Downloaded via UNIV OF WISCONSIN-MADISON on July 31, 2020 at 12:30:43 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

THE JOURNAL OF

PHYSICAL CHEMISTRY

pubs.acs.org/JPCB

Complementary Role of Co- and Post-Translational Events in De
Novo Protein Biogenesis

Rayna M. Addabbo, Matthew D. Dalphin, Miranda F. Mecha, Yue Liu, Alexios Staikos,
Valeria Guzman-Luna, and Silvia Cavagnero™

Cite This: J. Phys. Chem. B 2020, 124, 6488—6507 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations ‘ @ Supporting Information

ABSTRACT: The relation between co- and post-translational
protein folding and aggregation in the cell is poorly understood. KINETIC CHANNELING OF NEWBORN PROTEINS
Here, we employ a combination of fluorescence anisotropy decays
in the frequency domain, fluorescence-detected solubility assays,
and NMR spectroscopy to explore the role of the ribosome in
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protein folding within a biologically relevant context. First, we find < y T

that a primary function of the ribosome is to promote p» =) SOLUBLE <

cotranslational nascent-protein solubility, thus supporting cotrans- & v AGGREGATE Wk

lational folding even in the absence of molecular chaperones. S K4

Under these conditions, however, only a fraction of the soluble ~>~ INsoLuBLE 4 ( :
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expressed protein is folded and freely tumbling in solution. Hence,
the ribosome alone is insufficient to guarantee quantitative
formation of the native state of the apomyoglobin (apoMb)
model protein. Right after biosynthesis, nascent chains encoding apoMb emerge from the ribosomal exit tunnel and undergo a
crucial irreversible post-translational kinetic partitioning between further folding and aggregation. Mutational analysis in combination
with protein-expression kinetics and NMR show that nascent proteins can attain their native state only when the relative rates of
soluble and insoluble product formation immediately upon release from the ribosome are tilted in favor of soluble species. Finally,
the outcome of the above immediately post-translational kinetic partitioning is much more sensitive to amino acid sequence
perturbations than the native fold, which is rather mutation-insensitive. Hence, kinetic channeling of nascent-protein conformation
upon release from the ribosome may be a major determinant of evolutionary pressure.

B INTRODUCTION Despite the presence of cotranslational folding,'™"*'®"”
typical single-domain nascent proteins populate dynamic
incomplete structures when ribosome-bound, and they are
not able to attain their native state until they have been fully
released from the ribosome (Figure 1a).""**7*® It has been
proposed that the extent of post-translational protein folding
that occurs upon release from the ribosome depends on
protein size and other physical properties, including the
complexity of the fold and the fraction of residues buried in the
ribosome exit tunnel.'

Most protein amino acid sequences evolved to fold
efficiently”” in response to evolutionary pressure for improved
function and higher chances of cell survival. As a result of this
driving force, newly synthesized bacterial proteins typically fold
without aggregating, in vivo. While the cell is equipped with

The mechanism by which proteins attain their native structure
in the cell is currently not well understood. Many proteins of
variable size, secondary structure and topology start their
folding cotranslationally and complete it posttranslationally, as
illustrated in Figure la. This conclusion was reached by
analyzing ribosome-bound nascent chains (RNCs) via time-
resolved fluorescence depolarization,l_3 Forster resonance
energy transfer (FRET),” optical tweezers,” antibody-based
assays,7_9 protease digestion,7’lo’11 mass spectrometry,10 multi-
dimensional NMR,'*™"* computation,'” and arrest assays
coupled with single-particle cryo-EM.'*"”

Both native and non-native conformations can be generated
cotranslationally.*” The ribosomal surface and liquid layers in
its proximity provide a unique hi§hly polar environment for
RNC conformational sampling.”'* Interactions between ‘
nascent chains and the ribosome were reported for peptides Received:  April 6, 2020 = l‘i’lﬁ'ﬁ‘é“;ﬁl
carrying an N-terminal signal sequence,'" > and they may Revised:  May 26, 2020 =
even occur in the absence of signal sequences."*** The Published: May 26, 2020
presence of these interactions is sometimes invoked to

rationalize the experimentally observed nascent chain dynam-
ics IO 1422
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Figure 1. The ribosome is a facilitator of protein solubility. (a) Cartoon representation of typical co- and post-translational folding events for
medium-size single-domain proteins. Proteins fold partially cotranslationally as the chain elongates, and complete their folding posttranslationally.
The species in square brackets denotes any putative post-translational folding intermediate(s). The nascent chain is not drawn to scale. (b) Cartoon
representation of solubility assay employed in this work. N-terminally fluorophore-labeled protein-containing solutions are centrifuged followed by
separation of soluble and insoluble fractions. Fluorescent-protein-containing supernatant (S) and pellet (P) are isolated and visualized by low-pH
SDS-PAGE and fluoroimaging.®® (c) Solubility assay of cell-free-generated apoMb, and apoMb,s; RNCs (i.e., ribosome-bound nascent chains,
unpurified, total concentration ca. 30 nM) in the absence and presence of DnaK and TF chaperones (top). The double bands observed for
apoMb,; are due to different in-gel tRNA conformations of the same RNC, as they release to a single band upon treatment with puromycin (see
also Figure S1). Bar graph (bottom) illustrating the quantitative analysis of RNCs upon multiple independent experiments. Symbols are as follows:
WT, wild-type; cf sys, cell-free system; Atig, strain devoid of the gene encoding the TF chaperone; inh., inhibitory peptide. (d) Representative low-
pH SDS-PAGE (top) and bar graph (bottom) illustrating the solubility of cell-free generated apoMb,, and apoMb;; (total concentration ca. 0.3
uM) in the absence and presence of molecular chaperones. Note that the nascent protein was directly ribosome-released by endogenous release
factors as part of cell-free transcription—translation. (e, f) Cartoons highlighting the role of the ribosome as a cotranslational solubility tag and as a
post-translational protein solubilizing agent, respectively. (g) Cartoon illustrating the influence of the K/J/E and TF molecular chaperones on the
solubility of long nascent chains.' Data in panels ¢ and d are avg + SE (n = 2—4). (h) Cartoon illustration of the proposed modes of action enabling

the ribosome to promote nascent-protein solubility.

