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ABSTRACT: Proteins are particularly prone to aggregation
immediately after release from the ribosome, and it is therefore
important to elucidate the role of chaperones during these key steps
of protein life. The Hsp70 and trigger factor (TF) chaperone
systems interact with nascent proteins during biogenesis and
immediately post-translationally. It is unclear, however, whether
these chaperones can prevent formation of soluble and insoluble
aggregates. Here, we address this question by monitoring the
solubility and structural accuracy of globin proteins biosynthesized
in an Escherichia coli cell-free system containing different
concentrations of the bacterial Hsp70 and TF chaperones. We
find that Hsp70 concentrations required to grant solubility to newly
synthesized proteins are extremely sensitive to client-protein
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sequence. Importantly, Hsp70 concentrations yielding soluble client proteins are insufficient to prevent formation of soluble
aggregates. In fact, for some aggregation-prone protein variants, avoidance of soluble-aggregate formation demands Hsp70
concentrations that exceed cellular levels in E. coli. In all, our data highlight the prominent role of soluble aggregates upon nascent-
protein release from the ribosome and show the limitations of the Hsp70 chaperone system in the case of highly aggregation-prone
proteins. These results demonstrate the need to devise better strategies to prevent soluble-aggregate formation upon release from the

ribosome.

B INTRODUCTION

After biosynthesis, most Escherichia coli proteins and the model
protein sperm whale apomyoglobin are kinetically trapped
relative to a variety of aggregates (e.g, nonamyloid and
amyloid®), in cell-like media under physiologically relevant
conditions.>*" However, transient non-native conformations
generated immediately after nascent-protein release from the
ribosome are not kinetically trapped relative to aggregates,
presumably due to their high free energy and lower barriers to
folding/aggregation. Indeed, these conformations experience a
particularly high propensity to aggregate.”® Recent studies
showed that, upon release from the ribosome, kinetic
channeling of nascent proteins toward either native or
aggregated states is extremely sensitive to protein sequence.
For instance, single-point mutations that perturb folding/
unfolding/aggregation kinetic barriers upon release from the
ribosome, but not native-state thermodynamic stability, cause
proteins to be released from the ribosome as insoluble
aggregates (Figure 1a).’

Molecular chaperones are known to facilitate protein
folding, prevent aggregation, and perform a variety of
additional critical cellular functions that enable cell survival
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and growth.” The Hsp70 system and trigger factor (TF) are
the primary bacterial chaperones that act during the early co-
and post-translational periods in protein life.” Client proteins
bind Hsp70 according to their folding kinetics, equilibrium
thermodynamic properties,'' and aggregation propensity.'” E.
coli cells can tolerate the deletion of either Hsp70 (known as
DnaK in E. coli) or TE. On the other hand, simultaneous
deletion of both chaperones is lethal to cells at temperatures
higher than 30 °C.”*"* While TF and Hsp70 have partially
overlapping roles, Hsp70 enables bacterial cell viability across a
wider temperature range than TE. >3

Hsp70 and TF are not only important for wild-type cell
viability but also serve as “buffers” against mutations in
bacteria. For instance, overexpression of TF increases the in
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Known protein folding paths upon release from the ribosome

(WT and mutant apoMb, no chaperones)
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Figure 1. Key concepts and unanswered questions investigated in this study. (a) Upon protein biosynthesis at low concentrations (0.3 + 0.2 uM)
in an E. coli cell-free system devoid of molecular chaperones, WT apoMb forms a soluble species. A single-point mutation (M131D) is known to
disrupt the kinetic balance between protein folding and aggregation upon release from the ribosome (Addabbo et al. 2020) and causes apoMb to
form an insoluble aggregate.3 (b) Unanswered questions addressed in this work.

vivo activity and solubility of deleterious mutants of the E. coli
controller of cell-death protein B (CcdB).'* In addition, in
evolving E. coli bacteria, overexpression of Hsp70 prevents cell-
line extinction from the accumulation of random mutations
across several proteins.'” Further, E. coli proteins that interact
more frequently with Hsp70' evolve faster than clients that
interact less frequently with this chaperone.'”'” The latter
studies show that the Hsp70 and TF chaperones are capable of
preventing harmful mutation-related phenotypes.

Despite the above knowledge, the types of mutations
requiring chaperone assistance (e.g, surface vs core, stabilizing
vs destabilizing) and the structural characteristics of ribosome-
released client-protein variants (e.g., native states, soluble or
insoluble aggregates) generated in the absence and presence of
chaperones are not known.

Interestingly, one of the ways the Hsp70 and TF chaperones
operate is by granting solubility to a variety of proteins, upon
release from the ribosome. For instance, in the absence of any
chaperone, 72% of E. coli proteins (excluding membrane
proteins) are insoluble (<80% solubility) when synthesized on
the ribosome via a cell-free transcription-translation system.’
These studies were performed at 37 °C, and E. coli proteins
were expressed at an average concentration of 33 yg/mL.° TF
grants solubility (i.e., >50% increase in solubility) to only 2%
of these aggregation-prone proteins.18 On the other hand,
Hsp70 renders 52% of these proteins soluble.'® Further, in
addition to increasing the solubility of E. coli homologous

proteins,"® Hsp70 and TF also perform a similar action on
heterologous'® proteins. It is imperative, however, to note that
a protein’s soluble status does not necessarily imply native
conformation. For instance, soluble proteins, including
members of the globin fold, sometimes populate soluble
aggregates under physiologically relevant conditions.””’
Soluble aggregates are not bioactive and reduce the amount
of functional gene product produced upon recombinant
protein expression.”’ Further, in higher organisms including
mammals, it is becoming clear that soluble aggregates
contribute to a variety of deadly maladies.””

Despite the above progress, there is a crucial gap in
knowledge about whether Hsp70 or TF can prevent the
formation of soluble aggregates. In addition, it is not known
what specific chaperone concentrations are required to prevent
soluble and insoluble aggregate formation upon release from
the ribosome (Figure 1b).

In this study, we focus on the well-biochemically
characterized model protein apomyoglobin.”** We explore
the nature of its native state and its soluble/insoluble
aggregates immediately upon release from the ribosome in
the absence and presence of the Hsp70 and trigger factor (TF)
chaperones.

Specifically, we employ apoMb as a benchmark to address
two key unanswered questions, as schematically illustrated in
Figure 1. Namely, (1) Can the Hsp70 chaperone system
prevent the harm caused by single-point mutations that disrupt
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the apoMb nonpolar-core? and (2) what Hsp70 concentrations
are needed to prevent soluble and insoluble aggregate
formation of WT and mutant apoMb upon release from the
ribosome? We employ a combination of site-specific
fluorophore labeling, solubility assays, frequency-domain
fluorescence lifetime and anisotropy decays, and multidimen-
sional NMR. These synergistic approaches offer an excellent
opportunity to identify both soluble and insoluble gene
products and, importantly, to characterize the nature of the
soluble fraction of newly synthesized proteins. We focus on the
role of Hsp70 during the last stages of de novo protein
biosynthesis. We evaluate two apoMb variants specifically
designed to perturb co- and immediately post-translational
conformational sampling. We show that physiologically
relevant concentrations of Hsp70 prevent insoluble aggregate
formation induced by single-point mutations. However, under
nonstress conditions, higher than physiologically attainable
Hsp70 concentrations™* are required to prevent the generation
of soluble aggregates. The wild-type protein also forms soluble
aggregates with different characteristics, upon release from the
ribosome. Therefore, different proteins have distinct Hsp70
chaperone requirements to prevent the formation of insoluble
and soluble aggregates. Further, the E. coli Hsp70 chaperone
system is incapable of reversing the deleterious effect of the
M131D apoMb single-point mutation, which is known” to be
responsible for incorrect kinetic channeling upon release from
the ribosome. In all, this work demonstrates the crucial
importance of controlling immediately post-translational
events taking place upon release from the ribosome, and it
shows that the Hsp70 chaperone system is capable of
modulating this crucial step of protein life, but only to a
limited extent.

B EXPERIMENTAL METHODS

Generation of 128D and M131D apoMb Plasmids. In
order to generate plasmids containing the 128D and M131D
point mutations, the Quikchange II Site-Directed Mutagenesis
Kit was used. Single-codon mutations were inserted starting
from the pET-Bluel plasmid harboring the WT sperm whale
apoMb gene.

Cell-Free Transcription-Translation. Ribosome-released
proteins were produced as previously described.” In summary,
a pET-Bluel plasmid (24—50 pg/mL) containing genes
encoding WT sperm whale apoMb, or 128D apoMb2 was
employed in either a WT or Atig (lacking endogenous TF)
A19 E.coli transcription-translation system prepared in-house.”
The endogenous concentration of Hsp70, DnaJ, and GrpE in
the cell-free systems are approximately 0.5, 0.04, and 0.05 uM,
respectively. The endogenous concentration of TF in the WT
cell-free system is 0.2 uM. Cotranslational site-specific N-
terminal labeling of expressed apoMb was achieved by the
addition of in-house prepared BODIPY-FL-Met-tRNA™® >
When applicable, the KLR-70 Hsp70 inhibitor was added to a
final concentration of 400 M to produce apoMb in the
absence of Hsp70. All cell-free transcription-translation
reactions were carried out at 37 °C for 20 min. Full-length
ribosome-released WT apoMb was produced in the presence
of added purified Hsp70, DnaJ, and GrpE. The final
concentrations of Hsp70 were approximately 21 or 75 uM.
DnaJ was present at final concentrations of 0.04—12 uM. GrpE
was present at approximately 19 uM.

Determination of apoMb Concentrations in Cell-Free
Systems. The concentration of apoMb produced in cell-free

systems according to identical procedures to those employed
here was previously determined to be 300 nM via Western
blotting.” The standard error in total apoMb fluorescence
intensity (soluble plus insoluble fractions) in the SDS-PAGE
gels for solubility experiments (Figure 4) was used to calculate
uncertainties in apoMb concentration. Gel band intensities
were quantified with Image].”” Standard error and percent
error for apoMb total fluorescence intensities are listed in
Supporting Table S1. The average percent error for all three
species was 49%. Therefore, the uncertainty for the apoMb
concentration was calculated to be 0.15 yM, and the apoMb
concentration is reported as 0.3 + 0.2 yuM. This uncertainty
was propagated to determine the uncertainty in chaperone-to-
apoMb-protein ratios listed in Figures 4 and 8.

Yields of WT and Variant apoMb Cell-Free Produc-
tion. The yields of total protein production upon tran-
scription-translation in the in-house E. coli cell-free system
employed here were qualitatively estimated by inspection of
low-pH gels.28 As shown in Supporting Figure S1b, WT, 128D,
and M131D apoMb were produced with comparable yields
under the same experimental conditions. Given that protein
production velocity is likely dominated by the rate-determining
translation-elongation rates (once transcription lag times are
factored out), this observation supports the idea that
production of the variants studied in this work does not
involve changes in translation rates, relative to the parent WT
protein.

