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Abstract 14 

Recent work has shown that weak protein-protein interactions are susceptible to the cellular milieu. 15 

One case in point is the binding of heat shock proteins (Hsps) to substrate proteins in cells under 16 

stress. Upregulation of the Hsp70 chaperone machinery at elevated temperature was discovered in 17 

the 1960s, and more recent studies have shown that ATPase activity in one Hsp70 domain is 18 

essential for control of substrate binding by the other Hsp70 domain. Although there are several 19 

denaturant-based assays of Hsp70 activity, reports of ATP-dependent binding of Hsp70 to a 20 

globular protein substrate under heat shock are scarce. Here we show that binding of heat-inducible 21 

Hsp70 to phosphoglycerate kinase (PGK) is remarkably different in vitro compared to in-cell. We 22 

use fluorescent-labeled mHsp70 and ePGK, and begin by showing that mHsp70 passes the standard 23 

β-galactosidase assay, and that it does not self-aggregate until 50 °C in presence of ATP. Yet during 24 

denaturant refolding or during in vitro heat shock, mHsp70 shows only ATP-independent non-25 

specific sticking to ePGK, as evidenced by nearly identical results with an ATPase activity-deficient 26 

K71M mutant of Hsp70 as a control. Addition of Hsp40 (co-factor) or Ficoll (crowder) does not 27 

reduce non-specific sticking, but cell lysate does. Therefore, Hsp70 does not act as an ATP-28 

dependent chaperone on its substrate PGK in vitro. In contrast, we observe only specific ATP-29 

dependent binding of mHsp70 to ePGK in mammalian cells, when compared to the inactive Hsp70 30 

K71M mutant. We hypothesize that enhanced in-cell activity is not due to an unknown co-factor, 31 

but simply to a favorable shift in binding equilibrium caused by the combination of crowding and 32 

osmolyte/macromolecular interactions present in the cell. One candidate mechanism for such a 33 

favorable shift in binding equilibrium is the proven ability of Hsp70 to bind near-native states of 34 

substrate proteins in vitro. We show evidence for early onset of binding in-cell. Our results suggest 35 

that Hsp70 binds PGK preemptively, prior to its full unfolding transition, thus stabilizing it against 36 

further unfolding. We propose a “preemptive holdase” mechanism for Hsp70-substrate binding. 37 

Given our result for PGK, more proteins than one might think based on in vitro assays may be 38 

chaperoned by Hsp70 in vivo. The cellular environment thus plays an important role in maintaining 39 

proper Hsp70 function.  40 
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Introduction 41 

The cell is a crowded environment (300-400 mg/mL of macromolecules) [1], containing many 42 

surfaces capable of transient interactions. Quinary structure (transient interactions evolved for 43 

function) and crowding (excluded volume) are features indispensable to the proper function of 44 

many cellular proteins [2,3]. On the other hand, non-specific sticking can destabilize proteins, 45 

reduce effective binding constants by competing with productive binding, or reduce the number of 46 

encounter complexes by reducing diffusion rates in the cell compared to in vitro [4,5].  47 

These properties of the cytoplasm are difficult to mimic in vitro. The absence of an in-cell like 48 

environment is not a problem when folding of very stable proteins or very strong protein-protein 49 

interactions (nanomolar dissociation constant Kd) are studied in buffer, but it could have important 50 

consequences for the folding of marginally stable proteins or weak (micromolar dissociation 51 

constant Kd) protein-protein interactions, such as chaperoning. 52 

Members of the 70 kDa family of heat shock proteins (Hsp70s) have long been implicated in the 53 

maintenance of in-cell protein homeostasis by binding substrates during early stages of folding or 54 

cellular stress [6–8]. Hsp70s are known to be promiscuous [9–11]. Given recent evidence that 55 

promiscuity and stress response could be tuned via quinary structure [12–14], it is possible that 56 

crowding and weak in-cell interactions could be important for proper Hsp70-substrate binding 57 

under heat shock. Hsp70 substrate affinity is foremost controlled by the binding and consecutive 58 

hydrolysis of ATP at the N-terminal nucleotide binding domain (NBD) [15]. The NBD found in the 59 

Hsp70 family shares structural similarity to actin and some sugar kinases, underscoring the 60 

importance of ATP hydrolysis machinery in the cell [16,17]. ATP hydrolysis rate is increased by 61 

substrate binding to the C-terminal substrate binding domain (SBD) followed by domain 62 

rearrangement allowing up to two orders of magnitude increase in substrate affinity [7,18]. 63 

Hsp70 has been shown to bind short peptides [19], intrinsically disordered proteins (such as 64 

RCMLA and carboxamidomethylated ribonuclease A) [6,20,21], chemically denatured proteins 65 

(such as β-galactosidase) [22], and obligate substrates (such as luciferase) [22] in vitro. Few 66 

examples of binding upon heat shock exist, such as NCA-SNase and staphylococcal β-lactamase 67 

exist [6,23]. These two marginally stable proteins unfold at 37 °C, and Hsp70 could only bind them 68 

in their unfolded state. Such unfolded substrates do not provide insight on how Hsp70 binding 69 

proceeds with normally folded globular proteins during heat shock.  70 
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More recent in vitro studies have shown binding of bacterial Hsp70 (DnaK) to full length native 71 

substrates upon force-unfolding [24]. In these studies, DnaK was not only able to stabilize unfolded 72 

proteins to prevent misfolding, but also bound near-native protein conformations to stabilize them 73 

against unfolding [25]. Significant advances have also been made in our understanding of the 74 

physical interactions between substrate and chaperone [11,26–28]. However no study has compared 75 

in vitro and in-cell substrate binding of a normally folded full-length protein during heat shock [6], 76 

even though heat shock is at the core of the concept of a “Heat shock protein.” 77 