quality control mechanisms involving protein disaggre-
gases,” " this machinery requires a considerable free-energy
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expenditure, and has an overall limited scope during the early
stages of protein life. In summary, the cell needs to produce

https://dx.doi.org/10.1021/acs.jpcb.0c03039
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translations were carried out at 37 °C for 20 min. When
relevant, a peptide inhibitor of DnaK*® was added to a final
concentration sufficient to inhibit the large majority of this
chaperone in our E. coli cell-free system (140—400 uM). The
concentration of DnaK, DnaJ and GrpE in the cell-free
transcription—translation mixtures are ca. 0.5 uM, 0.04 M
and 0.05 uM, respectively, as assessed by Western blotting. In
the experiments of Table 1, Figure 5d, and Figure S7, full-
length ribosome-released WT apoMb was produced in the
presence of additional purified DnaK, DnaJ, and GrpE. The
final concentration of DnaK in these experiments was on
average 21 or 75 uM as listed, and the final concentration of
DnaJ and GrpE were 0.04—12 uM and 19 uM, respectively.
Cell-free expression samples produced for fluorescence lifetime
and anisotropy-decay experiments were centrifuged for 20 min
at 15,800 rcf at 4 °C prior to data collection. Data were
acquired on the supernatant. Cell-free samples denoted as
“diluted” in Table 1 were prepared by diluting the soluble-cell-
free expression product by 10—13-fold into resuspension buffer
(10 mM Tris HCl, 11.2 mM Mg(OAc),, 60 mM NH,C], 0.5
mM EDTA, 1 mM dithiothreitol, pH 7.0). The samples that

The Journal of Physical Chemistry B pubs.acs.org/JPCB
and maintain a structurally accurate proteome without a5 TEEEE S
. . e 2o =2 < g
overburdening the quality-control apparatus. gSScsSsS 3 gg 8 §"§ g
. . age 9 ) v
At present, there is still a critical lack of knowledge on the ®, g HHNHAMN cgoagea
. . . v ; . =N s
key parameters that govern successful protein folding devoid of g T 23232 EEBE 2 e”%
. . : q ) g >
aggregation on- and off- the ribosome. For instance, while it is ] 8 F - 3: o5
. . . =] o = oy
known that both co- and post-translational folding is necessary, E ] g .85 4 &%ﬁ’ S %’ ‘é% g
.. . =] T T 22 = o b5
it is not understood how these events are coordinated to O g il S :I S o UL« g‘a‘ —ES
. . . . HoHH H o 98
enable protein channeling to the native state. Further, it is not & 3 m oo o _§ T8 2T 58
. . . - N w 3] S+ © S B=i o .= vl
known which specific processes fail and why, upon de novo 54 s Vs s” 5= g“a Fcé b
. . . . [ o, © v o
protein misfolding and aggregation. i LrE8E .3
. . . . RS SE-N g 0 c= g
Here, we address the above questions by investigating how E ®SSSS 3 S g E -
co- and post-translational folding events grant solubility and S S HHHAHH 90 eS0T
: : . - : Q Qv R v 5
structural accuracy to single-domain medium-size proteins. We 3 R R R H 5352 o g
. . ;O & +
define a protein as structurally accurate when it encompasses a § £ gog £35 g
. . = ™ g O
100% native-state population. e - R g9 2803 E
. . — o 9
We find that an important cotranslational role of the A 2ss88 50482 2 g
i i ili i i Z s HHHAHH FESSEES
ribosome is to solubilize short nascent proteins, even in the g 2 | 5§ o A2 E E
o g X b 0 O W) 0 & = 8=
absence of molecular chaperones. In addition, we identify a key g o |° cddzg ESE g5zl
B d 993 8 9
irreversible kinetic partitioning process that takes place upon g g ° T5e2gESS
t-protein release from the rib during which 2 g S FEr g
nascent-protein release from the ribosome, during whic g ¢ spozwe_ FeNLguwid
nascent chains are irreversibly channeled toward either native o [= 322223 £E¥38=235°9%8
. o 8 e 28
or aggregated conformations. Further, we find that the balance S o E U HHHH s 288" ’§
i ineti i : = 5 5+ o N © N8 8w g g .~
between post-translational kinetic channeling between native g 3 ¥veg8338s SF.0f g
. ) : =S - =3 ©T=2885§599
state and aggregated species upon release from the ribosome is —123 5 ESRSSES g c.8 &5 %
o . . . . . B c @
extremely sensitive to variations in amino acid sequence. This s °=Zg 228 §
. . o — =5
result suggests the presence of specific evolutionary pressure & B o S5~ TLEELPA
. . . s + +H H &0‘\& O~ BE =
for the generation of protein sequences able to fold without E =~ L en. STISTZaES
. . . . 6 d o S 0 =
5 o o w 9= O
aggregating immediately after release from the ribosome. - < =] gz 2gfge
2 o2V gE s
B METHODS g 2 3 zg £2NEf£dg
% > > 2
= S S S VK« @9
T . . = oo I
Cell-Free Transcription-Translation and Production & 2 | H HHy S, 45E88Ew
. . . n g ) o T §w S 23T
of Ribosome-Released Proteins. Ribosome-released pro- g g g 88 J=2T?E8S
. . 1 = S ISER=] daas o0 9= %
tein were produced as described.” In summary, pET-Bluel 3 i 522 EogS
. .. 1 . L 35 o = o @ c.& .-
plasmids containing Escherichia coli-codon-optimized genes 5 2 5 2€ .35
. . = == 4 3
encoding wild-type (WT) sperm whale apoMb, apoMb,,, or ) gz S <SS FE5EEEE 3
. o . . N ~ =~ - 154
M131D apoMb™ were added to either a wild-type or Atig (i.e., © O A E4§28%
. . : O o S -2
lacking the trigger factor gene) Al9 E. coli transcription— g R ‘g?, SSgE S
. . 137 ! 2 -
translation cell-free system prepared in-house, as described. 2 EZ7a8 E g
. . . . . N
Site-specific N-terminal labeling of the translated protein was § — § o § ww F 55 5 9 2
. . e . = S O O % o= Q
achieved cotranslationally upon addition of an in-house & 1S w4 o4 o4 H T Py oK g &
. = © [ = B B
prepared BODIPY FL-Met-tRNA™® according to known B SIS Ry
1 . e . ® = O Q .~
procedures.” Unless otherwise stated, cell-free transcription— 9 Borgsal
= 55 A3 8F
229 g S
>~ S o Eg 8= =
o =1 = 2
° B8ee,22
= 2 g0~ 2353
° SE §BE T~
] < 9 Y v owm
g 9K EQ 58S~
S. 82288
-
5 5§55 ™E0.g
3 T85o2 2k
€ v S 9
9] < 9 S ES
= SZ2T8 "% g
=] Q.5 = ? =
~ ©
2 R E @ 2
- A2 =ES
g 20 8 e
s v 6 ¥
: NELE
Q Toi3% "
A < 5 28 g
1 Q @2 o
0y £S5 o8y
[5) .35 0 « %)
-~ @ 2
= v @ £ 2 8 a
g o ¥ 3-8 F
& v e 59 g3
o sH 2 8 &9
= S L, 0§08
=% w3 o oo
: gt
o EgfESE
B = O
= S+ e g
© < 1= g
B O