Overexpression and Purification of TF and Hsp70
Chaperones. The Hsp70 chaperone was prepared according
to known procedures.”” Hsp70 concentration was determined
by electronic absorption spectrophotometry, using extinction
coefficient £ = 15930 M™' cm™ at 280 nm, estimated
according to known procedures.”” The TF chaperone was
overexpressed and purified as described,” and its concen-
tration was determined by electronic absorption spectropho-
tometry using extinction coefficient & = 17,420 M~ cm™" at
280 nm, which was estimated according to Gill and von
Hippel.*

SDS-PAGE Gel Solubility Assays. Cell-free expressed
apoMb with an N-terminal BODIPY-FL fluorophore was
centrifuged at 15,800 rcf and 4 °C for 20 min. The resulting
pellet was separated from the supernatant and resuspended in
resuspension buffer (10 mM Tris—Cl pH 7.0, 10 mM
Mg(OAc),, 60 mM ammonium chloride, and 0.5 mM
EDTA). The resulting supernatant and pellet fractions were
then run on a low-pH SDS-PAGE gel as described
previously.”® The fluorophore-labeled apoMb in each fraction
was subsequently visualized using an FLA 9500 Typhoon Gel
Imager with a 488 nm excitation laser and 500—550 nm band-
pass emission filter (BPB1). Molecular weight markers were
visualized with a 635 nm excitation laser and a 675 nm long-
pass filter (LPR). The apoMb band intensities in both fractions
were then analyzed using the Image] software package.”” The
percent of soluble protein in each sample was then calculated
by the following expression, where Iy and Il are the
fluorescent band intensities of the soluble and insoluble
fractions, respectively

Isoluble % 100

% solubility =
Isoluble + Iinsolub]e (1)

When calculating the percent solubility of apoMb RNCs, the
soluble and insoluble band intensities were calculated as the
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difference in intensity between samples treated without and
with puromycin.

Post-Translational Kinetic Trapping of Soluble and
Insoluble States of Newly Synthesized Protein. Experi-
ments shown in Figure S5 were performed as follows.
Ribosome-released M131D and 128D apoMb were generated
as described above in the absence of chaperones, in a Atig S30
system, in the presence of an Hsp70 chaperone inhibitor" (150
#M). The process was quenched by placement on ice. Soluble
and insoluble protein fractions were separated by centrifuga-
tion at 15,800 rcf at 4 °C for 20 min. The pellet was
resuspended, either in the same volume as the original reaction
or diluted 1:10, in a cell-free transcription-translation solution,
either with or without ATP, containing all components except
for T7 RNA polymerase, BODIPY-FL-Met-tRNA™®, and
plasmid DNA, to prevent further protein production. Addi-
tionally, puromycin (1 mM, in 10 mM Tris, 11 mM
Mg(OAc),, 60 mM NH,CI, 0.5 mM EDTA at pH 7) was
added to both the supernatant and resuspended pellet to
further ensure that no additional protein synthesis would
occur. Supernatant and resuspended pellet were incubated at
37 °C for ca. 14 h, and then placed on ice. The solutions were
then centrifuged at 15,800 rcf at 4 °C for 20 min. Pellets were
resuspended in loading buffer (83 mM TrisBase, 3.8 M
glycerol, 116 mM SDS, pH 5.7). All samples were subject to
low-pH SDS-PAGE, and gel band intensities were quantified
with Image]. Intensities from samples on different gels were
normalized using the tRNA intensity, where the tRNA
concentration is about 11.67 uM, first diluted 0.1:25 in
RNase-free water and then 1:11 in loading buffer.

Fluorescence Lifetime and Anisotropy Decay. An ISS
Chronos spectrophotometer was used to collect lifetime and
depolarization data as previously reported.”> A 477 nm laser
diode was used to excite fluorescently labeled samples. A 480
nm band-pass excitation filter and a 495 nm long-pass emission
filter (HHQ495lp, Chroma) were used. The instrument has
calcite prism polarizers. For both lifetime and depolarization
experiments, samples were excited with the excitation polarizer
in the vertical position. For lifetime experiments, the emission
polarizer was set to the magic angle, 54.7°. The spectropho-
tometer was temperature-regulated using a water bath set to 25
°C. Samples were temperature preequilibrated in the instru-
ment before data collection for >30min. Fluorescence
depolarization experiments were corrected using an independ-
ent G experiment, performed for each experimental day, as
described by Knight et al.”

Lifetime and depolarization experiments were fit in the
Globals Software Suite (LED). X*> was calculated for all fits,
assuming an instrumental error in the modulation of 0.004 and
an instrumental error in the phase of 0.2°.** All lifetime data
were fit to three exponential decay expressions. The first two
discrete components were determined by the fit and are the
fluorescence lifetimes of the labeled samples. A third fictitious
1 ps lifetime was fixed in the fit, to account for an extremely
small amount of scattering in the sample. Lifetime phasors’"
were calculated at 23.08 MHz for full-length WT apoMb
produced in the cell-free system without stalling (Figure 6b).
The following expressions were used

G =M cos ¢ 2)

S=Msin ¢ 3)

where ¢ is the phase shift between the excitation and emission
light intensity profile and M is the frequency-domain
modulation, which is defined as®

_ ACp\/DCpy
ACgx/DCry 4)

where AC is the amplitude of the light intensity wave and DC
is the average intensity. The EM and EX subscripts refer to the
emission and excitation light, respectively. Fluorescence
depolarization experiments on WT apoMb and MI131D
apoMb were fit to three-component exponential decay
expressions, which resulted in at least 2-fold reduction in the
calculated X? of the fit, relative to the X* of the two-component
exponential decay fits. Ribosome-released proteins were fit to
either a two-component or three-component exponential
decay fit. Three-component exponential decay fits were only
used if they resulted in a 2-fold or greater reduction in the
calculated X relative to the two-component exponential decay
fits. Order parameters and cone semiangles were calculated
according to Ellis et al.*®

Lifetime Phasor Analysis to Estimate the Mole
Fraction of Soluble Aggregate Produced in the
Absence of DnaK. This section describes the method to
calculate the percent soluble aggregate reported in Figure 8.
NMR experiments were only able to detect 23.5% of apoMb
protein made in the absence of chaperones. Therefore, we
estimated that this sample, which contained 59.8 yM protein
contained 76.5% soluble aggregates. The samples used for
fluorescence lifetime and anisotropy experiments contained 0.3
+ 0.2 uM apoMb protein. Since the fluorescence samples
lacking chaperones contained a lower concentration than the
samples used for NMR, we concluded that these samples
would have at most 76% soluble aggregates. The fluorescence
lifetime phasor of WT apoMb shifts along a straight line
depending on the relative concentration of soluble aggregate
and native protein (Figure 8c).’ The lifetime phasor for
purified apoMb was generated from fluorescence data of E41C
apoMb that was overexpressed in E. coli, and labeled with
BODIPY-FL at the mutated cysteine position via an ester
bond. The purified and labeled protein was refolded in a
solution containing unlabeled ribosome-bound nascent
chains.”” The concentration of ribosomes in this experiment
was similar to the concentration of ribosomes in the
fluorescence experiments described in the main text of this
work. In this work, we reanalyzed the previously published
fluorescence data to determine the phasor plot point for the
pure native state with no soluble aggregates. The phasors for all
samples were calculated from the fluorescence lifetime data
using eqs 2 and 3. G is plotted on the x-axis and S is plotted on
the y-axis of the phasor plot. For this work, all phasors were
calculated using the M and ¢ values at the 23 MHz modulation
frequency. The universal circle is defined by

1Y o1
(G_E)+S‘4 (s)

We then used the experimental phasors to predict the phasor
for a sample that contained 100% soluble aggregates. The
predicted phasor was calculated using eqs 6—38.

Gmix ZfSAGSA +fNGN (6)
Smix = fSA SSA + fN SN (7)
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fSA +fN =1 (8)

where G, and S, are the experimental phasor coordinates
for apoMb produced in the absence of Hsp70; fs, and fy are
the fractions of the total fluorescence intensity of the mixture
due to the soluble aggregate and native state, respectively; and
Gsa, Ssa Gy and Sy are the phasor coordinates for the pure
soluble aggregate and native state. We assumed that the
purified protein sample contained no soluble aggregates, and
we assumed that the sample made without chaperones had
<76.5% soluble aggregates. We also assumed that all samples
contained only two species: the native state and soluble
aggregates. After calculating the predicted phasor for pure
soluble aggregates, we used these values to estimate the
percent soluble aggregates for the other chaperone conditions.
We calculated the percent soluble aggregate for each condition
by using the experimental phasor coordinates for G;, and S,
the predicted phasor coordinates for the soluble aggregates for
Ggy and Sgy, and the experimental phasor coordinates for
purified apoMb for Gy and Sy. From these equations, we
solved for fg, and fy.

The maximum percent of soluble aggregates for each
chaperone concentration was used to plot the percent soluble
aggregates vs the concentration of Hsp70. The linear fit for
these plots was used to estimate the amount of Hsp70 required
to eliminate soluble aggregates in WT and Atig S30.

In Vivo apoMb Expression and Purification. Large-
scale overexpression and purification of WT, M131D, and
128D apoMb were carried out as described.’ A pET-Bluel
plasmid containing the 128D mutation was used to generate
this variant. Purified proteins were identified with MALDI
mass spectrometry. The experimental molecular weights
matched the expected molecular weights for all three species
(WT apoMb: 17,331 amu; M131D apoMb: 17,315 amu;
128D: 17,333 amu).

NMR Sample Preparation. Selectively labeled apoMb
containing BN A, E, L, K, V, and “N-"C W analyzed in
NMR experiments was generated via cell-free expression and
the same dialysis procedure described by Addabbo et al.’ The
only difference in the dialysis procedure for this work was that
apoMb was generated with WT S30 containing endogenous
chaperone concentrations (0.5 uM Hsp70, 0.04 uM DnaJ, 0.05
UM GrpE, and 0.2 uM TF). Prior to NMR analysis, 40 uL of
D,O was added to 360 uL of sample the cell-free mixture and
loaded onto a S-mm-diameter Shigemi tube (Wilmad, BMS-
005SB). A negative control sample was prepared as above,
except that no T7 RNA polymerase was added, to prevent gene
expression. SDS-PAGE gel analysis was used to determine the
apoMb concentration of NMR samples. A calibration curve
was generated from the gel intensity of cell-free reactions
containing different known concentrations of apoMb. The
calibration curve was used to calculate the apoMb sample
concentration used for NMR experiments ([total apoMb]).
Gels were stained with Coomassie blue and imaged on a
Typhoon FLA 9500 (GE Healthcare) upon excitation with a
532 nm laser in the presence of a 575 nm long-pass filter.
apoMb gel band intensities were quantified with the Image]
software.”’