To elicit a chaperoning response that mimics the cellular heat shock response, we thermally 78 

denatured PGK [29] in mammalian U-2 OS cells. Fig 1A shows a schematic of the epifluorescence 79 

microscope equipped with a 2000 nm infrared wavelength fiber laser that is used to heat the 80 

aqueous medium in and around the cell to induce a heat shock. We also showed that sticking 81 

overwhelms any productive binding of Hsp70 to its substrate phosphoglycerate kinase (PGK) in 82 

vitro. 83 

 84 

Fig 1. Experimental design and molecular structures. (a) Schematic of epifluorescence 85 
microscope equipped with a 2000 nm wavelength infrared fiber laser (Advalue Photonics) for fast 86 
programmed temperature ramping. (b) Structures of proteins and molecules used in experiments 87 
and Figs 4,6-7. Structures were accessed by either PDB IDs Hsp70 (2KHO), PGK (3PGK), Hsp40 88 
(2QLD), mCherry (2H5Q) and mEGFP (3EVP) or PubChem ID for ATP (5957). All structures 89 
including Hsp70-mCherry were rendered using USCF Chimera 1.12. 90 

 91 

Since we subject cells to sudden heat-stress in our experiments, we studied the human 92 

cytoplasmic heat-inducible Hsp70 isoform, also known as Hsp72 or HSPA1A (Table A in S1 File), 93 

which we refer to as Hsp70 throughout. To study binding, we engineered a FRET pair consisting of 94 

mHsp70 (Hsp70 labeled by the red acceptor mCherry at the C-terminus) and ePGK (PGK labeled 95 

by the green donor mEGFP at the N-terminus) (Fig 1B). mCherry and mEGFP are known not to 96 

interact directly with one another below the mM level [14]. The intensity of green and red 97 

fluorescence was imaged onto a CMOS sensor as a function of temperature. Binding was detected 98 

by change in FRET efficiency between ePGK and mHsp70. Both protein concentrations were in the 99 

few micromolar range in-cell, comparable to physiological concentrations of these proteins in 100 

mammalian cells. 101 
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This paper shows in five steps that the cellular environment is needed for an effective 102 

chaperoning response. 1) We first show that fluorescently labeling PGK and Hsp70 does not 103 

significantly disrupt their stability and function, 2) we show that denaturant-unfolded PGK 104 

refolding by Hsp70 in vitro is no different than for an ATPase activity-deficient mutant, 3) we show 105 

that Hsp70 upon heat shock in vitro does not bind to PGK any differently than the same ATPase 106 

activity-deficient mutant, and that crowding or co-factors alone do not rescue this deficiency, 4) we 107 

show that an ATPase-dependent heat shock response does occur in mammalian cells, and 5) we 108 

show that the in-cell response has an onset even below the melting temperature of PGK. 109 

Thus Hsp70 acts as an ATP-specific chaperone for PGK in-cell, but not under denaturant or 110 

heat-shock conditions in vitro. There is a precedent for such “pre-emptive holdase” activity for the 111 

Hsp70 homolog DnaK, where the chaperone binds to full-length native proteins in force-unfolding 112 

experiments [24]. Our experiments establish such a mechanism for Hsp70 and its substrate PGK in 113 

cells. 114 

 115 

Materials and methods 116 

Protein expression and purification 117 

Protein expression was carried out according to previously established protocol [30]. Fusion protein 118 

sequences were cloned into pDream 2.1/MCS vector by Genscript Corp. and used for dual 119 

expression in E. coli and mammalian cells unless stated otherwise. Sequences of relevant Hsp70 120 

(HSPA1A), Hsp40 (Hdj1) and PGK mutants are listed in the Table A in S1 File. Hsp70 was cloned 121 

with a C-terminal mCherry (mHsp70) and mEGFP (mEGFP-Hsp70) fusion protein with a 6×His-122 

tag for purification. Hsp40 sequence with 6×His tag was cloned into pET15b for expression in E. 123 

coli. All PGK sequences were also cloned into pDream as N-terminal mEGFP fusion proteins with 124 

6xHis-tags for purification purposes (called ‘ePGK’ here). PGK mutants (ePGK0-ePGK3) with 125 

varying stabilities were designed in-house using PCR site-directed mutagenesis. The goal of the 126 

fluorescent labeling was not to obtain a maximum FRET signal when Hsp70 and PGK interact, but 127 

to obtain enough signal while not disrupting the function of the proteins. 128 

For protein expression, the plasmid of interest was chemically transformed into BL21-129 

CodonPlus(DE3)-RIPL cells (Agilent) according to manufacturer protocol. Transformed cells were 130 

grown in 1L Lennox LB broth (Fisher Biosciences) at 37 °C for 4 hours. The cells were then 131 
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induced with 1 mM isopropyl β-d-1-thiogalactopyranoside (IPTG, Inalco) and allowed to express 132 

protein for 12-16 h at 18 °C. The cells were pelleted by centrifugation (Beckman Coulter Avanti J-133 

E, 5000 rpm, 25 minutes, 10 °C) and resuspended in lysis buffer (500 mM NaCl, 50 mM Na2PO4, 134 

20 mM imidazole, pH 7.4). The cell suspension was then supplemented with protease inhibitors (1 135 

mM PMSF, Sigma) and 20 µL DNaseI (New England Biolabs)/10 mL suspension. Cells were then 136 

broken by sonication (Qsonica, 70% intensity, 6 s pulse/min, 6 min total process time). The cell 137 

lysate was re-centrifuged (10000 rpm, 20 min, 10 °C) to remove debris and filtered once through a 138 

0.45 µm filter (Millipore) and twice through 0.22 µm filter (Millipore). 139 

Each protein was isolated by affinity chromatography. Proteins were purified on a 5-mL 140 

HisTrap HP column by FPLC (GE Healthcare Life Sciences AKTA) and eluted with 500 mM NaCl, 141 

50 mM Na2HPO4 and 500 mM imidazole; pH 7.4. Protein purity was assessed using SDS-PAGE gel 142 

electrophoresis, mass spectroscopy and protein was dialyzed into appropriate storage buffers: 1) 143 

PGK storage buffer: 20 mM phosphate, pH 7 and 2) Hsp70/Hsp40 storage buffer: 100 mM Tris-144 

HCl, 0.1 mM EDTA, 100 mM NaCl, pH 6.9 with KOH. For long term storage, glycerol was added 145 

to a final concentration of 30% volume/volume, flash frozen in liquid N2 and stored at -70 °C. 146 