6490

Atig cf sys. + DnaK inh. (item 1)

WT cf sys. + 7S uM DnaK (item 2)

Atig cf sys. + DnaK inh,, diluted (item 3)

WT cf sys. + 75 uM DnaK, diluted (item 4)

WT cf sys. + 7S uM DnaK + DnaK inh. added post-translationally
(item S)

2,8

denote the rotational correlation times for the
reporters of the amplitude of local-motions.

and 3-com
bold. %
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Figure 2. Biosynthesis through the ribosome is necessary and sufficient to generate fully soluble newly synthesized apoMb (a.k.a. WT apoMb,
apoMby;). (a) Summary of experimental design to isolate the determinants of ribosome-released apoMb solubility. (b) Representative Western
blot images comparing soluble (S, supernatant) and insoluble (P, pellet) full-length apoMb refolded from denaturant or expressed in an E. coli cell-
free system under the conditions listed in panel a. The final total-protein concentration was ca. 0.3 #M in all experiments documented in the blots.
(c) Bar-graph quantification of experimental results according to the panel-a scheme. Data represent avg + SE (n = 2—3). (d) Statistical p values of
data in panel c. All p values were determined via the one-tailed Student’s test assuming unequal variances. P values <0.05 or >0.0S5 denote data that
are statistically different (green) or not (orange), respectively. (e) Cartoon summarizing the importance of translation through the ribosome to

promote the solubility of newly synthesized proteins.

included the post-translationally added DnaK inhibitor were
prepared by generating apoMb in the presence of 76 uM
DnaK, 0.04—12 pM DnaJ and 19 uM GrpE, followed by
isolation of the soluble fraction by centrifugation (20 min,
15,800 rcf, 4 °C) and addition of the DnaK inhibitor and ATP
to a final concentration of 400 M and 1 mM, respectively.
assuming the latter components to be anhydrous.
Generation of Purified and Unpurified RNCs. Ribo-
some-bound nascent protein chains (RNCs) of desired length
were prepared in an E. coli cell-free transcription—translation
system (see previous section) via oligodeoxynucleotide-
directed mRNA cleavage' at 37 °C for 20—30 min. In Figure
4d—f, in which RNCs were employed in spectroscopic analysis,
RNCs were purified through a sucrose cushion as described.'
The RNC pellet was then dissolved in resuspension buffer (10
mM Tris HC], 11.2 mM Mg(OAc),, 60 mM NH,C], 0.5 mM
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EDTA, 1 mM dithiothreitol, pH 7.0). The purified nascent
chains were released from the ribosome upon treatment with
hydroxylamine (see Tables S3 and S4 for details). Nascent
chains generated for solubility analysis (Figure 1c and Figure
4g) were neither purified nor further released from the
ribosome. The RNC status of all nascent chains in this study
was confirmed by their unique position following low-pH SDS-
PAGE.” In Figures Ic and 4g, spontaneous ester bond
cleavage of the peptidyl tRNA to the free protein state
occurred at 37 °C on time scales of ca. ~30 min. Chaperone
(or lack thereof) conditions were as specified in the figures and
(or) figure legends.