NMR Data Collection, Processing, and Volume
Analysis. NMR spectra were collected and processed as
described.’ Data in Figure 8a,b were collected with 740 and
700 scans per row, respectively. Volume analysis of NMR
resonances was carried out to estimate the fraction of

spectroscopically undetectable apoMb protein due to ex-
tremely slow tumbling”® and slow translational diffusion,” as
described.” Briefly, the 2D NMR volume of the 'H—'"N
resonance corresponding to the free-Trp indole (VolTrP) was
measured with the NMRView] software for a sample
containing 800 uM of free-Trp. The volumes of the following
clearly resolved apoMb resonances were measured (Vol,):
V17, A19, A22, AS7, K62, K78, or A130. Then, the apoMb

concentration was calculated with eq 9°
Concr,

X Vol = Conc,,
Vol

Trp (9)

The seven separate Conc, values were averaged to calculate
the concentration of native apoMb detected by NMR
([Native]yyr)- The percent native protein was calculated
with eq 10

[Native] g

X 100%
[total apoMb] (10)

% native =

where [total apoMb] is the total apoMb protein concentration
determined by SDS-PAGE gel analysis with a calibration curve
generated with apoMb standards of known concentration.
Signal-to-noise ratios (S/N), defined as the ratios of the
intensity of the resonance of interest to the r.m.s. noise
amplitude,” are reported in Supporting Table S2. Percent of
native state and total NMR data collection times are shown in
Table 3.

Characterization of WT apoMb and apoMb Variants.
The secondary structure of WT apoMb and apoMb variants
was assessed with circular dichroism, as described previously.”
The thermodynamic stability of the WT and variant apoMb
proteins was assessed by Trp fluorescence upon denaturation
with urea, as described in Addabbo et al.” The Hsp70 binding
sites for the proteins were identified with the algorithm
developed by Riidiger et al.*'

B RESULTS AND DISCUSSION

Design Criteria. Sperm whale apomyoglobin (apoMb), the
model protein selected for these studies, has a number of
desirable properties, as briefly detailed below. First, apoMb
belongs to the ubiquitous globin fold," which is also highly
represented in bacteria,”** and its three-dimensional structure
has been thoroughly characterized.*> Second, the size and
hydrophobicity/charge pattern of apoMb** are typical of those
encountered across the E. coli proteome.* It is worth noting
that the codon usage of our wild-type and mutant apoMb-
encoding plasmids have been optimized for E. coli.** Third,
apoMb is a well-biochemically characterized protein®**"*” that
has been an important model system for detailed experimental
investigations on protein folding paths upon refolding into
buffered solution””“®** and within the cellular environ-
ment.>*?>2039%% Eourth, apoMb is a quintessential example
of the many proteins that are unable to reach their native state
at 100% level upon refolding from denaturant.”’ Indeed,
purified chemically denatured wild-type apoMb forms some
soluble aggregates upon refolding into buffer.”’ Further, upon
biosynthesis in an E. coli transcription-translation cell-free
system (at ca. 0.3 M expression level) lacking chaperones,
wild-type apoMb gives rise to large slowly tumbling species
that were recently attributed to soluble aggregates.” This
adduct may include homo- or hetero-aggregates, associated via
either specific or nonspecific interactions.” On the other hand,
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Outline of experimental strategy employed in this work
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Figure 2. Overview of techniques employed in this work. Solubility assays were used to separate insoluble and soluble fractions. NMR spectroscopy
in combination with SDS-PAGE was employed to identify the percent of newly synthesized protein in its native state. Fluorescence anisotropy
decays revealed the size of local and global tumbling units and the amplitude of local motions. In addition, fluorescence emission frequency shifts
showed changes in environment polarity and fluorescence lifetimes identified variations in local environment. Fluorescence lifetime phasors served
to quantify fractions of monomeric protein and(or) soluble aggregates. All measurements targeted the characterization of newly synthesized

proteins within the cell-free-system environment.

the nature of the apoMb-soluble fraction and the role of the
Hsp70 chaperone upon transcription-translation are still very
poorly understood. Further, at very high expression levels upon
recombinant overexpression, apoMb gives rise to insoluble
aggregates, a.k.a. inclusion bodies.>*" Fifth, apoMD has several
Hsp70 binding sites,” and it interacts with this chaperone
transiently upon refolding from denaturant, but not in its fully
folded state, in buffered solution.”* The effect of Hsp70 in a
cell-like environment is not clear, especially in regard to the
prevention of soluble-aggregate formation. In summary,
apoMD and its variants are excellent model proteins to explore
the effect of the Hsp70 chaperone system on protein solubility
and structural accuracy upon nascent-protein release from the
ribosome.

Newly synthesized proteins are generated via an in-house-
produced E. coli cell-free system™ and are in situ site-
specifically labeled with the BODIPY- FL fluorophore at the
N terminus.” This selective labeling procedure enables specific
detection of the desired newly synthesized proteins by
fluoroimaging and fluorescence lifetimes and anisotropies
(see below). The high sensitivity of fluorescence enables
detection of a wide range of chaperone-to-client-protein ratios
(>100-fold).

As schematically illustrated in Figure 2, we discriminate
soluble from insoluble fractions of fluorophore-labeled newly
synthesized apoMb by SDS-PAGE. Then, we proceed with
further analysis of the composition and dynamic characteristics
of the soluble fraction. Namely, we discriminate native states
from very slow-tumbling species in solution and quantify their
relative amounts via a combination of 2D NMR and SDS-
PAGE in the presence of apoMb calibrants of known
concentration. To assess environmental differences, particle
size, and amplitude of local motions, we employ frequency-

domain fluorescence spectroscopy and measure fluorescence
lifetimes and anisotropy decays.

Design and Biophysical Characterization of 128D and
M131D apoMb Variants. We designed, produced, and
analyzed single-point apoMb variants with the goal of probing
the role of co- vs post-translational events in protein folding
and aggregation. Toward this end, we replaced single nonpolar
residues located in the central region of the native-protein
hydrophobic core® with aspartic acid. This type of mutation is
known to be well tolerated by proteins®® and to slow down the
acquisition of the native state.”” We designed the 128D and
M131D variants with the following criteria in mind. When
native apoMb has been fully synthesized but before it is
released from the ribosome, the 128D mutation site must
reside outside of the ribosomal exit tunnel, within the
ribosome-bound nascent chain (RNC). This concept is
pictorially illustrated in Figure 3a. On the other hand, the
M131D mutation must reside inside the ribosomal exit tunnel,
as shown in Figure 3a for the M131D apoMb variant. The
above geometrical arguments are supported by our knowledge
of the ribosome structure,™® includin% the conformational
features of the ribosomal exit tunnel’” and by the known
number (30—35) of nascent-chain residues buried inside the
tunnel within known proteomes.”**** In addition, given the
size of the known compact N-terminal domain of ribosome-
bound nascent apoMb (ca. 60—80 N-terminal residues™**),
the negatively charged aspartic acid of the 128D variant must
reside within the compact N-terminal region outside of the
ribosomal tunnel core.>”*® Therefore, the 128D apoMD variant
may perturb conformational sampling either co- or post-
translationally, given that the perturbed compact domain can
exert its effect during biosynthesis or after nascent-protein
release from the ribosome.
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WT apoMb and variants have similar thermodynamic and Hsp70-binding properties
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Figure 3. Biophysical characterization of 128D and M131D apoMb variants. (a) Mapping of mutations sites across full-length apoMb RNCs (left)
and folded protein (right, PDB code IMBC?). (b) Representative Trp fluorescence urea titration curves (n = 3) of newly synthesized and purified
apoMb and variants. (c) Far-UV circular dichroism spectra of purified WT apoMb and variants (n = 3). (d) Probability scores for Hsp70 binding to
WT apoMb and variants assessed via the algorithm by Riidiger et al. Negative values denote greater binding probability. Representative
fluorescence (e) lifetime and (£, g) anisotropy decays of full-length WT and variant apoMb RNCs, and tables including fitted parameters (n = 2—3,
avg +SE). The symbols ) and 6 denote cone semiangles for intermediate- and fast-timescale local motions, respectively. Data for WT and M131D
data in (b), (c), (e), and (g) are reproduced with permission from ref 3. Copyright 2020 American Chemical Society.

In contrast, the M131D apoMb mutation is located only 23
residues away from the C-terminus of the full-length RNC, i.e.,
close to the peptidyl transferase center (PTC) and within the
core of the ribosomal exit tunnel.®” The negative charge of
aspartic acid 131 is deeply buried inside the exit tunnel core of
the respective RNC while the known compact partially folded
N-terminal domain®*° lies within the N-terminal region of the

chain. Therefore, the effect of the M131D mutation can
primarily be sensed during conformational sampling events
that enable contacts between the N-terminal portion of the
chain and the D131 residue. These events necessarily take
place after nascent-protein departure from the ribosomal

tunnel, ie., post-translationally. In summary, the M131D
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variant is mainly expected to perturb post-translational
conformational sampling events.

Figure 3b—d shows the experimental biophysical character-
ization of the 128D and MI131D apoMb variants. Urea
titrations performed on the purified proteins (Figure 3b)
indicate that the unfolding free energies (AG®) and m-values®'
of WT, 128D, and M131D apoMb are all the same within error
(Table 1). Therefore, these mutations do not influence the

Table 1. Standard-State Unfolding Free Energies (AG°®) and
m-Values of WT apoMb and Its Variants Determined via
Urea Titrations”

protein AG® (kcal mol™) m-value (kcal mol™! M)
WT apoMb S+1 -12 +03
128D apoMb 4.6 + 02 —1.24 + 0.01
M131D apoMb 41 -12+03

“Reported values represent avg + SE for n = 3.

overall protein stability. Far-UV circular dichroism (CD)
spectra show that the 128D and M131D variants experience a
small loss in a-helical content in their native states, relative to
WT apoMb (Figure 3c). This decrease in helicity is likely due
to small structural rearrangements that are known to occur
when char§ed residues are introduced within protein interior
locations.”” Importantly, Figure 3d also shows that the 128D
and M131D mutations are predicted to carry similar Hsp70
binding sites to the WT protein.*">* Hsp70 binding sites were
predicted according to the algorithm by Riidiger et al,,"" where
scores <5 denote high Hsp70 binding site probability.