 147 

Stopped flow PGK refolding assay 148 

To monitor PGK unfolding and refolding, a FRET-labeled PGK1 (FRET-PGK1) was designed with 149 

an N-terminal mEGFP and a C-terminal mCherry label and cloned into a pDream vector by 150 

Genscript [31]. Stopped flow measurements were conducted with an Olis RSM 1000 instrument. 151 

FRET-PGK1 (efPGK1) was excited at 475 nm and emission spectra were collected between 493 to 152 

720 nm at 10 scans/sec scan speed. Stopped flow unfolding of efPGK1 was measured by rapid 153 

mixing of 42 µM efPGK1 and 0.6 M GuHCl in a 1:5 ratio. The final concentration after mixing for 154 

unfolding experiments was 7 µM efPGK1 and 0.5 M GuHCl. Stopped flow refolding of efPGK1 155 

was conducted by rapidly diluting 42 µM efPGK1 denatured in 0.5 M GuHCl in buffer with or 156 

without Hsp70/Hsp40 in a 1:5 ratio. The final concentration after mixing for refolding experiments 157 

was 7 µM efPGK1 and 0.083 M GuHCl. Chaperone free refolding buffer contained 2 mM ATP and 158 

1 mM DTT in K1 buffer (25 mM HEPES, 50 mM KCl and 10 mM MgCl2; pH 7.6 with KOH). 159 

Chaperone assisted refolding was conducted in K1 buffer with 2 mM ATP, 1 mM DTT, 100 µM 160 

Hsp70/Hsp70K71M and 22.5 µM Hsp40.  161 

 162 
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U-2 OS cytoplasmic lysate preparation 163 

Cells were grown to 70% confluence in T-75 culture flasks (Thermo Fisher Scientific). Prior to 164 

lysis, growth medium was removed, and cell monolayer was washed with 10 mL PBS (Corning). 165 

Cells were trypsinized (Corning) with 1 mL trypsin/flask and collected in 15 mL conical tubes. The 166 

cells were then pelleted by centrifuging for 5 minutes at 300×g (NuAire Awel C48). The 167 

supernatant was aspirated, and the cells were washed with 10 mL ice-cold PBS. The pellet was spun 168 

down again for 5 minutes at 300×g after which the PBS wash was aspirated. A 1 mL aliquot of 169 

lysis buffer was prepared by mixing cold Pierce lysis buffer (Thermo Fisher Scientific, 87787) was 170 

supplemented with 10 µL 100× protease inhibitor cocktail (Thermo Fisher Scientific, 78442). The 171 

pellet was resuspended in 200 µL ice-cold lysis buffer and incubated on ice for 30 minutes. The 172 

lysed cells were centrifuged again for 5 minutes at 13000 g on a tabletop centrifuge (Eppendorf 173 

5415D) and the supernatant was collected. The protein concentration of the lysate was estimated by 174 

a BCA assay (Thermo Fisher Scientific, 23225). Aliquots of cell lysate were stored at -20 °C. 175 

 176 

In vitro fluorimeter melts 177 

Prior to all measurements, glycerol was removed from the frozen stocks by spin filtration buffer 178 

exchange. Tryptophan fluorescence measurements and in vitro FRET binding experiments were 179 

conducted on an FP8300 spectrofluorometer equipped with Peltier temperature control (JASCO). 180 

Tryptophan was excited at 295 nm, and emission spectra were collected from 290 to 450 nm. 181 

Generally, our samples with ATP are excited at 295 nm to avoid the intense ATP absorbance at 280 182 

nm (peak excitation wavelength for tryptophan). Emission is collected from 290 nm which overlaps 183 

with the excitation. Generally, this is done so we can monitor excitation peak for signs of 184 

aggregation. Formation of aggregates generally leads to scatter and a drastic decrease in excitation 185 

signal. If this occurs the experiments are repeated. Samples were measured in 300 µL cuvettes at 5 186 

µM concentrations, unless otherwise noted. 187 

For all FRET measurements mEGFP was excited at 485 nm and emission spectra were collected 188 

from 480 to 700 nm in 300 µL cuvettes. Unfolding and aggregation of Hsp70 was monitored by the 189 

change in FRET efficiency vs. temperature by melting an equimolar mixture of mHsp70 (1 µM) and 190 

mEGFP-Hsp70 (1 µM) with and without 2 mM ATP and 10 mM DTT in K1 buffer.  191 
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For in vitro FRET binding experiments ePGKn (n=0-3) was heated with mHsp70 with 10 mM 192 

DTT and 2 mM ATP in K1 buffer. For measurements with 1:1 mHsp70:ePGK, 1 µM ePGK was 193 

mixed with 1 µM mHsp70 and for 5:1 mHsp70:ePGK, 5 µM mHsp70 was mixed with 1 µM ePGK. 194 

ATP was maintained in all in vitro experiments by addition of an ATP regenerating mix. The mix 195 

consists of 50 mM creatine phosphate, 0.2 mg/mL of creatine phosphokinase in appropriate buffer. 196 

Regeneration of ATP has been shown to increase refolding of denatured luciferase by Hsp70 [32]. 197 

For crowding Ficoll70 (Sigma) was added to a final concentration of 300 mg/mL along with 1 µM 198 

Hsp40. For measurements in cell lysate and Ficoll70, 0.6 mg/mL cell lysate was added in addition 199 

to 300 mg/mL Ficoll70 and 1 µM Hsp40. Temperature melts with Ficoll showed signs of 200 

aggregation at higher temperatures. 201 

 202 

β-galactosidase Hsp70 refolding assay 203 

The refolding assay was performed according to a previously described protocol [22]. Briefly 1 µM 204 

β-galactosidase was denatured by 10-fold dilution into denaturation buffer (K1 buffer supplemented 205 

with 5 mM BME) with 3 M GuHCl. For a folded control measurement β-galactosidase was diluted 206 

into denaturation buffer without GuHCl. Both denatured and folded β-galactosidase were then 207 

incubated at 30 °C for 30 minutes. Refolding was then initiated by 125-fold dilution of denatured β-208 

galactosidase into refolding buffer (K1 supplemented with 10 mM DTT and 2 mM ATP) 209 

supplemented with BSA (3.2 µM) or chaperone (1.6 µM Hsp70 or 3.2 µM Hsp40) at 4 °C. For a 210 

folded control, folded β-galactosidase was also diluted 125-fold into refolding buffer with 3.2 µM 211 