Protein Biosynthesis with a Reconstituted Tran-
scription—Translation System (PURExpress). Transcrip-
tion—translation in the absence of any chaperones (see Figure
S4) was carried out with the PURExpress In Vitro Protein

https://dx.doi.org/10.1021/acs.jpcb.0c03039
J. Phys. Chem. B 2020, 124, 6488—6507
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Synthesis kit (New England BioLabs) according to the
manufacturer’s specifications. Briefly, 10 pL of a solution
containing amino acids, tRNAs, nucleotides, creatine phos-
phate, K* and Mg2+ salts, spermidine, dithiothreitol (DTT),
and a formyl-exchange agent was mixed with 7.5 mL of another
solution containing aminoacyl synthetases, initiation/elonga-
tion/release factors, ribosome recycling factor, creatine kinase,
myokinase, nucleotide diphosphate kinase, pyrophosphatase,
methionyl-tRNA formyltransferase, T7 RNA polymerase, and
ribosomes. Then WT-apoMb-encoding plasmid (tot. concen-
tration 40 pg/mL) and 0.1 units of murine RNase inhibitor
were added, together with a sufficient volume of RNase-free
water to bring the total mixture volume to 25 mL. To ensure a
final protein concentration equal to that achieved via regular
cell-free expression, PURExpress transcription—translation was
carried out at 37 °C for 60 min. The solubility of the translated
protein was assessed via the centrifugation assay described
below. In some cases, PURExpress protein production was
carried out in the presence of added chaperones. The desired
chaperones were added at the following final concentrations:
GroEL and GroES (Sigma-Aldrich) at 0.25 uM and 0.43 uM,
respectively, and DnaK, DnaJ, and GrpE at 3.9 uM, 0.3 uM,
and 0.5 uM, respectively.

In Vivo apoMb Expression and Purification. Large-scale
(4 L growth) overexpression and purification of WT sperm
whale and M131D apoMb were carried out as described.**’
Either a pET-Bluel or a pET-17b plasmid harboring the WT
apoMb gene was used. Alternatively, as needed, a pET-Bluel
plasmid harboring the M131D apoMb variant was employed.
Either pET-Blue-1-carrying BL21 Turner (DE3) pLacl cells or
pET-17b-carrying BL21 (DE3) cells were used. Inoculation
with 1 mM IPTG was carried out at ODgj ~ 0.5 and ODy ~
0.9 with BL21 Turner (DE3) and BL21 (DE3) cells,
respectively. Proteins were purified by reverse phase HPLC
on a VYDAC Protein C4 preparative column (Grace Materials
Technologies), followed by lyophilization. Identity of the
purified proteins was assessed by MALDI mass spectrometry.
The WT apoMb avg. expected and experimental molecular
weights were 17,331 amu. The MI131D apoMb expected
average molecular weight was 17315 amu, and the
experimental molecular weight was 17 312 amu.

Generation of M131D apoMb. The QuikChange II Site-
Directed Mutagenesis kit (Agilent) was used to generate the
M131D apoMb DNA point mutation, starting from the pET-
Bluel vector harboring the WT apoMb gene. M131D apoMb
was overexpressed and purified by the same procedures
employed for the WT protein.

Refolding of Purified Native apoMb from a Chemi-
cally Denatured State. Lyophilized WT apoMb (160 uM;
purified as above) was incubated at room temperature for 1 h
in a denaturing solution (6 M urea in DNase/RNase-free H,0
adjusted to pH 2.3 with HCI). Next, the denatured apoMb was
filtered through a 0.22 ym membrane and then bath-sonicated
for five min. The denatured apoMb solution was then diluted
1:1000 in refolding buffer (1 mM TrisCl pH 7.0, 1 mM
Mg(OAc),, 6 mM ammonium chloride, and S0 yuM EDTA).
When needed, the refolding buffer also contained additional
purified ribosome, extra DnaK (and its cochaperones DnaJ and
GrpE), or Atig A19 E. coli cell extract. Ribosomes were purified
as described below. Additional DnaK, DnaJ, and GrpE were
added to a final concentration of 3—5 uM, 0.6—1 uM, and
1.2—2 uM, respectively.
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Purification of Empty Ribosomes. In experiments
requiring purified ribosomes, we started from a Atig A19 E.
coli cell extract, which contains predominantly empty
ribosomes, and purified its ribosomes via sucrose cushion
centrifugation at 160 000 rcf at 4 °C for 1 h, similarly to the
RNC purification described above.

Solubility Assays. Cell-free expressed apoMb bearing 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,
60 mM ammonium chloride and 0.5 mM EDTA). The
resulting supernatant and pellet were then analyzed by low-pH
SDS-PAGE." The fluorophore-labeled apoMb in each fraction
was visualized via a FLA 9500 Typhoon Gel Imager (473 nm
excitation laser, BPB1 emission filter). ApoMb band intensities
were then analyzed with the Image] software package. The
percent of soluble protein was computed according to the
expression below, where I ;. and L. denote fluorescent
band intensities of the soluble and insoluble fractions

Isoluble
+ I

insoluble

% solubility = X 100

(1)

Western-Blot Solubility Assays. Western blotting was
employed to analyze the soluble and insoluble fractions of WT
apoMb that was either in vitro refolded or cell-free expressed
under different conditions (Figure 2). Samples were subject to
conventional SDS-PAGE prior to transfer to a PVDF
membrane. The membrane was then blocked for 1 h at
room temperature. Subsequent 17 (1:500 rabbit-antimyoglo-
bin from Santa Cruz Biotechnology) and 27 (1:10000 goat-
antirabbit-HRP, GE Healthcare Life Sciences) antibody
incubations were carried out in fresh blocking solution at
room temperature for 3 h or 40 min, respectively. Western blot
development was carried out via an Amersham ECL Western
blot detection kit (GE Healthcare Life Sciences) according to
the manufacturer’s instructions. ApoMb band intensities
corresponding to soluble and insoluble fractions were assessed
with the ImageJ software package.