We also tested the overall conformational characteristics and
local dynamics of full-length WT and mutant apoMb RNCs.
The data are shown in Figure 3d,f. First, RNCs were analyzed
by monitoring fluorescence lifetimes in the frequency
domain,***>®* " after site-specifically labeling the nascent-
protein N terminus with the BODIPY-FL fluorophore as
described.” As shown in Figure 3d, the overall environment
surrounding the N-terminus of WT, 128D, and M131D RNCs
is very similar though not identical, given that the BODIPY-FL
fluorescence lifetimes of the two variant apoMb RNCs are
slightly smaller than the corresponding values of WT apoMb
RNCs. Fluorescence lifetimes are extremely sensitive reé)orters
of electrostatic and nonpolar chemical environment.”* The
moderately different fluorescence lifetimes show that even
single-point nascent-chain mutations can lead to small
variations in environment. This result is especially intriguing
in the case of the apoMb M131D variant, whose mutation site
is buried inside the ribosomal exit tunnel. Yet, the M131D
nonpolar-to-charged mutation can be sensed close to the
ribosomal surface, perhaps via some small long-range electro-
static effects. Nonetheless, this lifetime dependence is weak,
and the observed changes are much tinier than other lifetime
effects detected for different variant RNCs.>> Next, we
compared the compaction and local motions of WT and
variant RNCs via frequency-domain fluorescence anisotropy
decays.35 As shown in Figure 3f, both WT and variant apoMb
RNCs have intermediate-timescale local motions, which report
on the compaction of the N-terminal ribosome-bound nascent-
chain region, ranging from 4 to 6 ns. The corresponding size of
these compact domains, based on reference WT RNC
measurements,”* varies between 57 and 83 residues depending
on RNC shape. As shown in Figure 3f, the cone semiangles
(6) describing the amplitude of the N-terminal motions are

the same within error for WT and variant RNCs, and range
between 14 and 16 degrees. The implications of the
fluorescence lifetime and anisotropy data for the 128D
apoMb variant are interesting. While these results indicate
that apoMb RNCs can accommodate an aspartic acid at
position 28 without resolvable disruption to the compact state,
we cannot rule out more subtle disruptions to cotranslational
folding that are not resolvable by fluorescence anisotropy
decay analysis. Therefore, the nascent chains of all three
species are equally compact, and the amplitudes of the local
motions of the compact domains of all species are also
indistinguishable and small.

Finally, we monitored the solubility of WT and variant
RNCs in the absence and presence of molecular chaperones.
The data, reported in Supporting Figure S1, show that all
RNCs of the three types (i.e., WT, 128D, and M131D RNCs)
are qualitatively similar, i.e., partially insoluble in the absence
of chaperones and fully soluble in the presence of Hsp70 and
TF chaperones. Some of these results were already reported
earlier for WT and M131D apoMb.” These data confirm the
earlier finding that the ribosome is an RNC-solubilizing agent,3
possibly due to its high net charge and charge-segregation
properties,”® and that the TF and Hsp70 chaperones further
enhance cotranslational RNC solubility.’

In all, our data show that the designed variants do not cause
significant changes in native structure, thermodynamic
stability, and Hsp70 binding site distribution and affinity,
relative to WT apoMb. Further, the compaction, size, local
dynamics, and solubility of WT and variant ribosome-bound
nascent chains (RNCs) are also very similar or identical.
Therefore, our results, discussed in the next sessions, can be
interpreted upon ruling out the contributions of each of the
above parameters.

Hsp70 and TF Chaperones Prevent Insoluble-Aggre-
gate Formation by Disruptive Point Mutations, upon
Release from the Ribosome. WT apoMb and the two
variants described in the previous sections were employed to
probe the effect of the Hsp70 and TF molecular chaperones on
nascent-protein release from the ribosome. In this part of our
study, we focused on the newly synthesized protein solubility.
WT apoMb and its variants were biosynthesized in an E. coli
cell-free transcription-translation system lacking or including
increasing amounts of the Hsp70 and TF molecular
chaperones, up to physiologically relevant concentrations of
ca. 50 uM.”* The data, displayed in Figure 4, show that WT
apoMb attains greater than 90% solubility even in the absence
of chaperones. Thus, WT apoMb does not need molecular
chaperones for solubility. Indeed, as previously demonstrated,’
the ribosome alone is fully responsible for the generation of a
soluble WT apoMb gene product in the absence of any
chaperones,” at total expressed-protein concentration of 0.3
uM.

In contrast, as shown in Figure 4a, the 128D and M131D
apoMb variants are partially insoluble when biosynthesized in
the absence of chaperones. Next, we analyzed the effect of
adding increasing amounts of chaperones to independently
biosynthesized WT and apoMb variants. We directed our
initial focus on the Hsp70 chaperone system, which comprises
E. coli Hsp70 or DnaK (K), and the cochaperones DnaJ (J)
and GrpE (E). We found that an increase in the concentration
of the Hsp70 system, in the absence of TF, increases the
solubility of the 128D and M131D apoMb mutants (Figure
4a). Interestingly, only 6.5 M Hsp70 is required to increase
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Hsp70 and TF chaperones grant
solubility to newly-synthesized proteins
in a concentration-dependent fashion
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Figure 4. Hsp70 chaperone system and TF grant solubility to 128D
and M131D apoMb variants. (a) Solubility of WT, 128D, and M131D
apoMb generated at increasing Hsp70 concentrations in a TF-
depleted Atig E. coli cell-free system (cfs). DnaJ and GrpE were added
so that relative K/J/E ratios were 5:1:2, except for the 0.5 yuM Hsp70
data, where DnaJ and GrpE were 0.04 and 0.05 uM, respectively.
apoMb concentration was 0.3 + 0.2 uM. (b) Solubility of WT, 128D,
and M131D apoMb produced at increasing TF concentrations in the
presence of an Hsp70 inhibitor in a Atig E. coli cfs. Statistical p values
for data in both panels are in SI Tables S3 and S4.

the solubility of both mutants to a >80% solubility level.
Physiologically relevant concentrations of Hsp70 (S0 pM)
restore the solubility of both mutants to near wild-type levels
(87—90% soluble).

Then, we explored the effect of the TF chaperone on the
solubility of newly synthesized WT apoMb and its variants. We
found that TF increases the solubility of both variants to a
similar extent as Hsp70 (Figure 4b). This result is consistent
with the known overlapping roles of the two chaperones.”'*"

In summary, the restored solubility of both variants shows
that Hsp70 and TF can independently prevent biological harm
(i.e., formation of insoluble species) generated by the 128D
and M131D kinetic variants. The MI131D variant was
previously shown to act immediately post-translationally, by
disrupting the relative kinetics of formation of soluble and
insoluble ribosome-released gene products.” No kinetic data
are currently available for the 128D variant. On the other hand,
the fact that the chaperone-dependent results of Figure 4 are
equivalent for 128D and M131D apoMb suggests that 128D
variant may act similarly to M131D. Therefore, the key steps
leading to apoMb-insoluble aggregate formation take place
post-translationally for M131D, and possibly also for I28D. A
proposed free-energy landscape matching the above concepts
is discussed in a later section of this work.

Note that the TF chaperone is known to bind nascent
proteins cotranslationally and this expectation is corroborated
by previous experiments on ribosome-bound WT apoMb
nascent chains (apoMb RNCs) in the presence of anti-TF
antibodies.”> Chaperones may therefore bind the nascent chain
cotranslationally and then post-translationally address aggre-
gation issues that arise upon release from the ribosome. In
support of this idea, TF was found to keep interacting with
nascent chains even after reaching a non-ribosome-bound
state.”® Additional future work is necessary to shed further light
on this topic.

One major missing piece of information at this juncture is
the fact that the composition of the soluble fraction is not
known. For instance, this fraction may be entirely composed of
native protein, or it may include additional, potentially self-
associated soluble species. The sections below detail our efforts
to further characterize the soluble fraction of ribosome-
released newly synthesized protein chains.

Insoluble and Soluble Fractions Generated upon
Nascent-Chain Release from the Ribosome Are Kineti-
cally Trapped Relative to Each Other. Next, we examined
whether the soluble and insoluble fractions populated by newly
synthesized 128D and M131D apoMb are thermodynamically
linked. To explore this concept, we took advantage of known
thermodynamic models for nucleated polymerization, which
were developed to describe aggregation processes in terms of
reversible equilibria and phase transitions characterized by a
constant critical concentration of monomers in equilibrium
with the aggregates.”” This formalism has been widely inspired
by analogous developments targeting micelle formation at
equilibrium in the context of the hydrophobic effect.”®
According to these models, the formation of two phases
(e.g, amphiphilic monomers and micelles, soluble and
insoluble molecules) only occurs once a critical concentration
of monomer has been reached. The latter is denoted as critical
micelle concentration®® and critical protein concentration®”
(or simply critical concentration®”) in the case of micelles and
proteins, respectively. As one goes beyond this critical total
concentration of monomer in solution, more of the self-
associated phase (e.g., micelle or insoluble aggregate) keeps
forming at equilibrium, while the monomer concentration
remains constant at its critical value. This formalism has been
widely used to describe phase equilibria in biology, e.g., in the
context of protein aggregation”*>*” and protein/nucleic acid
condensates.

Briefly, Figure 5a shows the simple experimental design that
was adopted to test this concept. In essence, we employed
resuspension of the isolated insoluble fraction into a fresh cell-
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Insoluble and soluble fractions of newly synthesized apoMb variants
are kinetically trapped relative to each other
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Figure S. Insoluble apoMb variants are kinetically trapped from soluble states. (a) Schematic of the experimental procedure. N-terminally
fluorophore-labeled protein-containing solutions are centrifuged followed by separation of soluble and insoluble fractions. The insoluble pellet (P)
is resuspended in fresh cell-free solution, and the sample is incubated for about 14 h. After centrifugation, supernatant (S) and pellet (P) are
isolated and visualized by low-pH SDS-PAGE and fluoroimaging. (b) Gel data shows the signal from the insoluble fractions of 128D and M131D
apoMb upon dilution and incubation. The fluorophore-labeled apoMb and tRNA were visualized with a 488 nm excitation laser and a 500—550 nm
band-pass emission filter (BPB1). Molecular weight markers were visualized with a 635 nm excitation laser and a 675 nm long-pass filter (LPR).
Note that 10-fold more sample was loaded onto the gel for the 1:10 diluted samples, so that band intensities of diluted and non-diluted samples

could be directly compared. (c) Itensity of the insoluble fraction of apoMb variants does not change upon incubation or dilution.

free solution devoid of newly synthesized variant apoMb gene
products, followed by long-term incubation and centrifugation.
If the soluble and insoluble fractions were thermodynamically
linked, the insoluble fraction is expected to generate an
overlaying equilibrium population of soluble fraction at the
critical concentration, upon long-term incubation. In fact, we
estimated that most of the pellet would dissolve if the soluble
and insoluble fractions of newly synthesized proteins
interconverted according to a thermodynamic equilibrium
(see the Experimental Methods section and the SI for
additional details). Given that no pellet dissolution was
observed (Figure Sb,c), we conclude that the soluble and
insoluble fractions of 128D and M131D apoMb are kinetically
trapped relative to each other. Note that the absence or
presence of ATP does not change the observed outcome
(Supporting Figure S1). The presence of kinetic trapping is not
unprecedented in biology.”* What is unique here is that the
extent of kinetically trapped insoluble fraction (Figure S) is
found to be chaperone-concentration-dependent (Figure 4).
Further, the trapping of soluble and insoluble fractions relative
to each other is identified early in protein life, consistent with
previous kinetic studies on WT and M131D apoMb.’
Solubility Is Not Sufficient for Structural Accuracy:
Newly Synthesized WT apoMb Generated in the
Absence of Hsp70 and TF Chaperones Populates
Soluble Aggregates, in Addition to Some Native
State. Soluble proteins are not necessarily structurally
accurate, given that they may attain soluble misfolded states
and(or) soluble aggregates, in addition to native monomers,

upon release from the ribosome. Therefore, we set out to
further explore the nature of the soluble fraction of newly
synthesized apoMb in the absence and presence of the Hsp70
chaperone. Previous work employed 2D NMR in combination
with SDS-PAGE and fluorescence to characterize the soluble
fraction of WT apoMb generated in the cell-free-system
environment in the absence of chaperones.” NMR in
combination with SDS-PAGE showed that only 23.5% of the
protein is biosynthesized in its native state, with the remaining
76.5% in slow exchange with the native conformation and
spectroscopically undetectable.” This result revealed the
presence of either (a) a very slow-tumbling species or (b)
additional monomeric conformations in mutual intermediate
exchange on the NMR chemical-shift timescale and in slow
exchange with the native state.’