BSA. At each time-point 10 µL of the appropriate mixture was removed and added to 10 µL 0.8 212 

mg/mL ONPG substrate. The ONPG was then incubated at 37 °C for 15 minutes. The chromogenic 213 

reaction was arrested by adding 80 µL 0.5 M sodium carbonate. The extent of chromogenic reaction 214 

was estimated by measuring absorbance at 412 nm in a UV-Vis spectrophotometer (Shimadzu UV-215 

1800) in a quartz cuvette. Refolding activity of Hsp70 was estimated by calculating the percentage 216 

recovery of GuHCl denatured β-galactosidase with respect to folded control. 217 

 218 

FRET binding experiments in cells 219 

U-2 OS cells (ATCC) were grown in DMEM (Corning) supplemented with 10% FBS, 5% penicillin 220 

streptomycin (Fisher) and 5% sodium pyruvate (Fisher). At ~70% confluence cells were transferred 221 
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on to pre-cleaned glass coverslips (18 mm × 18 mm, #1.5) in a 35 mm falcon dish (MatTek Corp.) 222 

by trypsinization. They were then co-transfected with the appropriate plasmid(s) with 223 

Lipofectamine 2000 (Fisher) (5 µL Lipofectamine for every 2 µg plasmid) in DMEM without 224 

penicillin. 4 hours after transfection cells were washed with PBS and allowed to grow for 18-26 225 

hours in DMEM with penicillin. For co-transfection plasmid concentrations were optimized for 1:1 226 

expression of both proteins. For mHsp70 and ePGK roughly 2 µg mHsp70 and 1 µg ePGK was 227 

used for co-transfecting 3 35 mm falcon dishes. For mCherry/ePGK and mHsp70/mEGFP controls 228 

roughly 2 µg mHsp70/ePGK and 1 µg mCherry/mEGFP was used for co-transfecting 3 35 mm 229 

falcon dishes. 230 

18 to 26 hours after transfection coverslips were washed with PBS (Corning) and adhered to a 231 

slide using 120 µm thick spacers (Grace Bio-Labs) for imaging. Cells were imaged in Opti-MEM 232 

(Fisher) supplemented with 15% FBS. mEGFP in the cells was excited by a white LED by passing 233 

the light through a Chroma ET470/40x bandpass filter and mCherry was excited through a 234 

ET580/25x bandpass filter [30]. Both mEGFP and mCherry emission was monitored on a Lt225 235 

camera equipped with a CMOS sensor (Lumenera).  236 

Prior to the experiment, each fluorescent protein was individually excited to obtain intensities at 237 

room temperature. Hsp70 and PGK were assumed to be in the unbound state at room temperature. 238 

Initial concentrations of the two proteins was calculated from their individual fluorescence 239 

intensities using a predetermined in vitro calibration. Only cells that expressed roughly equimolar 240 

quantities of mEGFP and mCherry labeled proteins were chosen for experiments. Cells were heated 241 

using fast temperature jumps between 19-46 °C and imaged at 60 fps using LabVIEW (National 242 

Instruments) [30]. 243 

 244 

Data analysis 245 

All data was analyzed using MATLAB (MathWorks). In vitro tryptophan fluorescence 246 

measurements were analyzed by monitoring wavelength peak shift. CD spectra were analyzed by 247 

calculating the change in the CD mean residue ellipticity (MRE) at 222 nm [33]. 248 

Both in vitro and in-cell FRET binding measurements were monitored using FRET efficiency 249 

(EFRET). The EFRET was calculated according to: 250 

 𝐸#$%& = 	
)*+,--.	(011,234-)	673,7863.

)%9#:	(;474-)	673,7863.<)*+,--.	673,7863.
 [1] 251 
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In vitro donor and acceptor intensity were calculated by measuring area under the curve 252 

between 495 – 585 and 585 – 700 nm, respectively. In-cell binding was detected via FRET from 253 

mEGFP to mCherry and quantified as described previously in [31]. FRET efficiency was estimated 254 

at fourteen equally spaced temperatures from 20-46 °C by interpolation and normalized to the first 255 

temperature point. The traces were then corrected for bleaching by fitting a line through the first 256 

three data points and subtracting the fitted slope. The corrected traces were then averaged. 257 

Melting temperature (𝑇)) or binding temperature (𝑇>) were calculated using a two-state 258 

sigmoidal fit to the experimental data. If binding is driven by unfolding, sigmoidal curves are also 259 

appropriate for the bimolecular process. Native and denatured state baselines were assumed to be 260 

linear as a function of temperature, so that the signal 𝑆 can be estimated by: 261 

 	𝑆6 = 𝑚6(𝑇 − 𝑇B) + 𝑏6	, [2] 262 

where 𝑖 is either the native or substrate-chaperone unbound state (N) or the denatured or substrate-263 

chaperone aggregated state (D), 𝑚 is the slope and 𝑏 is the intercept. 𝑇B is the corresponding 264 

midpoint of the curve (𝑇) or 𝑇>) with the temperature 𝑇. The total signal 𝑆(𝑇) can then be 265 

estimated as a sigmoidal function with respect to temperature 𝑇: 266 

 𝑆(𝑇) = 𝑆G(𝑇)𝑓G(𝑇) + 𝑆I(𝑇)𝑓I(𝑇)	, [3] 267 

where, 𝑓G and 𝑓I  are the populations of the N and D states, respectively. 268 

 	𝐾,K = 𝑒M
NOP⟶R

ST ,  269 

 	Δ𝐺G⟶I ≈ 𝛿𝑔Z(𝑇 − 𝑇B), [4] 270 

 𝑓G =
[\]

Z<[\]
, and	𝑓I =

Z
Z<[\]

 271 

Fits to equation 2 yield the melting temperature (𝑇)) or binding temperature (𝑇>). For a three-272 

state sigmoidal fit the total signal 𝑆(𝑇) can then be estimated with respect to temperature 𝑇 as: 273 