NMR Sample Preparation. To improve apoMb cell-free
expression yields and enable NMR analysis, selectively labeled
apoMb containing BN A, E, L, K, V, and "N-3C W was
generated in a dialysis device similar to the one employed by
Bakke et al,”” except that an E. coli cell-free extract lacking the
TF gene (Atig) and an added DnaK inhibitor’® were
employed. This procedure enabled generating apoMb in an
environment devoid of TF and active DnaK. In short, four
identical 100 pL cell-free mixtures were each dialyzed against 8
mL of dialysis buffer in Pierce 96-well microdialysis strips (10
kDa molecular weight cutoff, Thermo Scientific). The dialysis
buffer consisted of the same concentrations of amino acids,
nucleotides, buffers, salts, energy sources, DnaK inhibitor, and
folinic acid as the cell-free mixtures. The concentration of each
amino acid was 1 mM. The concentrations of plasmid and
DnaK inhibitor were 50 pg/mL and 145 uM, respectively. The
concentration of T7 RNA polymerase in the cell-free mixture
was 5.2 U/uL. Cell-free transcription—translation was carried
out overnight (ca.12 h) at 37 °C under gentle shaking. After
dialysis, each cell-free mixture was recovered and centrifuged at
15 800 rcf for 20 min at 4 °C. The supernatants of each of the
four cell-free mixtures were combined to generate 400 yL of
cell-free mixture containing soluble, selectively labeled apoMb.
Prior to NMR analysis, 40 4L of D,O were added to 360 uL of

Isoluble

https://dx.doi.org/10.1021/acs.jpcb.0c03039
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the cell-free mixture and loaded onto a S-mm-diameter
Shigemi tube (Wilmad, BMS-005B).

A negative control sample was prepared as above except that
a cell-free extract derived from wild-type A19 E. coli strain was
used, and no DnaK inhibitor nor T7 RNA polymerase (to
prevent gene expression) were added.

The total apoMb concentration of NMR samples was
assessed via SDS-PAGE upon comparisons with standards
consisting of cell-free reactions spiked with apoMb of known
concentration. 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 assessed with
the Tmage] software.*”*" A standard curve of apoMb of known
concentrations was generated to deduce the total apoMb
concentration of the NMR sample (59.8 uM).

NMR Data Collection, Processing, and Volume
Analysis. NMR spectra were recorded at 36 °C on an Avance
III HD 600 MHz NMR spectrometer (Bruker Biospin Corp)
equipped with the triple resonance inverse (TCI) cryogenic
probe 'H("F/"*C/"N) fitted with a z-axis gradient. The pulse
sequence used was sensitivity-enhanced HSQC employing
pulse-field gradients for coherence selection and a square water
flipback pulse for solvent suppression.””~* Data in parts a and
b of Figure 3 were collected with 740 and 700 scans per row,
respectively. Data were acquired with 2048 (t,) X 128 (t)
complex points. The direct dimension was centered on the
residual solvent resonance. Sweepwidths of 10000 and 2200
Hz were used for the direct and indirect dimensions,
respectively. The relaxation delay was set to 1.5 s. All data
were zero-filling twice in both dimensions. A 18°-shifted
cosine-bell square window function was applied to the indirect
dimension. 'H chemical shift referencing was done with
external 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS).
Data were processed and visualized with the NMRPipe (v:
9.0.0-b108)*® and NMRView J (v: 2009.015.15.35)* software
packages.

Volume analysis of NMR resonances led to estimating the
fraction of spectroscopically undetectable native state due to
extremely slow tumbling. The NMR resonance volume, as
opposed to intensity, does not depend on molecular tumbling
rates.*® Detectable resonances have measurable volumes,
which are directly proportional to the populations of fast-
tumbling species regardless of the NMR exchange regime.
Note that undetectable populations arise from losses of
transverse-coherence either during pulses, delays or acquisition
time. Briefly, the 2D NMR volume of the 'H—'°N resonance
corresponding to the free-Trp indole (VolTrp) was measured
with the NMR View ] software. The total free-Trp
concentration in the sample (ConcTrp, 900 ;M) was regarded
as effectively identical with the total free-Trp concentration in
the dialysis-assisted transcription—translation, given the large
excess of free Trp. Next, Concy,, was divided by Volr,,. The
resulting ratio was multiplied by the volume of one of the
clearly resolved apoMb resonances (Vol,.): V17, A19, A22,
AS7, K62, K78, or A130, according to

Conc
P % Vol ,, = Conc,
Vol

Trp

2)

This procedure led to eight separate native-apoMb
concentrations, which were then averaged. The resulting
concentration was multiplied by 100 and divided by the total
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Figure 3. The ribosome alone is not sufficient to guarantee formation
of fully structurally accurate apoMb. (a) 'H—"N HSQC 2D NMR
spectrum of selectively labeled apoMb (*N-labeled A, E, L, K, V, and
BC- and '*N-labeled W) newly synthesized in a cell-like medium
lacking the trigger factor chaperone and containing a DnaK inhibitor.
Cell-free expression was carried out in a dialysis-enhanced mode,”’
and NMR data were collected directly within the cell-free mixture.
Unboxed resonances are consistent with known native-apoMb
assignments.” (b) Negative-control "H—'*N HSQC NMR spectrum
of a sample similar to panel a, except that no transcription—translation
was allowed to occur (see details in Methods). (c) Simulated native-
apoMb 'H-*N HSQC NMR spectrum comprising the selectively
labeled backbone resonances according to published assignments.>”
(d) Mapping of the labeled ApoMb resonances onto the protein’s
primary structure. ApoMb resonances are denoted by the (W) and the
eight individual helices of native apoMb are shown as black horizontal
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Figure 3. continued

bars (a—h). Boxed resonances in panels a and b denote products of
amino acid metabolism®” and the 'H—'’N indole pair of free
tryptophan. NMR-resonance volume analysis revealed that only 23%
of the total protein is spectroscopically detectable. Therefore, only a
moderate fraction of the newly synthesized apoMb generated in the
absence of trigger factor and in the presence of a DnaK inhibitor has
native-like conformation.