Fluorescence anisotropy decay in the frequency domain is a
owerful tool to study protein conformation and dynam-
ics, 33503071 includin% events that take place upon release
from the ribosome.””*® Application of this methodology to
newly synthesized WT apoMb (Table 2, item 1) shows that
the soluble fraction of newly synthesized wild-type apoMb
includes very slow-tumbling species in the absence of
chaperones, at even lower apoMb concentration than the
NMR studies. This result lends support to the above
interpretation (a) of the NMR results.

Next, we compared data collected via fluorescence
anisotropy decays in the frequency domain under different
conditions. We identified rotational correlation times (z.)
corresponding to local and global motions, as well as order
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Table 2. Frequency-Domain Fluorescence Anisotropy Decay Parameters of Newly Cell-Free-Expressed (i.e., off the Ribosome) WT and Mutant apoMb in the Absence and
Presence of Molecular Chaperones®

timescale of motion (anisotropy decays)?

slow (>10 ns) intermediate (0.5—2 ns) fast (0—0.5 ns) reduced y*
system 7.5 (ns) 7.1 (ns) S 0; (deg) 7.r (ns) Se 0; (deg)  2-component® 3-component®

WT apoMb
item 1: Atig cf sys. + Hsp70 inhib. diluted” 700 + 200 0.122 + 0.004 0.25 + 0.02 68.5+ 0.8  0.47 + 0.03 0.44 + 0.04
item 2: Atig cf sys. + Hsp70 inhib.” 260 + 180 0.104 + 0.005 0.38 + 0.01 59.6 + 0.7 0.57 + 0.06 0.37 £ 0.02
item 3: WT cf sys. + 21 uM Hsp70° 220 + 140 091 + 0.07 0.78 + 0.01 32.5 £ 09 0.074 + 0.008 0.57 + 0.01 47.0 £ 0.8 1.5 +02 0.30 + 0.03
item 4: Atig cf sys + 75 uM Hsp70° 70 + 21 0.7 £ 0.1 0.65 + 0.0S 42 +3 0.02 + 0.02 0.79 + 0.07 31+6 5.0+ 08 1.0 £ 0.2
item S5: WT cf sys. + 75 uM Hsp70b'c 62 £ 9 1.28 + 0.09 0.76 + 0.02 33+£2 0.080 + 0.00S 0.629 + 0.006 432 + 04 2.8 £ 04 0.37 + 0.03
item 6: WT cf Sys. + 75 uM Hsp70 + Hsp70 inhib. Added post- 44 +£5 1.25 £ 0.07 0.72 + 0.02 37+1 0.07 £ 0.01 0.62 + 0.01 439 £ 09 32+02 0.39 + 0.07

translationally”*

item 7: WT cf sys. + 7S uM Hsp70, diluted”© 34 +2 1.3 £0.1 0.80 + 0.01 30.6 £ 0.1 0.108 + 0.008 0.58 + 0.01 46.8 +£ 0.7 1.65 + 0.07 0.4 £+ 0.1
item 8: purified apoMb resuspended in RNC solution” 10 + 2 0.103 + 0.006 0.67 + 0.04 48+ 3 1.3 +0.3 0.7 £ 0.1

128D apoMb

WT cf sys + 75 uM Hsp70

item 9: spatially biased/long-lifetime species 240 + 80 0.17 £ 0.01 0.63 + 0.01 43.0 £ 0.5 1.1+0.S 0.5 + 0.2°
item 10: dynamic/short-lifetime species 0.19 + 0.01 0 180 1.1+0.S 0.5 + 0.2%

“Symbols are as follows: Atig, strain lacking gene encoding trigger factor (TF) chaperone; WT, wild-type; cf sys., cell-free system; Hsp70 inhib., peptide that inhibits Hsp70.." b Anisotropy decay
parameters for items 1 2 S, 6, and 7 reproduced with permission from ref 3. Copyright 2020 American Chemical Society. “For the 21 yM and 75 yM Hsp70 conditions, 0.04—12 yM DnaJ and 19 uM
GrpE were also added. “The subscripts S, I, and F refer to slow global motions (us), intermediate local motions (ns), and fast local motions (sub-ns), respectively. The symbols 7, 7., and 7, denote
the rotational correlation times. S;, and Sg are the order parameters, and 8; and 6 are the cone semiangles that describe the spatial confinement of the tumbling motions. Uncertainty values for 7, S, and
0, are reported as either propagated error or standard error (SE, whichever value was larger), out of 2—7 independent experiments. “The reduced y* values listed in the table are the average and SE for all
independent experiments. Three-component models were selected instead of two-component models if the reduced y* for the three-component fit was >2.5 times smaller than the reduced y* for the
two-component model. Accordingly, a three-component model was selected for WT apoMb produced in the presence of chaperones, and a two-component model was selected for WT apoMb produced
in the absence of chaperones. The chosen number of components for any given experimental item is shown in bold. /Data generated from reprocessing of anisotropy decay data originally reported in
Ziehr et al.*” Reprocessing procedure described in Supporting Methods. Reduced y? values for associative model. Data are reported as avg + SE.
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Figure 6. apoMb generated in the absence or presence of Hsp70 has different structural features. (a) Frequency-domain fluorescence anisotropy
decays can resolve up to three rotational motions. (b) Representative anisotropy decay data for apoMb (0.3 = 0.2 4uM) synthesized in the absence
of TF and KJE chaperones. (c) 7, values for apoMb synthesized in the absence of chaperones are consistent with soluble aggregates (left) and larger
than 7, values for purified monomeric protein (right). (d) Representative anisotropy decay data for apoMb (0.3 + 0.2 uM) synthesized in the
presence of 75 uM Hsp70. (e) Rotational correlation times (top), order parameters (S, middle), and cone semiangles (bottom) for the global and
local motions of apoMb synthesized in the presence of different chaperone concentrations. Error bars denote propagated error or the standard error
for n = 2—7 (whichever value was larger). Some of these data are also presented in Table 2 of Addabbo et al.® For the 21 and 75 uM Hsp70
conditions, 0.04—12 yM DnaJ and 19 uM GrpE were also present. For 0 M chaperones, a Atig cell-free was used with 0.4 mM Hsp70 inhibitor."

parameters and matching spatial amplitudes of local motions.
As shown in Figure 6a, 7. values are proportional to the size of
the corresponding tumbling species, either the entire particle
or portions of it that are covalently linked to the N-terminal
BODIPY-FL fluorophore. This technique can resolve up to
three different 7 values within a sample, as long as the

motions are independent’® and bear sufficiently different
timescales (typically by >S5-fold).”” Figure 6b displays
representative fluorescence anisotropy decay data for WT
apoMb made in the absence of the Hsp70 chaperone. Newly
synthesized WT apoMb produced in the absence of molecular
chaperones within the cell-free system has a large rotational
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Figure 7. WT apoMb is folded and soluble aggregates are minimized when produced off ribosome in the presence of chaperones. 'H, "N HSQC
NMR spectra of selectively labeled apoMb (*N-labeled A, E, L, K, V, and "*C- and '*N-labeled W) generated by transcription-translation in an E.
coli cell-free system.* All data were immediately collected following transcription-translation and contained levels of chaperones naturally present in

the cell-free system ([apoMb] = 7.3 uM, [Hsp70] = 0.5 uM, [Dna]]

= 0.04 uM, [GrpE]

=0.05 uM, [TF] = 0.2 uM).> All dashed boxes indicate

resonances present in the negative control, denoting products of amino acid metabolism” and free tryptophan (a) Spectrum of cell-free expressed

apoMb. Black, unboxed resonances are consistent with resonances of apoMb native state and have been tentatively assigned.'’

(b) Cell-free

reaction in the absence of T7 RNA polymerase (negative control). (c) Simulated 2D 'H, "N HSQC spectrum of apoMb based on known

. 10
assignments.

(d) Labeled amino acids (arrows) and a-helical secondary structure of native WT apoMb.

correlation time (7.) for global tumbling. Namely: 7, = 260 +
180 in cell-free systems and 7. = 700 + 200 ns in cell-free
systems diluted 10—13-fold (items 1 and 2 in Table 2).
Importantly, the latter rotational correlation time is signifi-
cantly larger than the corresponding value obtained for
independently purified apoMb (7, = 10 + 2 ns, item 8 of
Table 2) mixed in a solution containing ribosomes at a
comparable concentration to ribosome concentration of crude
cell-free systems (one-tailed Student’s t-test, Table SS).
Therefore, WT apoMb made within the E. coli cell-free
environment in the absence of chaperones includes a slow-
tumbling species with a large 7. of 200—700 ns, which we
define here as soluble aggregate. The volume of this species is
estimated to be 28- to 90-fold larger than monomeric apoMb
(Table S6). Note that the large 7. uncertainty of newly
synthesized apoMb in the absence of chaperones reflects the
fact that it is difficult to resolve rotational motions substantially
larger than the fluorescence lifetime of the fluorophore (~5 ns
for BODIPY-FL).

As pictorially illustrated in Figure 6c, the term soluble
aggregate encompasses homo-aggregates formed from multiple
mutually interacting apoMb chains, hetero-aggregates com-
posed of apoMb in complex with the ribosome, or hetero-
aggregates featuring apoMb interacting with other cellular

proteins. Additional work is necessary to shed further light on
the structural details of the soluble aggregate. Importantly, the
size of this species decreases when protein expression is carried
out in the presence of molecular chaperones (see next section).
Therefore, the large 7. observed for soluble aggregates is not
merely the result of nonspecific binding to cell-free
components, though this effect may partially contribute to
the observed 7. Note that the 7, of WT apoMb does not
significantly change upon addition of the KLR-70 Hsp70
peptide inhibitor" after translation (Table 2 item 6). Therefore,
WT apoMb is not bound to Hsp70 at equilibrium.

Experiments employing fluorophores with long lifetimes,
including DAOTA (lifetime = 16.2 ns) and ADOTA (lifetime
= 19.2 ns)”* were also carried out (data not shown). These
investigations, however, were unsuccessful due to poor protein
labeling efficiencies and(or) due to nonspecific binding of the
long-lifetime probes to cell-free-system components. Addi-
tional strategies to better understand the nature of the soluble
aggregate, including mass photometry and ribosome immuno-
precipitation assays to selectively eliminate 70S ribosomes, led
to no further usable information (SI text and Table S7).

