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Figure 1. ADP restricts Hsp104 activities. (A,B) ADP strongly inhibits the ATPase activity of Hsp104. The rate of ATP hydrolysis by Hsp104 was assessed

(A) at 10 mM ATP or (B) at 2.6 mM ATP and at the indicated concentrations of ADP. Data are the mean of three independent experiments (± SD). (C)

ADP inhibits fRCMLa translocation and proteolysis by HAP-ClpP. fRCMLa (5 mM) was incubated at 2.6 mM ATP with HAP (1 mM) and ClpP (1.8 mM) at

the indicated concentrations of ADP and its proteolysis was measured by following changes in fluorescence anisotropy. In a control fRCMLa was

incubated with ClpP without HAP (grey). (D) The rates of fRCMLa proteolysis by HAP-ClpP were calculated from the slopes of the fluorescence

anisotropy curves for each ADP concentration shown in (C) and normalized to the HAP activity in the absence of ADP. (E) ADP impairs binding of

Hsp104 to fRCMLa. Hsp104 E285Q (12 mM) was injected to the reaction mixture containing fRCMLa (1 mM), at 2.6 mM ATP and at the ADP

concentrations indicated in the legend. After 200 s, non-labeled RCMLa was added to the final concentration of 40 mM. (F) The relative initial rates of

fRCMLa binding by Hsp104 E285Q at the indicated ADP concentrations were calculated basing on the fluorescence anisotropy curves. a. u. – arbitrary

units.
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Figure 1—figure supplement 1. ADP inhibition of protein translocation through HAP. (A) fRCMLa at the concentrations indicated in the figure legend

was incubated with HAP (0.5 mM) and ClpP (0.5 mM) at 10 mM ATP (blue) or at 10 mM ATP and 2 mM ADP (red) or in the absence of nucleotides (grey).

(B) The rates of fRCMLa proteolysis were calculated from the initial slopes of the fluorescence anisotropy curves from (A), normalized to the fRCMLa

concentration and shown relatively to the degradation rate at 5 mM fRCMLa and 10 mM ATP. a. u. – arbitrary units.
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Figure 1—figure supplement 2. ADP effect on ATP hydrolysis by Hsp104 Walker B mutants. ATPase activity of

Hsp104 WT, E285Q (with only NBD2 hydrolytically active), and E687Q (with only NBD1 hydrolytically active)

variants was measured at 2.6 mM ATP in the presence (grey) or absence (black) of 1 mM ADP. Data are the

average of three experiments (± SD).
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Figure 2. Hsp70 allows Hsp104 to overcome ADP inhibition. (A) ADP impact on GFP disaggregation by Hsp104 and the Hsp70 system. Heat-

aggregated GFP (0.04 mg ml-1) was incubated with Hsp104 (1 mM), Ssa1 (2 mM) and Sis1 (0.4 mM) at 2.6 mM ATP and at the indicated concentrations of

ADP. A control experiment was performed without Hsp104 (grey). (B) The relative GFP renaturation rates by Hsp104 and Hsp70-Hsp40 at the indicated

ADP concentrations were calculated from the initial slope of the fluorescence curves from (A). (C) ADP effect on ATP hydrolysis by Hsp104 during the

Hsp70-assisted disaggregation. ATPase activity was measured for Hsp104 (1 mM) in the presence of Ssa1 (1 mM), Sis1 (0.1 mM) and aggregated GFP (0.2

mg ml-1) (green) or for Hsp104 alone (blue) under the conditions as in (A). For comparison, the ATPase activity of Ssa1, with Sis1 and GFP and without

Hsp104 was assessed under the same conditions (grey). Data are the average of three experiments (± SD).
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Figure 3. The derepressed D484K variant of Hsp104 is inhibited by ADP. (A) The ATPase activity of Hsp104 D484K is strongly affected by ADP. ATPase

activity of D484K variant was measured at 10 mM ATP and at the indicated concentrations of ADP. Values are the average of three independent

experiments (± SD). (B) ADP inhibits the disaggregation activity of Hsp104 D484K in the absence of Hsp70. Disaggregation of heat-aggregated GFP