 𝑆(𝑇) = 𝑆^(𝑇)𝑓 (𝑇) + 𝑆_(𝑇)𝑓_(𝑇) + 𝑆 (𝑇)𝑓 (𝑇)	, [5] 274 

where 𝑈 is the substrate-chaperone unbound state, 𝐵 is the substrate-chaperone bound state and 𝐴 is 275 

the substrate-chaperone aggregated state. PGK self-aggregates on unfolding (Supplementary results 276 

and Fig A in S1 File). However, equation 5 is fit to the FRET between Hsp70 and PGK. The three 277 

states which would contribute to this FRET would be the unbound low-fret state, bound mid-fret 278 

state and aggregated high-fret state. Even though some PGK is likely self-aggregated at high 279 

temperatures after unfolding this is FRET invisible and hence has not been accounted for in 280 
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equation 5.  𝑆^, 𝑆_ and 𝑆  can be modeled by equation 2. 𝑓 , 𝑓_ , and 𝑓  are the populations of the 281 

unbound, bound and aggregated states, respectively. 282 

 𝐾,KZ = 𝑒M
NOd⟶e

ST , 283 

 𝐾,Kf = 𝑒M
NOe⟶g

ST , [6] 284 

 Δ𝐺^⟶_ ≈ 𝛿𝑔Z(𝑇 − 𝑇>Z), and Δ𝐺_⟶` ≈ 𝛿𝑔Zh(𝑇 − 𝑇>f), 285 

where 𝑇>Z is the binding temperature midpoint for substrate and chaperone and 𝑇>f is the 286 

aggregation temperature midpoint where both chaperone and substrate are unfolded above 50 °C 287 

and aggregate.  288 

 𝑓 = [\]i
Z<[\]i<[\]i[\]j

, 289 

 𝑓_ =
[\]i[\]j

Z<[\]i<[\]i[\]j
, [7] 290 

 𝑓 = Z
Z<[\]i<[\]i[\]j

 291 

For stopped flow experiments, FRET efficiency was calculated the same as shown in equation 292 

1. Donor and acceptor intensity were calculated by measuring area under the curve between 535-293 

585 nm and 585-635 nm, respectively. The unfolding and refolding curves were fit to equations 8 294 

and 9, respectively as shown below. 295 

 𝑎𝑒Mli3 + 𝑏𝑒Mlj3 [8] 296 

 0,mno

f
− 0

f
 [9] 297 

While unfolding was fit to a double exponential equation 8 which accounts for a fast unfolding 298 

phase and a slow unfolding phase, the refolding was just fit to a single exponential equation 9. 299 

 300 

Results and discussion 301 

mCherry labeling only slightly reduces Hsp70 activity and stability in vitro 302 

Although C-terminal fluorescent protein fusions of Hsp70 have been shown to be functional 303 

previously [34], fluorescent protein tags such as mCherry could perturb stability and function of the 304 

tagged Hsp70 [35]. To confirm that labeled mHsp70 retains its refolding activity, we conducted 305 

standard refolding assays with β-galactosidase [22] (Fig 2A). Wild-type Hsp70 (wt-Hsp70) with co-306 

chaperone Hsp40 recovered about 55% of unfolded β-galactosidase, while mHsp70 with Hsp40 307 

recovered about 35%.  308 
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 309 

Fig 2. In vitro characterization of mHsp70. Filled markers and dashed lines show experimental 310 
data and solid lines are fits to experimental data. Error bars are standard error from mean for two 311 
measurement repeats. (a) β-galactosidase assay to assess refolding activity of mHsp70 compared 312 
to wt-Hsp70 and mHsp70K71M. (b) Unfolding of mHsp70 probed by FRET as a function of 313 
temperature with and without ATP. FRET was monitored between mEGFP-Hsp70 and mHsp70. 314 
Errors in Tm reflect the standard deviation of Tm values obtained from individually fitting two 315 
measurements. 316 

 317 

Hsp70 function is modulated by ATPase activity and mutants lacking ATPase activity should 318 

show diminished substrate recovery. A lysine at position 71 (K71) in the nucleotide binding domain 319 

is essential for ATP hydrolysis and any mutations at that position abrogate ATPase activity [36]. 320 

The ATPase activity for mHsp70K71M was tested, and the mutant showed no ATPase activity 321 

compared to mHsp70 (Supplementary Results and Fig B in S1 File). As expected, mHsp70K71M 322 

also showed much lower (<15%) β-galactosidase recovery, whether Hsp40 was present or not. 323 

mCherry, Hsp40 and the model crowder protein BSA showed no significant chaperoning activity on 324 

their own. 325 

Surprisingly, mHsp70 without the co-chaperone Hsp40 recovered about ~28% of unfolded β-326 

galactosidase, refolding almost twice as much β-galactosidase as wt-Hsp70 by itself (~15% 327 

recovery). We speculate that mCherry linked to Hsp70 helps with substrate recruitment due to 328 

crowding or hydrophobic surface patches on the mCherry surface. In effect, mCherry acts as a low-329 

performance co-chaperone substitute. 330 

To confirm that the stability of the labeled construct is the same as wt-Hsp70, thermal stability 331 

of mHsp70 was characterized in a temperature-controlled fluorimeter and compared to published 332 

results. The thermal stability of Hsp70 has been previously characterized in vitro where Hsp70 333 

unfolded with a melting temperature (Tm) of 42 °C without ATP and 60 °C with Mg2+/ATP [37]. 334 

This unfolding both with and without ATP was accompanied by a 25% structure loss (by circular 335 

dichroism (CD)). Using FPLC gel-filtration the authors also showed that this unfolding transition 336 

led to self-aggregation and formation of oligomeric species.  337 

We monitored Hsp70 unfolding and aggregation by tracking FRET efficiency (EFRET) change of 338 

an equimolar mixture of donor-Hsp70 (mEGFP-Hsp70) and acceptor-Hsp70 (mHsp70) in vitro. 339 

Both mCherry and mEGFP are stable in the temperature range tested and do not unfold until ≥70 °C 340 
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(Fig C in S1 File). Thermal melts of mHsp70 and mEGFP-Hsp70 showed the expected increase in 341 