At this juncture, it is helpful to recapitulate the results of
NMR/SDS-PAGE and fluorescence anisotropy. As already
discussed, previous 2D NMR data acquired on cell-free
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expressed WT apoMb within a chaperone-free cell-free
environment under the same experimental conditions show
that some native WT apoMb is present in solution.” On the
other hand, fluorescence anisotropy decay data collected at
even lower concentrations show that a slow-tumbling species is
also present in solution. Therefore, we conclude that cell-free
expression of WT apoMb in the absence of chaperones yields a
mixture of native state and soluble aggregates. Phasor plot
analysis, shown in a later section of this work, sheds additional
light on the relative populations of these two components.

Increasingly High Hsp70 Chaperone Concentrations
Lead to Improved Structural Accuracy of Newly
Synthesized WT apoMb. Previous fluorescence anisotropy
decay data collected in the presence of the Hsp70 chaperone
showed that the observed global size of the tumbling particles
gets smaller in the presence of the Hsp70 chaperone system.’
Here, we share the same fluorescence anisotropy data but
display them in a more comprehensive fashion, including
representative raw phase-modulation profiles, and add some
new results on data collected at one additional Hsp70
concentration (21 mM). In this way, we more directly address
trends related to the presence of increasing concentrations of
the Hsp70 chaperone. Some representative raw data are shown
in Figure 6d, and chaperone-dependence trends are illustrated
in Figure 6 and Table 2.

Items 4—7 of Table 2 show that apoMb biosynthesized in
the presence of 75 uM Hsp70 has a smaller global 7. than
apoMb generated in the absence of chaperones. Interestingly,
the latter species fits best to a three-component anisotropy
decay. We tentatively ascribe the 1.3 ns intermediate-timescale
motion to a small compact N-terminal region, likely including
some independently tumbling A-helix residues.

In addition, the samples generated in the absence and
presence of Hsp70 show different local dynamics. The fast
(sub-ns, 7 ~ 0.1 ns) local motions of WT apoMb are
diagnostic of motions of the first N-terminal residues of the
newly synthesized protein chain, based on tumbling-rate
arguments and on the Stokes—Einstein—Debye equation.”
Interestingly, in the presence of the Hsp70 chaperone, newly
synthesized apoMb exhibits confined dynamics characterized
by a relatively small cone semiangle for the fast sub-ns local
motions and by a large order parameter (Figure 6e and Table 2
items 3—7).%° Conversely, apoMb synthesized in the absence
of Hsp70 exhibits N-terminal local motions of slightly wider
amplitude (Figure 6e and Table 2, items 1 and 2). These
differences in the amplitude of the motions of the protein N
termini are likely related to the different local microstructure of
WT apoMb in its monomeric and soluble-aggregate forms.

As shown in Figure 6e and Table 2, the presence of
increasing concentrations of the Hsp70 chaperone system leads
to an apparent decrease in the observed size of newly
synthesized apoMb, as testified by the increasingly lower 7,
values. However, the observed 7. at physiologically relevant
concentrations of the Hsp70 chaperone system (34—62 ns,
Table 2) is still larger than expected for a 100% population of
folded monomeric protein (Table 2, item 8). This result
suggests that either smaller-size aggregates and(or) a lower
fraction of same-size aggregates are still present in the system,
even at 75 uM Hsp70 concentration.

The overall idea that chaperones increase the percent native
state, but do not fully prevent soluble aggregate formation is
supported by the 2D NMR spectroscopy/SDS-PAGE data in
the presence of Hsp70 and TF (Figure 7), in combination with

known data under chaperone-free conditions.” As summarized
in Table 3, the percent of NMR-detected native state increases

Table 3. Percent Native State of Newly Synthesized (Off-
Ribosome) Wild-Type apoMb, Detected by 2D
Heteronuclear NMR Spectroscopy (‘H—"N HSQC) in
Combination with SDS-PAGE at Different Chaperone
Concentrations

total
apoMb Hsp70 TF NMR data
concentration  concentration  concentration percent collection
(uM) (uM) (uM) native state®  time (h)
59.8 0 0 23.5 £ 09 41
7.3 0.5 0.2 30+2 87

“Percent native states are reported as average + SE and were
determined from seven clearly resolved apoMb resonances (see the
Experimental Methods section and Supporting Table S2). The error
in resonance volume was propagated via standard procedures,”* to
deduce the error in the percent native state defined according to eq

10.

at higher chaperone concentrations. As already discussed in the
previous section, NMR/SDS-PAGE is a powerful approach
because it provides a direct assessment of the concentration of
newly synthesized native apoMb in the cell-free environment,
even in the presence of some spectroscopically undetectable
slow-tumbling apoMb.

The combination of fluorescence anisotropy decays and
NMR/SDS-PAGE suggests that apoMb produced in the
presence of Hsp70 comprises a mixture of native protein and
a slow-tumbling version of the same protein. Additional data
derived from fluorescence lifetime phasor plots further support
this interpretation and shed additional details on the relative
proportions of the two species (see next section).

In principle, instead of being an authentic soluble aggregate,
newly synthesized apoMb may simply undergo weak transient
interactions with other species that slow down its tumbling
motion within the complex cell-free mixture. However, weak
and fast interactions on the NMR chemical-shift timescale are
ruled out because these interactions would broaden the native-
state apoMb resonances, and no line-broadening was observed
(Figure 7).

The presence of soluble aggregates is also consistent with
fluorescence emission spectra of newly synthesized WT apoMb
in the cell-free environment. These spectra show a small
reproducible blueshift for the protein produced in the absence
of chaperones, relative to chaperone-free conditions (Support-
ing Figure S2). This result supports the presence of a more
nonpolar environment, possibly due to a larger fraction of
soluble aggregate, for the newly synthesized protein produced
in the absence of chaperones.

Interestingly, the 7, of the sample generated in the presence
of chaperones gets reproducibly smaller upon sample dilution
(Table 2 items S and 7). The decrease in viscosity upon
dilution is partially responsible for this change in 7. (33% of
the effect), as testified by the experimental microscale-volume
viscosity measurements reported in Table 4. Small changes in
the degree of soluble-aggregate levels may also contribute to
the observed 7. variations. The estimated protein hydrated
volume is similar for both samples (Supporting Table $6).
Further, as shown in Table S (items S and 7), fluorescence
lifetime changes are negligible upon dilution, suggesting similar
fractions of native state and soluble aggregates, in the presence
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Table 4. Viscosity of Undiluted and Diluted Cell-Free
Systems”

system viscosity (mPa-s)”
item 1: Atig cf sys. + Hsp70 inhib. diluted 0.940 + 0.00S
item 2: Atig cf sys. + Hsp70 inhib. 1.13 + 0.02
item 5: WT cf sys. + 75 uM Hsp70° 1.11 £ 0.01
item 7: WT cf sys. + 75 uM Hsp70, diluted® 0.940 + 0.004

“Symbols are as follows: Atig, strain lacking gene encoding trigger
factor (TF) chaperone; WT, wild-type; cf sys., cell-free system; Hsp70
inhib., peptide that inhibits Hsp70." “The viscosity values are the
average and SE for three independent experiments at shear rates of
1500 and 8000 s~!, respectively. “For the 75 uM Hsp70 conditions,
0.04—12 uM DnaJ and 19 uM GrpE were also added.

of Hsp70 and TF chaperones (see also phasor analysis in next
section). We conclude that undiluted and diluted newly
synthesized apoMb samples prepared in Hsp70- and TEF-
containing solutions include similar fractions of monomeric
folded protein.

Lifetime Phasors Enable Estimating the Fraction of
Newly Synthesized WT apoMb Native State and
Soluble Aggregates at Different Chaperone Concen-
trations. Fluorescence lifetimes are powerful probes of the
environment. Representative raw data for fluorescence life-
times of WT apoMb generated in the absence and presence of
chaperones are shown in Figure 8a. The N-terminal BODIPY-
FL fluorophore within the protein has different fluorescence
lifetimes in the absence and presence of chaperones, as shown
in Figure 8b and Table 5. These differences are far greater than
those observed for the free dye in the absence or presence of
chaperones (Figure 8b). This result points to a different
environment experienced by WT apoMb in the absence and
presence of chaperones.

Phasor analysis of fluorescence lifetime data provides
additional key information. Lifetime phasors are powerful
probes of relative fractions of different components in
75 1f different experimental conditions generate
phasor points that lie along a single line, lifetime phasors
support the presence of different populations of mixture
components.”””> S and G phasor values were computed from
phase shift and modulation data at 23.08 MHz modulation
frequency data collected for apoMb expressed with different
molecular-chaperone levels. First, we found that the phasors of
the free BODIPY-FL dye (in the cell-free environment) lie
very close to the universal circle (Figure 8c, see also
fluorescence lifetimes of the free dye in Table 5). In contrast,
all phasors of cell-free synthesized WT apoMb produced in the
presence of different concentrations of TF and Hsp70
chaperones lie along a straight line within the universal circle
(Figure 8c). This result strongly supports the presence of
different relative amounts of two noninteracting populations,
under the different chaperone conditions.”* Given the
fluorescence anisotropy and NMR/SDS-PAGE results, we
ascribe these variable populations to native WT apoMb
monomers and soluble aggregates. By explicitly plotting the
phasors of 100% monomeric apoMb and by estimating the
percent of soluble aggregates from the NMR experiments in
the absence of chaperones,” we were able to estimate the

mixtures.

maximum fractions of soluble aggregates populated under a
variety of different conditions, including different concen-
trations of TF and Hsp70 chaperones, as shown in Figure 8¢
and Table 6. The emerging picture is extremely informative.
Namely, larger concentrations of TF and Hsp70 chaperones
lead to a decrease in the fraction of soluble aggregates. The
presence of TF in solution decreases the required concen-
tration of Hsp70 to reach any given fraction of native protein
in the cell-free mixture.