(0.04 mg ml-1) by Hsp104 D484K (0.5 mM) at 10 mM ATP (blue). After 60 s of the reaction, ADP was added to 2 mM concentration (red). (C) ATP

regeneration system or (D) The Hsp70 system restores the disaggregation activity of Hsp104 D484K. The experiment was initiated as in (B), and after 5

min (C) an ATP regeneration system comprising PK (0.1 mg ml-1) and PEP (40 mM) (purple) or (D) the Hsp70 chaperone system: Ssa1 (2 mM) and Ydj1

(0.5 mM) (green) was added to the reaction mixture.
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Figure 3—figure supplement 1. Hsp104 D484K is

affected by ADP similarly as the WT Hsp104. ATPase

activity of WT and D484K variant was measured at

the physiological ATP concentration (2.6 mM) in the

absence (black) or in the presence of 1 mM ADP

(grey). Values are the average of three experiments (±

SD).
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Figure 3—figure supplement 2. Protein translocation activity of HAP D484K is inhibited by ADP. Proteolysis of

fRCMLa (5 mM) by HAP D484K (0.5 mM) and ClpP (0.5 mM) was carried out at 10 mM ATP (purple) or in the absence

of nucleotide (grey). Two other reactions were performed at 10 mM ATP and either in the presence of extra 2 mM

ADP (red) or with an ATP regeneration system (0.2 mg ml-1 creatine kinase and 120 mM creatine phosphate) (blue).

a. u. – arbitrary units.
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Figure 3—figure supplement 3. Hsp70 allows efficient disaggregation at low ATP:ADP ratio. Disaggregation of

heat-aggregated GFP (0.04 mg ml-1) (black) by Hsp104 D484K (1 mM) measured (A) in the absence or (B) in the

presence of the Hsp70 system: Ssa1 (2 mM) and Ydj1 (0.5 mM). The total concentration of adenine nucleotides was

10 mM. At the indicated time points samples were taken from the reaction mixture and subjected to HPLC

analysis to assess ADP concentration (grey).
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Figure 3—figure supplement 4. In the absence of ADP the derepressed Hsp104 D484K is independent of Hsp70

in disaggregation. Disaggregation of heat-aggregated GFP (0.04 mg ml-1) by Hsp104 D484K (0.5 mM) was carried

out at 10 mM ATP in the presence or absence of Ssa1 (2 mM) and Ydj1 (0.5 mM) or an ATP regeneration system (0.2

mg ml-1 creatine kinase and 120 mM creatine phosphate), as indicated. In a control experiment GFP was

incubated with Ssa1 (2 mM), Ydj1 (0.5 mM), without Hsp104.
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Figure 4. Hsp70 supports Hsp104 in disaggregation, compensating the effect of ADP. (A) The opposing effects of

ADP and Hsp70 on Hsp104 affinity towards aggregates. Disaggregation of heat-aggregated GFP present at

different concentrations by Hsp104 D484K variant (0.06 mM) was assessed at 10 mM ATP, with or without ADP (1

mM), in the presence or absence of Ssa1 (2 mM) and Ydj1 (0.5 mM), as indicated in the legend. The initial rate of

recovery of GFP fluorescence was plotted against GFP concentration. Data are the means of three measurements

(± SD). Dashed lines represent Michaelis-Menten curves fitted to each set of experimental data using least squares

fitting with the GraphPrism software. a. u. – arbitrary units. (B) Apparent KM values calculated for each experiment

described in (A). Values are average of three experiments (± SD).
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Figure 5. Hsp70 does not support Hsp104 in processing of disordered, non-aggregated proteins. Proteolysis of

fRCMLa (5 mM) by HAP (1 mM) and ClpP (1.8 mM), carried out at 2.6 mM ATP with or without 1 mM ADP and in the

presence or absence of Ssa1 (2 mM) and Ydj1 (0.5 mM), as indicated. Grey line shows a control experiment, in

which HAP was omitted. a. u. – arbitrary units.
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Figure 5—figure supplement 1. Hsp70 interaction

with fRCMLa. Ssa1 (2 mM) and Ydj1 (0.5 mM) were

injected to the reaction mixture containing fRCMLa (5

mM) at 2.6 mM ATP. Complex formation was monitored

by following fluorescence anisotropy. a. u. – arbitrary

units.