protein concentration of the NMR sample, determined via
Coomassie-blue-detected SDS-PAGE as described in the
previous section, to yield the percent of NMR-detectable
folded, soluble protein (23.5%). The remaining NMR-
undetectable population (76.5%) was ascribed to a slow-
tumbling fraction of the apoMb NMR sample, due to soluble
self- or heteroassociated species.

Circular Dichroism. Purified WT and M131D apoMb
were resuspended in 20 mM NaOAc at pH 6.0, bath-sonicated
for 5 min, and eluted through a 0.2 ym pore-size filter. The
resulting samples were analyzed on a MOS-450 spectropo-
larimeter (Bio-Logic Science Instruments) in circular dichro-
ism mode over the 200—260 nm spectral range with 1 nm
steps and data-collection time of 20 s per step, at room
temperature. The resulting spectra were baseline-corrected and
converted to mean residue ellipticity (MRE) according to

0

" 10C(N, - Db 3)

where 0 denotes the experimentally determined ellipticity (in
mdeg), b is the cuvette path length in cm, C is the apoMb
molar concentration, and N, is the number of apoMb residues,
which was set to 154. The molar concentration of apoMb in
each sample was determined on an HP 8452A Diode Array
UV/vis spectrophotometer (Hewlett-Packard) by

Ao
[apoMb] = =) ()
where A,g is the baseline-corrected sample absorbance at 280
nm, b is the cuvette path length in cm, and € is the known WT
apoMb extinction coefficient,” set to 14 134 M~'cm™. The
parameter £ was assumed to be the same for WT and M131D
apoMb.

Assessment of WT and M131D apoMb Thermody-
namic Stability. The thermodynamic stability of purified WT
and M131D apoMb was assessed by Trp fluorescence.
Lyophilized powders of purified protein (4—7 pM) were
resuspended in 20 mM NaOAc at pH 6.0. The resulting
samples were bath-sonicated for S min and eluted through a
0.2 um pore-size filter, followed by incubation in the presence
of 0—7 M urea (separate samples at each denaturant
concentration, assessed by refractometry™’) for 1 h at room
temperature. The Trp fluorescence emission of each sample
(from 300 to S00 nm) was monitored at room temperature on
a PC1 photon-counting steady-state fluorimeter (ISS Inc.)
upon excitation at 285 nm. Excitation and emission
monochromators had slit widths of 4 nm. Frequency shifts in
spectral center of mass ((¢; )) upon unfolding were assessed
according to Jameson®' and Weber” via relation

_ X UE
(u) = SE

()
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where F; denotes the fluorescence intensity at wavenumber v,
and the summation is performed across the range of
fluorescence intensities of each emission spectrum. The
fraction of unfolded protein at each urea concentration ( f,mf)
was determined according to>>?

I}

el
4 (©)

where Q denotes the ratio between the quantum yields of the
unfolded and native states, (Uxy,) is the spectral center of mass
at XM urea, and (vgy, ) and (v,y) denote the spectral centers
of mass of the native and unfolded states, respectively.
Quantum-yield changes were estimated from changes in total
fluorescence intensity at the maximum. Q values of WT and
M131D apoMb were assumed to be the same, given the
structural similarity between the two proteins assessed by far-
UV circular dichroism. Data were fit according to a two-state
model according to Santoro and Bolen®*** with Kaleidagraph
(version 4, Synergy Software). Apparent AG°yy and myy were
deduced from the fits and reported as average + SE for n = 3. P
values were assessed via the two-tailed Student test assuming
unequal variances. Additional rationale justifying the choice of
an apparent two-state model is provided in the Supporting
Information.

Kinetic Experiments Assessing the Timecourse of
Soluble and Insoluble Protein Production in an E. coli
Cell-Free System. Experiments shown in panels a and b of
Figure 5 were carried out as follows. All cell-free transcription—
translation components were mixed on ice (total volume 82 +
2 uL). Twelve identical aliquots (5.7 uL each) of this mixture
were then generated in separate RNase-free tubes. The tubes
were then immediately placed in a water bath at 37 °C to
initiate transcription—translation. At each of the time intervals
of interest (4, 8, 12, 16, 20, 24, 28, 32, 36, 40, 50, and 60 min),
transcription—translation of one of the aliquots was quenched
upon treatment with 2 mM puromycin (pH = 7.0) and the
sample was immediately placed on ice. Puromycin causes
instantaneous interruption of translation,”® and acts as an
excellent quencher. Each sample was centrifuged for 20 min at
15800 rcf at 4 °C, and supernatants were separated from
pellets. Pellets were dissolved in a resuspension-buffer volume
equal to the total sample volume before centrifugation. Equal
volumes of all samples were subject to low-pH SDS-PAGE*
analysis. Precision Plus molecular-weight markers (Biorad)
were run in parallel. Gels were imaged with an FLA 9500
Typhoon Gel Imager with a 473 nm excitation laser and a
BPB1 emission filter, while a 635 nm excitation laser and an
LPR filter were used to image the molecular-weight markers.
Quantification of gel-band intensities corresponding to soluble
and insoluble protein was carried out with Image].*>*'

Processing of Kinetic Data. To guide the eye and to
assist with the generation of kinetic-flux information, all the
timecourse data for soluble and insoluble proteins production
(Figure Sa,b) were fit to generic analytical expressions for
multistep unimolecular reactions. Kinetic fluxes for each of the
timecourse data (Figure S6c,d) were estimated as the first
derivative of the curves corresponding to each of the above
analytical expressions.