Table S. Time-Resolved Fluorescence Lifetime of apoMb Produced in the Presence of Variable Chaperone Concentrations”

fluorescence lifetimes and related parametersb

avg ﬂuorescen((i:e lifetime

long short (ns)
fraction® L, (ns) fraction® L, (ns)

WT apoMb
item 1: Atig cf sys. + Hsp70 inhib. diluted 0.51 £+ 0.02 5.08 + 0.07 0.47 £ 0.02 1.77 + 0.03 34+ 0.1
item 2: Atig cell strain + Hsp70 inhib. 0.59 + 0.01 4.82 + 0.04 0.39 £ 0.01 1.76 + 0.04 3.52 £ 0.05
item 3: WT cf sys. + 21uM Hsp70° 0.67 + 0.02 S.13 + 0.04 0.30 + 0.02 1.79 + 0.0S 4.0 £ 0.1
item 4: Atig cf sys + 75 uM Hsp70° 0.75 + 0.03 49 £02 0.17 £+ 0.03 1.3 +02 39+02
item 5: WT cf sys. + 75 uM Hsp70° 0.76 + 0.01 S.1S + 0.04 0.22 + 0.01 1.79 + 0.04 429 + 0.04
item 6: WT cf sys. + 75 uM Hsp70 + Hsp70 inhib. added post- 0.76 + 0.01 5.07 + 0.03 0.21 £+ 0.01 1.74 + 0.08 4.25 = 0.07

translationally”

item 7: WT cf sys. + 75 uM Hsp70, diluted® 0.75 + 0.01 5.37 £ 0.03 0.22 + 0.01 1.85 + 0.05 447 £ 0.07
item 8: purified apoMb resuspended in RNC solution 0.95 + 0.02 5.7 £ 0.1 0.04 + 0.02 2.0 +£0.1 $.53 £ 0.08

128D apoMb
items 9—10: WT cf sys. + 75 uM Hsp70 0.67 + 0.01 $.5+02 0.31 £+ 0.01 1.9 + 0.1 42 +02

BODIPY-FL Fluorophore Controls

item 11: BODIPY-FL dye in Atig cf sys. + Hsp70 inhib. 0.971 £ 0.007 522 + 0.02 0.022 + 0.006 1.8 + 04 S.12 + 0.04
item 12: BODIPY-FL dye in WT cf sys. + 75 uM Hsp70 0.978 + 0.002 5.36 + 0.006 0.016 + 0.002 1.66 + 0.01 5.27 £ 0.01

“Symbols are as follows: Atig, strain lacking gene encoding tri%ger factor (TF) chaperone; WT, wild-type; cf sys., cell-free system; Hsp70 inhib.,
peptide that inhibits Hsp70'; L, and L,, fluorescence lifetimes. “Fluorescence lifetime data were fit to two fluorescence lifetimes (L; and L,) and a
third fictitious lifetime (0.001 ns) to account for small contributions from scattering. “Fraction denotes the fractional contribution of each lifetime
to the total fluorescence decay. “An average (avg) fluorescence lifetime, weighted by the fractional contribution of L, and L, is further displayed.
Error bars are the propagated error or standard error (SE) for 2—7 independent experiments. The larger of the two errors was selected. “For the 21
and 7S uM Hsp70 conditions, 0.04—12 M DnaJ and 19 uM GrpE were also added.
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Figure 8. Hsp70 chaperone system increases the structural accuracy of WT apoMb. (a) Representative frequency-domain fluorescence lifetime
decay data for apoMb generated in the absence and presence of KJE and TF chaperones. (b) Average fluorescence lifetimes of apoMb (0.3 + 0.2
uM) and free BODIPY-FL fluorophore in cell-free systems containing different chaperone concentrations. Error bars denote either propagated
error or standard error for n = 2—7 (whichever value was larger). (c) Fluorescence lifetime phasor plot at 23.08 MHz modulation frequency for free
BODIPY-FL fluorophore and apoMb in cell-free systems containing different KJE and TF chaperone concentrations. Error bars denote propagated
error or standard error for n = 2—7. All errors in G and S not seen are too small to be visualized on the plot. Some phasor plot points were also
shown in the Supporting Material of Addabbo et al.* (d) Predicted percent of WT apoMb-soluble aggregate generated with different chaperone
concentrations. For the 21 and 75 yuM Hsp70 conditions, 0.04—12 yM DnaJ and 19 uM GrpE were also added.

Interestingly, physiologically relevant concentrations of the
Hsp70 chaperone system are not sufficient to generate 100%
native protein. As shown in Figure 8d, the projected
concentrations of Hsp70 required to eliminate the presence
of WT apoMb-soluble aggregates (x-axis intercept) exceed by
far physiologically relevant concentrations of this chaperone,
even in the presence of TF. This important result shows that
cell-relevant concentrations of TF and Hsp70 chaperones are
not sufficient to prevent the formation of soluble aggregates of
all proteins.

In the specific case of the WT sperm-whale apoMb model
protein analyzed here, this result may be a consequence of the
fact that this protein is produced in the presence of heme, in
Nature. This cofactor is expected to contribute beyond the
action of molecular chaperones, to generate native state devoid

of soluble aggregates.”® Given that our cell-free systems were
heme-free, this additional form of folding assistance was absent
in our experiments.

Hsp70 Acts Early on in Client-Protein Life to Grant
Structural Accuracy to Newly Synthesized Proteins.
Hsp70 acts on nascent proteins co- and/or immediately post-
translationally because the 7, and phasor coordinates of WT
apoMb do not significantly change upon the addition of the
KLR-70 Hsp70 peptide inhibitor' well after translation has
been completed (Table 2, item 6, Supporting Figure S3).
Therefore, WT apoMb is not bound to Hsp70 after translation,
and Hsp70 primarily interacts with newly synthesized proteins
before they complete their folding. In addition, further
incubation of either WT® apoMb or its 128D variant (see
the Fluorescence Lifetime and Anisotropy Decay section) for
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Table 6. Summary of Estimated Populations of Native and
Aggregated States for WT and 128D apoMb made in the
Presence of Different Concentrations of the Hsp70
Chaperon System

Hsp70 concentration estimated percent native and

protein (uM)“ aggregated states”

WT apoMb 0 insoluble aggregate 3x1
soluble aggregate 74 + 1
native 23 +1

WT apoMb 21 insoluble aggregate 3+2
soluble aggregate S7+11
native 40 £ 8

WT apoMb 75 insoluble aggregate 3+1
soluble aggregate 4+6
native 3+£7

128D 75 insoluble aggregate 13+2
soluble aggregate S9+2
dynamic 28 + 1

conformation

“For the 21 and 75 M Hsp70 conditions, a WT cell-free system was
employed and 0.04—12 yM DnaJ and 19 uM GrpE were added. For
the 0 M Hsp70 condition, a Atig cell-free was employed and 0.4 mM
Hsp70 inhibitor' was added. “Error bars are the propagated error.

up to ca. 1 h does not lead to any changes in the rotational
properties of the newly synthesized protein.

Working Model: Hsp70 and TF Lead to a Decrease in
the Fraction of Soluble Aggregates Generated upon
Newly Synthesized Protein Expression. The results from
the previous sections show that increasing concentrations of
the Hsp70 and TF chaperone systems decrease the extent of
soluble-aggregate formation in a concentration-dependent
manner. This concept is schematically illustrated in Figure
9a,b. Note that the chaperone concentrations required to
prevent soluble aggregate formation are higher than those
required to prevent insoluble aggregate formation, as shown
upon comparing the data in Figures 4, 8, and 10. More details
on this item are provided in the next section.

Different Protein Sequences Have Distinct Hsp70-
Chaperone Requirements for the Prevention of
Soluble-Aggregate Formation. Next, we focused on the
newly synthesized 128D apoMb variant to gain additional
insights into the nature of the soluble fraction populated by
this species upon release from the ribosome. Fluorescence
depolarization in the frequency domain of newly synthesized
proteins was carried out directly within the cell-free environ-
ment. The WT and 128D variants were compared side-by-side,
and representative fluorescence lifetime and fluorescence
depolarization decay profiles are shown in Figure 10a,b,
respectively. Fluorescence anisotropy decay parameters
deduced from curve fitting are also shown in Table 2. All
data were collected in the presence of high concentrations of
the Hsp70 chaperone (75 uM) and its cochaperones (at ca. K/
J/E §:1:2 molar ratios). The ribosome-released 128D variant
fits best to an associative fluorescence anisotropy decay
model.*>**>”7 Several associative models were tried and the
simplest one that provides excellent data fitting is shown in
Figure 10c (see also Table 2). Briefly, this model comprises a
slow-tumbling aggregate (7., = 240 + 80 ns) with a flexible N
terminus (7, = 0.17 + 0.01 ns) as well as an additional species
with an extremely dynamic isotropically tumbling N terminus
(ts = 0.19 + 0.01 ns). The latter species may well be an
aggregate with an extremely flexible N terminus or an overall

Chaperones reduce the fraction of soluble
WT apoMb aggregates generated
upon release from the ribosome

a Protein production in the
absence of chaperones
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7 .
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Figure 9. Quantitative concentrations of KJE are required to increase
structural accuracy of apoMb. (a) Synthesis in the absence of KJE
(Atig cell-free system plus 0.4 mM Hsp70 inhibitor') results in 73.5
+ 0.9% soluble aggregate when apoMb concentration is 59.8 uM. (b)
Protein is channeled to its native state when synthesized in the
presence of KJE (0.3 + 0.2 uM apoMb, 75 uM Hsp70, 0.04—12 uM
DnaJ, 19 uM GrpE, and 0.2 uM TF), enabling production of at least
53 # 7% native state. While apoMb can be synthesized in the absence
of chaperones and remain fully soluble, there is a quantitative
requirement for KJE concentrations for structural accuracy.

highly flexible monomer. This concept is pictorially illustrated
in Figure 10d, which also lists the relative populations of the
two species.

Interestingly, the large aggregate with 7., = 240 + 80 ns
formed by 128D apoMb has different characteristics from the
soluble aggregate detected in the case of WT apoMb, in terms
of N-terminal amplitude of motions (Table 2) and lifetime
values (Table S). Therefore, the soluble aggregates of 128D
and WT apoMb likely have a different structure as well, in
addition to different dynamic properties.

Finally, the data of the fluorescence lifetime phasor plot of
Figure 10e shows that incubation of the 128D apoMb within
the cell-free-system environment leads to no changes in
solution composition as a function of time. Therefore, the two
128D apoMb-soluble species detected in solution (soluble
aggregate and highly dynamic species) are either in equilibrium
or kinetically trapped relative to each other.

In all, the data in Figure 10 demonstrate that different
protein sequences have different chaperone requirements for
solubility and structural accuracy. Importantly, we show that
even single-point mutations can change the chaperone
concentration required to prevent insoluble and soluble
aggregation. While 128D is mostly soluble at ~75 uM
Hsp70, this chaperone concentration is not sufficient to
prevent soluble aggregation. This result is consistent with
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Disruption of nonpolar core increases the Hsp70
concentration requirements for protein structural accuracy

a Fluorescence lifetime decays b Fluorescence anisotropy decays
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Figure 10. Different protein sequences have different Hsp70 chaperone concentration requirements for structural accuracy. (a) Frequency-domain
fluorescence lifetime decays of WT apoMb (black) and 128D apoMb (pink) produced in the WT cell-free system in the presence of 75 uM Hsp70.
WT apoMb data is the same data shown in Figure 8a. (b) Frequency-domain fluorescence anisotropy decays of WT apoMb (black) and 128D
apoMb (pink) produced in the presence of 75 uM Hsp70. WT apoMb data is the same data shown in Figure 6d. (c) Simplified representation of
associative model used to fit 128D anisotropy data in (d). (d) Cartoon illustrations of 128D apoMb made in the presence of 7S uM Hsp70. The
128D data fits best to an associative model where there are two detectable populations of species in solution. One population has a large 7. value,
suggesting the sample contains soluble aggregates. The global 7. of the other population cannot be resolved. It has an isotropic fast local motion.
(e) Fluorescence lifetime phasors for 128D apoMb made in the presence of 75 M Hsp70 and incubated for 1 h after protein synthesis.

observations for WT apoMb. While WT apoMb does not need
Hsp70 to prevent the formation of insoluble aggregates at 0.2
UM apoMb, it needs ca. 300—400 M Hsp70 to prevent the
formation of soluble aggregates (Figure 8c,d). WT and 128D
apoMb have distinct requirement for Hsp70-mediated
prevention of soluble-aggregate formation. Further, in the
case of 128D apoMb, we were unable to identify any native
state formation, upon release from the ribosome. In essence,
physiologically relevant concentrations of the Hsp70 chaper-
one system are insufficient to prevent soluble aggregation of
the 128D variant.

