplementary Figure 11. Conserved dynamics of L, , in DnaK.

a, Neither M404C nor T437C modification has appreciable impact on the in vivo function of DnaK.
Growth test of DnaK mutants in Hsp70-deficient E.coli was carried out. Serial dilutions of fresh
cultures from fresh transformants were spotted onto plates and incubated at 37 °C with a 30 °C
duplicate plate as growth control. WT DnaK and empty vector were used as positive and negative
controls, respectively.

b, Both the intrinsic ATPase and peptide-binding activities of DnaK are largely unaffected by the
M404C and T437C modifications. Assays were performed at room-temperature. For the peptide
binding activity, fluorescence polarization assay with the model peptide NR was used and
dissociation constants (K,) were calculated. Single-turnover ATPase assay was used to determine the
catalytic constants (k).

¢, The G400P mutation almost abolished the ATP-induced quenching of the TMR-labeled DnaK’s
fluorescence. Fluorescence emission spectra were collected in the same way as in Fig. 7a.

d, Dnal has little influence on the fluorescence of the TMR-labeled DnaK in the absence of ATP.
Assay was carried out essentially the same way as in Fig. 7¢ except that ATP was not included.

e, Dissociate constant (K;) of DnaJ for DnaK in the FRET assay. Relative fluorescence was
calculated by setting the fluorescence intensities of Apo and ATP alone at 573 nm (the peak
emission) as 1 and 0, respectively.

f, The kinetics of DnalJ-induced opening of L,,. Assays were performed on DnaJ and the TMR-
labeled DnaK in essentially the same way as in Fig. 6¢. The concentrations of DnalJ were labeled on
the right.
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