EFRET upon unfolding due to self-aggregation. The EFRET curves fit to a Tm of 45 °C without ATP, 342 

and 55 °C with ATP (Fig 2B) similar to previously published results. mHsp70 unfolding was also 343 

characterized by CD and tryptophan fluorescence, and showed similar unfolding behavior with the 344 

different spectroscopic probes (Table B in S1 File). These changes in FRET at high temperature are 345 

not to be confused with productive binding of Hsp70 to substrates. 346 

 347 

Four GFP-labeled PGK mutants ‘ePGK’ have successively lower melting points 348 

E. coli PGK is a known substrate of the E. coli Hsp70 (DnaK) based on cell-extract results [29]. We 349 

used yeast PGK for our experiments. Yeast PGK and human PGK share 65% sequence identity and 350 

76% sequence similarity (Emboss Needle alignment tool). We designed and studied four different 351 

mutants of PGK labeled with mEGFP (Table C in S1 File) with successively lower thermal 352 

denaturation midpoints Tm to map out the relationship between substrate stability and chaperone 353 

binding. The thermal denaturation of these ‘ePGK’ mutants was probed by tryptophan fluorescence 354 

peak shift or CD mean residue ellipticity (Fig D in S1 File). Mutant ePGK0 has a Tm (48.4 °C) well 355 

above the viable temperature range for mammalian cells. It serves as a control where little binding 356 

is expected below 48 °C. ePGK1 (Tm = 45.8 °C), ePGK2 (Tm = 43.3 °C) and ePGK3 (Tm = 40.5 °C), 357 

although based on very different mutations (see SI), all have a Tm that lies in the range where 358 

unfolding is accessible in the cell. All mutants have Tms above physiological temperature for the U-359 

2 OS human cell line.  360 

 361 

mHsp70 is not an ATP-dependent chaperone for PGK in vitro upon refolding from 362 

denaturant 363 

To see whether ePGK is an ATP-specific in vitro substrate of human Hsp70, we performed 364 

stopped-flow PGK refolding assays. PGK1 was labeled with mEGFP at the N-terminus and 365 

mCherry at the C-terminus [38] such that refolding can be monitored by the change in FRET 366 

efficiency between mEGFP and mCherry as the two termini move closer together. The refolding 367 

rate of initially GuHCl-denatured FRET-PGK1 in buffer and buffer supplemented with 368 

Hsp70/Hsp40 was compared. Optimal GuHCl concentrations for refolding experiments were 369 
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determined by performing isothermal titrations of FRET-PGK1 with GuHCl, yielding a mid-point 370 

concentration (Cm) of 0.31 M (Fig E in S1 File) in agreement with previously reported values [39]. 371 

Unfolding of efPGK1 in 0.5 M GuHCl showed a fast phase with τ1 ≈ 5.1 ± 0.2 secs and a slow 372 

phase with τ2 ≈ 80.7 ± 1.5 secs (Fig 3). Addition of both Hsp70 and Hsp40 improved folding 373 

efficiency of efPGK1 from 47% without Hsp70 to 57% with Hsp70. However, replacement of 374 

Hsp70 by the ATP-ase activity-deficient mutant Hsp70K71M yielded the same improvement. Even 375 

though these stopped flow experiments show that Hsp70 improves efPGK1 refolding, this activity is 376 

ATP-independent. Thus, while PGK is a substrate of Hsp70, its interaction in vitro when refolding 377 

from denaturant is non-specific. 378 

 379 

Fig 3 In vitro FRET-PGK1 refolding assay with Hsp70. Markers show experimental data and 380 
solid lines show fits to experimental data. Data displayed was binned at 1 second time intervals.  381 

 382 

mHsp70 is not an ATP-dependent heat shock chaperone for PGK in vitro 383 

To study chaperoning of ePGK0-3 by mHsp70 under heat shock in vitro, thermal scans were FRET-384 

detected in buffer K1 with excess ATP (see Methods). 5:1, 1:1 and 1:5 concentration ratios of 385 

substrate and chaperone were used. In order to differentiate between melting and association, we 386 

refer to the protein thermal denaturation midpoint as Tm, and the association midpoint as T0. Fig 4 387 

shows the interaction of 5× excess mHsp70 (5 µM) with ePGK0-3 (1 µM). In ATP buffer, EFRET vs. 388 

temperature shows a cooperative transition with an onset of 49 °C and a temperature midpoint (T0) 389 

of 55 °C using a two-state sigmoidal fit (see Methods). This T0 is similar to the Tm of mHsp70 with 390 

ATP in Fig 2B, and high temperature association is thus aggregation of unfolding ePGK0 with 391 

unfolded mHsp70, and not productive chaperone-substrate binding.  392 

 393 

Fig 4 In vitro binding of 5:1 mHsp70 and ePGKs with ATP. Colors are ePGK0 (black), ePGK1 394 
(dark-red), ePGK2 (red) and ePGK3 (orange). Filled markers show experimental data and solid 395 
lines are fits to experimental data. Error bars are standard error from mean for two measurement 396 
repeats. Errors in Tm reflect the standard deviation of Tm values obtained from individually fitting 397 
three measurements. 398 

 399 
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A transition with a lower onset at 35 °C was clearly observed in Fig 4 for ePGK3 (35 °C). 400 

Control experiments with mHsp70+mEGFP as well as mCherry+ePGK0-3 showed no such increase 401 

in FRET efficiency EFRET (Fig F in S1 File). Thus, the association is not of mEGFP with mHsp70 or 402 

mCherry with PGK. The EFRET curve for ePGK3 and mHsp70 could be fit using a three-state model 403 

with two T0s (T01 and T02). T01 = 40 °C agrees with the Tm for ePGK3. This initial transition is due to 404 

association of mHsp70 and ePGK3 as it unfolds. T02 fit to 54 °C and corresponds to the aggregation 405 

of unfolded mHsp70 and ePGK3 as discussed above for ePGK0. The binding curves for ePGK1 and 406 

ePGK2 could not be fitted reliably by a three-state model but also showed some early onset.  407 