In summary, proteins that are soluble are not necessarily well
folded. Surprisingly, higher concentrations of Hsp70 are
required to prevent soluble aggregate formation compared to
insoluble aggregation, indicating that the Hsp70 concentration

requirement for structural accuracy is distinct from the
concentration requirement for solubility. Further, different
protein sequences have different chaperone requirements for
solubility and structural accuracy. For some protein variants,
physiologically relevant chaperone concentrations may be
insufficient to prevent aggregation.

Release of Newly Synthesized Proteins from the
Ribosome Generates Classes of Conformations That
Are Kinetically Trapped Relative to Each Other. The data
discussed so far illustrate the fact that ribosome release of de
novo synthesized proteins generates two or three distinct
classes of conformations. Importantly, all of these conforma-
tions are kinetically trapped relative to each other. This
concept, which is pictorially illustrated in the cartoons in
Figure 11, is justified by the following arguments.
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Figure 11. Standard-state chemical potential energy landscapes of
WT and mutated apoMb. Energy landscapes for (a) WT apoMb and
(b) apoMb variants at protein concentration lower (left) and higher
(right) than the critical protein concentration for insoluble aggregate
formation. Single-point mutations in the apoMb variants increase the
kinetic energy barrier between the ribosome-released conformation
and the native state.

Data in Figures 6—8 show that, upon release of the
ribosome, WT apoMb gives rise to a combination of soluble
aggregates and native state. The latter is typically in reversible
exchange with intermediates and unfolded states.*®* Now,
lifetime phasors of WT apoMb” (Figure 8c) demonstrate that
the native state is kinetically trapped from soluble aggregates.
Two results provide evidence for this kinetic trapping. First,
apoMb generated in the presence of different chaperone
concentrations gives rise to phasor points that are located at
different positions along a straight line (Figure 8c). Therefore,

these samples contain different concentrations of the native
state and soluble aggregates. If the two species (i.e., native state
and soluble aggregates) were in thermodynamic equilibrium
with each other, their relative populations would remain the
same regardless of chaperone concentration. Therefore, native
state and soluble aggregates must be kinetically trapped relative
to each other, and chaperones are somehow able to modulate
their relative concentrations in solution. Second, the phasor
points do not shift upon 1 h incubation,” demonstrating that
the kinetic trapping applies to timescale at least as long as this
incubation time.

Note that, if native state and soluble aggregates were in
equilibrium relative to each other yet below the critical
concentration®® for soluble aggregate formation according to a
nucleated polymerization model,”” time-dependent variations
in phasor plots would not be observed. However, the fact that
soluble aggregates are present in the system demonstrates that
the protein concentration must be above the critical
concentration for a phase equilibrium between native-state
and soluble aggregate. Yet, this hypothetical equilibrium is
inconsistent with the phasor plot results of Figure 8¢, as
discussed above. In summary, the above arguments show that
the native state and soluble aggregates are kinetically trapped
relative to each other over a timescale longer than typical E.
coli’s doubling time (ca. 20—30 min). Further, native state and
soluble aggregates must be formed according to parallel paths
due to the following reasoning. If the two species were formed
sequentially (i.e., from native state to soluble aggregate), given
the established kinetic trapping, soluble aggregates would
never form. This outcome is in contrast with the experimental
evidence for soluble aggregates shown in this work. The
cartoon in Figure 1la pictorially recapitulates the above
concepts.

The above kinetic trapping between native state and soluble
aggregates is detected shortly after translation. Hence, the early
stages of protein life assume an utmost importance for WT
apoMb, in that they route the newly synthesized protein
toward a region of the free-energy landscape that either
supports (in the case of native, intermediates and unfolded
states) or does not support (in the case of soluble aggregates)
biological activity. Therefore, co- and immediately post-
translational events effectively determine the entire fate of
proteins that, like apoMb, give rise to aggregated species upon
release from the ribosome. Further, the role of helpers like the
Hsp70 chaperone system is of utmost importance, given that
chaperones modulate the relative ratios of native-state and
soluble-aggregate components via transient co- and immedi-
ately post-translational interactions with newly synthesized
proteins. Once released from the ribosome and transient
interactions with molecular chaperones are complete, native
protein fractions can be biologically active, presumably with no
harm from soluble aggregates, which remain kinetically trapped
relative to the native state. Soluble aggregates, however,
decrease the yield of native state and are often harmful or toxic
to cells.””*” Therefore, they are generally undesirable.

Kinetic trapping of newly synthesized native states and
soluble and insoluble aggregates relative to each other is also
applicable to newly synthesized 128D and M131D variants of
apoMb. Kinetic trapping of insoluble aggregates relative to the
soluble fraction is proven in Figure 5. Parallel paths for the
formation of soluble and insoluble fractions of M131D apoMb
are proven by published kinetic data from Addabbo et al.’
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Overview of protein folding in the absence and presence of
ribosome and Hsp70 chaperone system
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Figure 12. Flowchart summarizing the key parameters affecting the generation of soluble and folded proteins in the cellular environment. If a
protein has not been biosynthesized through the ribosome, it refolds mainly into an insoluble aggregate, with only very small amounts of soluble
folded species. If the protein is biosynthesized through the ribosome in the absence of sufficient Hsp70, it is soluble but not structurally accurate.
Only when a protein is synthesized by the ribosome in the presence of sufficient Hsp70, is it both soluble and well folded.

Kinetic trapping of soluble aggregates relative to the native
state is consistent with Figure 10e for the 128D apoMb variant
and with the above-discussed data for WT apoMb. The
cartoon in Figure 11b illustrates the resulting scenario.
Namely, newly synthesized native states, soluble aggregates,
and insoluble aggregates of the two apoMb variants, which are
all experimentally observed (Figures 4—7 and 10, and Addabbo
et al.”), are trapped relative to each other.

In summary, release from the ribosome can generate
undesirable soluble and insoluble aggregates of newly
synthesized proteins, in addition to the native state. These
three classes of species are kinetically trapped relative to each
other, in the case of apoMb and its variant model systems.
Therefore, it is crucially important to avoid the formation of
soluble and insoluble aggregates at the outset. The correctly
folded species generated upon release from the ribosome were
indeed shown to persist over long timescales. This scenario
may of course be subject to change, but only in case covalent
damage or changes in environmental conditions were to
modify the free-energy landscape and perturb the extent of
kinetic trapping.

We also showed that if the concentrations and client-protein
amino acid sequences are sufficiently high and within
physiologically relevant ranges, the Hsp70 and TF molecular
chaperones contribute to reduce the extent of aggregation
upon release from the ribosome. This is unfortunately not
always the case, as seen for instance in Figure 8c¢,d.

Finally, it is worth noting that in vivo overexpression of WT
apoMb takes place at concentrations much higher than the
cell-free concentrations analyzed in this work. Under these
conditions, mostly insoluble aggregates known as inclusion
bodies are routinely formed.””>* Therefore, upon in vivo
overexpression of WT apoMDb, a free-energy landscape similar
to the one shown here for the variants (Figure 11b) likely also
applies to the WT protein.

Biological Implications. Our studies highlight the
importance of soluble aggregate formation upon release of
nascent protein chains from the ribosome. In contrast, prior
investigations analyzing protein expression in the absence and
presence of chaperones focused primarily on the native state
alone or on insoluble aggregates.”'®

Further, the data in this work indicate the need to examine
client-protein dependence on Hsp70 in a quantitative manner.
Different proteins have different Hsp70 concentration needs
depending on their sequence and likely other physical
properties. In biological research, there is a significant need
to be able to produce large quantities of soluble folded protein
by overexpression. The co-overexpression of molecular
chaperones during protein overexpression in bacteria has
shown variable success, to date.

The flowchart in Figure 12 highlights the key parameters
that influence the generation of soluble native state, soluble
aggregates, and insoluble aggregates within the E. coli cellular
environment. Our work shows that at sufficient concentrations,
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chaperones can play a protective role and prevent aggregation
caused by mutations. However, physiological concentrations of
chaperones are sometimes insufficient to prevent aggregation
of some protein variants.

In addition, as highlighted in Figure 13, apoMb variants
require higher chaperone concentrations to prevent soluble

Overview of role of Hsp70 chaperone system
upon nascent-protein release from the ribosome

Dominant apoMb species at different Hsp70 concentrations

& Desirable
WT apoMb :

soluble folded protein
aggregate

—~ r‘y'}
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Figure 13. Client protein requirements for Hsp70 chaperone system
concentration. The Hsp70 concentration requirement for protein
structural accuracy is greater than the concentration requirement for
protein solubility. The Hsp70 concentration requirements for
solubility and structural accuracy depend on the protein sequence.
Single-point mutations increase the Hsp70 concentration requirement
for protein solubility (128D and M131D) and structural accuracy
(128D).

and insoluble aggregate formation, relative to the wild-type
protein. Our findings show that, depending on the specific
protein sequence, molecular chaperones at higher concen-
trations than physiologically attainable may be necessary to
generate 100% native states upon protein expression. This
observed sequence dependence of chaperone requirements is
likely a consequence of the sequence dependence of the
relative rates of protein folding and aggregation upon release
from the ribosome, as previously shown in the case of WT and
M131D apoMb.’

Previous work in mammalian cell, yeast, and mouse model
systems indicated that heterologous expression of molecular
chaperones and upregulation of chaperones by chemical
induction of the heat shock response reduce protein
aggregation.78 However, more investigations are necessary to
identify whether the necessary chaperone concentrations can
in practice always be achieved for the complete prevention of
soluble and insoluble aggregate formation upon release from
the ribosome.

B CONCLUSIONS

In summary, this work highlights an important role of the
bacterial Hsp70 chaperone system during de novo protein
biogenesis. Namely, increasing Hsp70 concentration not only
decreases the fraction of insoluble translation product
(whenever relevant) but also increases the structural accuracy
of the soluble gene product by augmenting the fraction of
protein native state over soluble aggregates. Small changes in
amino-acid sequence (single-point mutations) can dramatically
perturb the solubility of nascent proteins upon release from the

ribosome. Hsp70 is able to restore this solubility. On the other
hand, the concentration of Hsp70 that is sufficient to prevent
wild-type and variant client proteins from forming insoluble
aggregates is insufficient to prevent soluble-aggregate for-
mation. In essence, Hsp70 concentration requirements for
solubility and structural accuracy within the soluble state are
distinct, with structural accuracy requiring higher levels of
Hsp70 than mere solubility. In the case of the M131D and
128D apoMb variants, the concentration of Hsp70 chaperone
system required to generate a fully native client protein upon
release from the ribosome exceeds chaperone solubility. This
finding suggests that the evolution of other chaperone systems
may have arisen to overcome the imperfect nature of the
inherent limitations of the Hsp70 chaperone system.
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