DOI: 10.7554/eLife.15159.014

Kłosowska et al. eLife 2016;5:e15159. DOI: 10.7554/eLife.15159 13 of 18

Research article Biochemistry

http://dx.doi.org/10.7554/eLife.15159.014
http://dx.doi.org/10.7554/eLife.15159


HAP

Ssa1

Creatine Kinase

α-casein

ClpP

Ydj1

0 1 0 1 0 1 0 1 0 1 0 1Time (h)

C
lp

P
H
A
P,

 C
lp

P

H
A
P,

 S
sa

1,
 Y

dj1
, C

lp
P

H
A
P,

 C
lp

P (+
A
D
P
)

H
A
P,

 S
sa

1,
 Y

dj1
, C

lp
P (+

A
D
P
)

H
A
P,

 C
lp

P,
 (+

C
P
C
K
, 1

0 
m

M
 A

TP
)

Figure 5—figure supplement 2. Hsp70 does not support Hsp104 in processing of a-casein. a-casein (20 mM) was

incubated with HAP (1 mM) and ClpP (3.6 mM) at 2.6 mM ATP in the presence of, optionally, 1 mM ADP, 2 mM Ssa1

and 0.5 mM Ydj1, as indicated, or at 10 mM ATP with an ATP regeneration system comprising 0.2 mg ml-1 creatine

kinase and 20 mM creatine phosphate (two last lines). In a control experiment a-casein was incubated with ClpP

only (two first lines). Proteolysis of a-casein was assessed after 1 hour with SDS-PAGE.

DOI: 10.7554/eLife.15159.015

Kłosowska et al. eLife 2016;5:e15159. DOI: 10.7554/eLife.15159 14 of 18

Research article Biochemistry

http://dx.doi.org/10.7554/eLife.15159.015
http://dx.doi.org/10.7554/eLife.15159


F
lu

o
re

s
c

e
n

c
e

 a
n

is
o

tr
o

p
y

 (
a

. 
u

.)

Ssa1, Ydj1, ClpP

HAP, Ssa1, Ydj1, ClpP, (+ADP)

HAP D484K, Ssa1, Ydj1, ClpP, (+ADP)

0 5 10 15
0

0.05

0.10

0.15

Time (min)

Figure 5—figure supplement 3. Derepressed HAP D484K is efficient in translocation of disordered proteins at

the physiological ATP and ADP concentrations. fRCMLa (5 mM) proteolysis by HAP (1 mM) or HAP D484K (1 mM)

and ClpP (1.8 mM), was carried out at 2.6 mM ATP and 1 mM ADP and in the presence of the Hsp70 chaperone

system comprising Ssa1 (2 mM) and Ydj1 (0.5 mM). In a control experiment HAP was omitted (grey).
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Figure 6. ADP inhibition is released during protein translocation by Hsp104. Protein substrate allows efficient ATP

hydrolysis at the physiological concentrations of adenine nucleotides. ATPase activity measured for (A) Hsp104 or

(B) Hsp104 D484K variant incubated with different concentrations of RCMLa at 2.6 mM ATP and 1 mM ADP. (C)

Steady-state ATPase activity of Hsp104 plotted against ATP concentration in the presence (red) or absence (blue)

of 50 mM RCMLa. Dashed lines show Michaelis-Menten curves fitted to the experimental data. (D) Apparent KM

values calculated for the experiments presented in (C). Data represent the mean of three experiments (± SD).
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Figure 6—figure supplement 1. Impact of fRCMLa on

ATP hydrolysis by Hsp104 is stronger in the presence of

ADP. Fold stimulation of the ATPase activity of Hsp104

WT and D484K proteins by the excess of RCMLa (100

mM). Measurements were carried out at 2.6 mM ATP in

the presence (black) or absence of 1 mM ADP (grey).

Data represent the mean of three experiments (± SD).
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Figure 7. The mechanism of Hsp70-mediated Hsp104 activation in the presence of ADP. The cellular level of ADP limits the ATPase activity and

restricts Hsp104 interaction with protein substrates. Hsp70 promotes Hsp104 binding to aggregates, but not to intrinsically disordered proteins. When

Hsp104 binds a polypeptide and translocation occurs, inhibition by ADP is overcome and the ATPase activity is restored.
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