We also tested binding at other mHsp70:ePGK ratios, most importantly for comparison with our 408 

in-cell mHsp70:PGK ratio of ≈ 1:1. At 1:1 or 1:5 mHsp70:ePGKs (Fig G in S1 File), no binding is 409 

detectable at all in vitro. 410 

We hypothesized that the earlier onset of Hsp70-PGK3 interaction at the 5:1 ratio might signal 411 

productive binding, which requires ATP-dependence. Such substrate binding would be abolished 412 

for the ATPase-deficient mutant mHsp70K71M. However, 5:1 mHsp70K71M:ePGK3 binding 413 

yielded curves like those observed with mHsp70 (Fig 5A). We conclude that our hypothesis of 414 

productive in vitro binding is falsified and that mHsp70 does not act as an ATP-dependent heat 415 

shock chaperone for ePGK3. As the substrate protein unfolds, it simply sticks in vitro to the Hsp70 416 

chaperone in an ATPase activity-independent manner. 417 

 418 

Fig 5 In vitro binding of 5:1 mHsp70 and ePGK3 with (A) ATP, (B) ATP and 10 µM Hsp40 and 419 
(C) ATP, 10 µM Hsp40 and 300 mg/mL Ficoll70. Filled markers show experimental data and solid 420 
lines are fits to experimental data. Error bars are standard error from mean for two measurement 421 
repeats. Both mHsp70 and mHsp70K71M show similar binding curves.  422 

 423 

Any productive binding of mHsp70 to ePGK3 should show an EFRET change above the 424 

background (~ 5%) observed for ATP-independent interaction. We next checked whether addition 425 

of 10 µM co-chaperone Hsp40 would increase EFRET above the background. The addition of Hsp40 426 

did not significantly increase mHsp70-ePGK3 binding, and mHsp70K71M again showed a similar 427 

curve with Hsp40. We tested various concentrations of co-chaperone Hsp40 to 5:1 mHsp70:ePGK3, 428 

but no significant increase over the background could be observed at any of the concentrations 429 
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tested (Fig H in S1 File). Thus, the co-chaperone Hsp40 in vitro does not rescue ATP-independent 430 

sticking of PGK and Hsp70 to become ATP-controlled productive binding.  431 

Since the cellular environment is extremely crowded, we also conducted experiments in vitro 432 

with an artificial crowding agent, 300 mg/mL Ficoll70, at an excluded volume similar to the 433 

cytoplasm. We again tested 1:1 (Fig 6A), 1:5 (Fig I in S1 File) and 5:1 mHsp70:ePGKs (Fig I in S1 434 

File). Ficoll70 resulted in two well-resolved cooperative transitions for ePGK2 and 3. We discuss 435 

1:1 binding in more detail here because this condition is the closest to our in-cell experiments. The 436 

binding curves for ePGK2 and 3 were fit using a three-state model and both yielded a T02 of ~54 °C 437 

(aggregation of unfolded mHsp70 and unfolded ePGK). T01 fit to 43.2 °C for ePGK2 and 40.0 °C 438 

for ePGK3, both in good agreement with the Tm for ePGK2 and ePGK3. Therefore, this early 439 

transition is due to the association of mHsp70 to ePGK as it unfolds. ATPase-deficient 440 

mHsp70K71M:ePGK controls in Ficoll70 (Fig 5C) again showed the same change in EFRET, with 441 

similar T01. Thus, binding in a crowded in vitro environment is still dominated by ATP-independent 442 

sticking of unfolded substrate to the chaperone. 443 

 444 

Fig 6 In vitro binding of 1:1 mHsp70 and ePGKs with and without cell lysate. Filled markers 445 
show experimental data and solid lines are fits to experimental data. Error bars are standard error 446 
from mean for two measurement repeats. Fit errors reflect the 1 standard deviation precision of 447 
the fit. Binding of ePGK0 (black), ePGK1 (dark red), ePGK2 (red) and ePGK3 (orange) in buffer 448 
with (A) Ficoll70, ATP and Hsp40 with mHsp70 without cell lysate and (B) Ficoll70, cell lysate, ATP 449 
and Hsp40 with mHsp70. 450 

 451 

To mimic the cell more closely, we also performed experiments in 0.6 mg/mL cell lysate plus 452 

buffer containing 300 mg/ml of the crowding agent Ficoll70 (Fig 6B) with 1:1 mHsp70:ePGK. This 453 

significantly reduced sticking of ePGK3 compared to just Ficoll70, from ~10% to ~5%. Sticking 454 

was abolished completely for ePGK2. We hypothesize that the combination of crowding and weak 455 

interactions of lysate osmolytes and macromolecules with Hsp70 and PGK reduces sticking and 456 

could promote proper heat shock function of Hsp70 in cells.  All binding T0s are reported in table 457 

S4. 458 

 459 

mHsp70-ePGK binding under in-cell heat shock is specific and ATP-dependent 460 
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For in-cell experiments, ePGK and either mHsp70 or mHsp70K71M are co-expressed in U-2 OS 461 

cells (see Methods). Only cells with 1:1±0.1 substrate:chaperone (based on ratiometric fluorescence 462 

intensity calibration) were chosen for imaging. ePGK was thermally denatured by a programmed 463 

infrared laser-induced temperature ramp (Fig 1A inset). The average of the EFRET curves for 464 

mHsp70-ePGK binding for 15-30 cells was calculated for ePGK0-3 (Fig 7A). As expected for 465 

ePGK0 with Tm = 48 °C, only the onset of binding was observed. In contrast, ePGK2 and ePGK3 466 

showed fully resolved cooperative binding curves with an overall EFRET change of ~8% on average. 467 

The T0 for ePGK2-mHsp70 and ePGK3-mHsp70 binding fit to 39.1 °C and 37.1 °C, respectively. 468 

The fitted T0 values are about 3 °C lower than the corresponding ePGK in vitro thermal 469 

denaturation Tm values, as we further discuss below. 470 

 471 

Fig 7 In-cell binding of mHsp70 and ePGKs. Filled markers and dashed lines show experimental 472 
data and solid lines are fits to experimental data. Error bars are standard error from mean for 15-473 
30 cells. Fit errors reflect the 1 standard deviation precision of the fit. FRET efficiency average for 474 
(a) mHsp70- and (b) mHsp70K71M-PGK binding vs. temperature for ePGK0 (black), ePGK1 (dark 475 
red), ePGK2 (red) and ePGK3 (orange).  476 