Post-translational Kinetic Trapping of Newly Synthe-
sized Protein. Experiments shown in Figure Se were
performed as follows. Ribosome-released M131D apoMb was
generated as described above, except that transcription—

(Wxar) — (Uoar)

(Yor) — (vxan)
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translation was carried out for 1 h instead of 20 min. The
process was quenched by placement on a water/ice bath.
Soluble and insoluble protein fractions were separated by
centrifugation at 15 800 rcf at 4 °C for 20 min. The pellet was
resuspended in a cell-free transcription—translation solution
containing all components except for T7 RNA polymerase,
BODIPY FL-Met-tRNA™¢t and plasmid DNA, to prevent
further protein production. Additionally, puromycin (1 mM, in
10 mM Tris, 11 mM Mg(OAc),, 60 mM NH,Cl, 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 buffer (10 mM Tris, 11.2
mM Mg(OAc),, 60 mM NH,Cl, 0.5 mM EDTA, 1 mM
dithiothreitol). All samples were subject to low-pH SDS-
PAGE,” and gel-band intensities were quantified with
Imagej.m’41

Fluorescence-Lifetime and Anisotropy-Decay: Data
Collection and Analysis. Fluorescence lifetime and aniso-
tropy-decay data were collected as described” on a Chronos
frequency-domain fluorometer (ISS Inc.) equipped with calcite
prism polarizers. BODIPY-FL-labeled samples were excited
with a 477 nm laser diode. A 480 + 5 nm band-pass and a 495
nm long-pass (Chroma Technology) filter were applied to the
excitation and emission channels, respectively. In both lifetime
and anisotropy-decay experiments, the excitation polarizer was
set to vertical (i.e, ||). In lifetime experiments, the emission
polarizer was set to the magic angle (54.7°). Temperature
control was achieved with a circulating water bath set to 25 °C.
Samples were inserted in the cuvette housing of the
fluorometer and thermally equilibrated for >30 min prior to
data collection. Fluorescence depolarization data were
corrected with polynomials derived from frequency-dependent
G-factor experiments, performed on each experimental day as
described.”

Lifetime and depolarization data were fit with the Globals
Software Suite (Laboratory for Fluorescence Dynamics, LFD).
Reduced y* values were determined assuming frequency-
independent instrumental errors of 0.2° and 0.004 in the phase
and modulation, respectively. All lifetime data required fitting
to three-discrete exponentially decaying components, two of
which reported on the actual fluorophore lifetimes. A third
fictitious component, which was set to a fixed value of 1 ps,
served to account for an extremely small degree of elastic light
scattering. Anisotropy data were fit to multiexponential
anisotropy decays with two or three discrete components.
The fundamental anisotropy r(0) was fixed at a value of 0.37,
while fractional amplitudes and rotational correlation times
were allowed to float. The 3-component anisotropy fits were
only used if they resulted in a 2.5-fold or greater reduction in
reduced y? relative to 2-component fits. Order parameters and
cone semiangles were determined as described.”

Lifetime phasors®” were computed at 23.08 MHz for full-
length ribosome-released WT apoMb in an E. coli cell-free
system (Figure 5d and Figure S7), according to the expressions

G =M cos ¢ (7)

(8)

where M and ¢ denote modulation and phase shift,
respectively.

S=Msin¢
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B RESULTS

Experimental Design. We focused on the biogenesis of
medium size (i.e.,, ca. 17 kDa) single-domain proteins, which
encompass a highly represented class in bacteria.”® Our model
protein, apomyoglobin (apoMb), is a member of the
ubiquitous globin fold. Pure apoMb has a well-defined
structure in solution under physiologically relevant condi-
tions,”” and its in vitro refolding pathways have been
extensively characterized.”*~** ApoMb populates a compact
partially folded structure cotranslationally but completes its
folding posttranslationally.' This protein is prone to insoluble
inclusion-body formation upon in vivo overexpression®’ but is
fully soluble when generated at more moderate expression
levels in an E. coli cell-free system.”” ApoMb is known to
interact cotranslationally with the trigger factor (TF) and
Dnak/DnaJ/GrpE (K/J/E) chaperone systems. The concen-
tration of apoMb produced in this study (ca. 0.3 uM) is within
the range of natural in vivo expression levels in the E. coli
proteome.”® The plasmid encoding for apoMb has codon
usage optimized for expression in E. coli.”> We also analyzed an
aggregation-prone variant bearing a single-point mutation in a
region buried inside the ribosomal exit tunnel upon
completion of biosynthesis.

Unlike studies performed in vivo, cell-free strategies enable
discriminating effects due to the ribosome alone from
contributions arising from the E. coli chaperones trigger factor
(TF) and DnaK. We employed an efficient wild-type E. coli
cell-free system,”” as well as a cell-free system generated from
an E. coli strain lacking TF (Atig) or containing an in-house-
designed DnaK inhibitor (see Methods). The latter setup
enabled ruling out contributions from the TF and DnaK
chaperones, respectively.