 477 

In contrast to our in vitro binding results, average EFRET binding curves for the ATPase-inactive 478 

mHsp70K71M mutant showed only a small signal change, ≤ 2% (Fig 7B). A control in cells 479 

transfected with mEGFP and mCherry (Fig J in S1 File) shows a similar 2% change, so the 480 

mHsp70K71M result is likely due to a weak interaction of the fluorescent labels. The signal 481 

observed with wild-type mHsp70 in cell is at least 4x times higher than with mHsp70K71M. 482 

Therefore, the EFRET change observed with mHsp70 is due to productive substrate binding regulated 483 

by ATPase activity. In-cell, mHsp70 is indeed a heat shock chaperone for ePGK. 484 

 485 

Discussion and Conclusions 486 

Our results show that in vitro, mHsp70 neither accelerates ePGK refolding from denaturant nor 487 

binds PGK upon heat shock in an ATP-dependent manner. By contrast in-cell, mHsp70 binds ePGK 488 

in a cooperative, ATP-dependent manner. These results are summarized in Fig 8, depicting the 489 

results discussed above in a 2D grid for easy visualization.  490 

 491 
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Fig 8 Summary of the results discussed in the manuscript. Binding types are shown in the 492 
dendrogram on the top. Results are summarized in the grid below. Each unit in the grid is color 493 
coded and the color stands for a binding type. Cooperative and ATP-dependent specific binding 494 
is only observed in-cell. “Onset” means that the beginning of a cooperative binding curve can be 495 
observed, but the transition is at too high of a temperature to observe the complete binding curve. 496 

 497 

For in-cell binding, the observed binding midpoint temperature T0 is ~3 °C lower than the PGK 498 

melting temperature Tm in vitro. We previously showed that the stability of FRET-labeled PGK1 499 

(fPGK1) is higher in U-2 OS cells by ~2 °C than in vitro [31,40]. Thus, the Hsp70-PGK binding 500 

temperature T0 is actually likely to be ~5 °C lower than the in-cell Tm of PGK. 501 

There are two plausible explanations for why mHsp70 already binds ePGK below its in-cell 502 

unfolding temperature: mHsp70 either acts as an unfoldase, or as a preemptive holdase for PGK. 503 

Unfoldases lower the stability of a protein they bind by shifting the unfolding equilibrium  [41], 504 

while we coin the term ‘preemptive holdase’ for a chaperone that recognizes and binds its substrate 505 

below Tm without promoting unfolding. Because wt-Hsp70 is overexpressed during the over half 506 

hour duration of our previous in-cell fPGK1 thermal denaturation experiments, and a higher fPGK1 507 

Tm is observed in-cell than in vitro, these chaperones do not appear to act as unfoldases for PGK in 508 

the cell [42]. 509 

Instead, Hsp70 may act as a preemptive holdase in the cell. Our proposed mechanism is as 510 

follows. It is known that Hsp70 recognizes short (~7 residues) hydrophobic motifs [43]. Increased 511 

thermal fluctuations of the native state preceding the thermal unfolding transition have been 512 

demonstrated for PGK and other proteins: for example, tryptophan near the protein surface exists in 513 

a highly fluctuating environment prior to unfolding [44–46]. We therefore hypothesize that prior to 514 

unfolding, native state fluctuations of substrate proteins such as PGK expose on their surface short 515 

hydrophobic motifs that Hsp70 recognizes and binds preemptively, before full unfolding occurs. 516 

Binding of a human Hsp70 isoform, Hsc70 and bacterial Hsp70, DnaK, to dynamically exposed 517 

states was recently demonstrated for two substrate proteins using NMR [47] to support this notion.  518 

PGK is known to have ~7 such hydrophobic motifs that could potentially bind Hsp70, as shown 519 

in Fig 9. These binding sites were predicted using the limbo website, 520 

http://limbo.switchlab.org/limbo-analysis [48], which was developed for DnaK (bacterial Hsp70), 521 

but is still likely useful for other Hsp70s, although it may not properly identify all Hsp70 binding 522 

sites in PGK. It has been observed previously that DnaK can bind near-native states of maltose 523 
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binding protein and prevent unfolding with force [24]. Preemptive holdase activity in the cell 524 

similarly would enable Hsp70 to bind and hold substrate proteins prior to unfolding, stabilizing 525 

substrates against unfolding. We speculate that preemptive holdase activity may have evolved to 526 

preempt formation of misfolded or unfolded states of important substrates before they can have a 527 

chance to aggregate in the cell. 528 

 529 

Fig 9 Ribbon structure of PGK. Hydrophobic patches are highlighted in green. These patches are 530 
potential binding sites for Hsp70 even when PGK is in its native state.  531 

 532 

In contrast, in vitro binding or refolding experiments in buffer or crowder showed equal binding 533 

signals of ePGK with both mHsp70 and mHsp70K71M, pointing to an ATP-independent sticking 534 

between mHsp70 and unfolded ePGK. We also corroborated that the addition of Hsp40 did not 535 

increase binding efficiency in vitro. Thus, in vitro binding, crowded or not, is not under ATP 536 

control and not pre-emptive. However, the addition of cell lysate reduced the propensity for ATP-537 

independent sticking in Ficoll70. We therefore conclude that weak interactions with cytoplasmic 538 

components and crowding combine to promote the productive chaperoning interaction of mHsp70 539 

with ePGK under thermal stress. It is worth noting that the FRET efficiency changes observed upon 540 

binding in various scenarios (excluding the larger changes at > 50 °C due to Hsp70 and/or PGK 541 

aggregation) range from +10% to +30%, likely caused by changes in crowding (buffer vs. Ficoll vs. 542 

in-cell) and binding sites (specific ATP-dependent vs. non-specific binding) in-cell and in vitro. 543 

The observation that yeast PGK is a cooperative and ATP-dependent substrate in-cell but not in 544 

vitro points to the possibility of Hsp70 having a broader palette of substrates in vivo than one would 545 

conclude based on in vitro assays alone. Chaperoning is likely not the only quinary structure 546 

formation process that is significantly modulated by the cytosol. Other weak but functional protein-547 

protein interactions are also likely to elude in vitro assays such as pull-downs or titrations, and may 548 

require investigation in the native environment of the cell to obtain quantitative Kd values and other 549 

binding parameters [14,49–51]. 550 
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