Cotranslational properties were probed by stalling the
nascent protein on the ribosome, and post-translational
characteristics were assessed by allowing translation to proceed
naturally, including its termination via the bacterial release
factors in the cell- free system. The use of ribosome-stalled
nascent protein chains instead of the corresponding transiently
populated chains is reasonable, given that (a) spectroscopic
analysis of transient chains in real time is technically
challenging, (b) conformational sampling is typically faster
than translation®®*%%° including on the ribosome,*® and (c)
codon-dependent translation rates may govern cotranslational
folding rates when rare codons or codon clusters are present,’”
yet the gene encoding our model protein has no rare codons.>®
Therefore, no such effects are expected. Specifically, translation
of nascent apoMb takes a few seconds at 37 °C,*>*® providing
plenty of time for conformational sampling of the nascent
protein before the onset of ribosomal stalling.

Newly synthesized protein quality was evaluated in terms of
solubility and structural accuracy. ApoMb solubility was
characterized by centrifugation (Figure 1b and Supporting
Information), and the structural accuracy of the ensemble was
probed by multidimensional NMR. Time-resolved fluores-
cence depolarization was employed to examine co- and post-
translational protein compaction. In all experiments involving
fluorescence detection, apoMb was cotranslationally site-
specifically labeled at its N terminus with the BODIPY FL
fluorophore.

The Ribosome Enhances Nascent-Protein Solubility.
Parts ¢ and d of Figure 1 illustrate the co- and post-
translational solubility of a 77-residue N-terminal fragment of

https://dx.doi.org/10.1021/acs.jpcb.0c03039
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apoMb, denoted as apoMb,,, and the corresponding solubility
of the full-length protein (153 residues), referred to as
apoMb,s; or WT apoMb. ApoMb,, ribosome-bound nascent
complexes (RNCs) are highly soluble (~30 nM, Figure lc and
Figure S1) regardless of the presence of the trigger factor (TF)
and DnaK/DnaJ/GrpE (K/J/E) chaperones. The RNC
ribosomal complexes carrying nascent apoMb,, are known to
associate with molecular chaperones." This association,
however, does not play any significant role in apoMb,, RNC
solubility (Figure 1c). The solubility of apoMb,, RNCs may be
contributed by the protective environment of the ribosomal-
tunnel core, shielding 30—35 C-terminal residues),68 and by
the tunnel vestibule, potentially shielding the remaining
nascent-chain residues from bulk solution.

In contrast, newly expressed ribosome-released ApoMb, is
highly insoluble (Figure 1d and Figure S1) both in the absence
and presence of the DnaK and TF chaperones (~0.5 uM and
0.2 uM, respectively). We conclude that the ribosome
increases the solubility of partially synthesized aggregation-
prone nascent apoMb, even in the absence of molecular
chaperones, as illustrated in the cartoon of Figure le. Control
experiments verified that the nascent-protein solubilizing
activity of the ribosome is not an artifact due to differences
in concentration between RNCs and ribosome-released
proteins (Figure S2).

RNCs encoding full-length apoMb;s;, on the other hand, are
only partially soluble in the absence of chaperones (Figure 1c
and Figure S1). This incomplete solubility may be due to
higher exposure of the longer apoMb;s;; RNCs to a more
solvent-accessible region outside of the ribosomal vestibule,
relative to apoMb,, RNCs. Alternatively, apoMb,s; nascent
chains may simply have an increased amount of nonpolar
content relative to apoMb,, chains (Supporting Information
and Figure S3a,b). The nascent-chain N-terminal protein
fragment comprising residues emerging out of the ribosomal
tunnel of apoMb,;; RNCs (ca. 118—123 amino acids)®® is
significantly aggregation-prone.’®*’ Hence we conclude that
the ribosome has an RNC-solubilizing effect whose extent
depends on the length and physical properties of the nascent
chain.

Upon release from the ribosome, apoMb,s; regains fully
soluble status even in the absence of chaperones (parts d and f
of Figure 1 and Figure S1). The latter effect is not surprising,
as the added availability of the last C-terminal residues for
conformational sampling, when the chain emerges from the
ribosomal exit tunnel, promotes completion of intramolecular
folding."*® See later sections for additional kinetic consid-
erations.

In summary, our data show that the ribosome promotes
RNC solubility.

Not surprisingly, apoMb,;s; RNCs achieve complete
solubility in the presence of the DnaK and TF chaperones
(Figure 1c,g and Figure S1), consistent with the fact that these
chaperones contribute to the solubility of de novo synthesized
proteins.69

The role of the ribosome on nascent-protein solubility can
be rationalized according to the three proposed modes of
action illustrated in Figure 1h. First, the large net charge of the
ribosome’ serves as a solubilizing tag for nascent chains, much
like soluble covalently bound proteins (e.g, maltose-binding
protein) that are known to serve as solubility-enhancing fusion
partners.”’ Second, by interacting with the ribosomal sur-
face,""™*" nascent proteins may be protected from deleterious
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nonspecific interactions with other nascent proteins. Finally,
the large, multimegadalton size of the ribosome is expected to
disfavor molecular collisions among RNCs due to slow
translational diffusion. While our data prove that the ribosome
plays a role in RNC solubilization, more detailed future
experiments are necessary to establish which of the above
models is most pertinent.

Emergence through the Ribosome Is Necessary to
Prevent Insoluble-Aggregate Formation. Next, we ex-
plored the extent to which the ribosome is required for the
solubility of newly synthesized ribosome-released proteins. The
basic experimental scheme is shown in Figure 2a. A
centrifugation assay (Figure 1b; see Methods and further
details in the Supporting Information) was employed to
separate newly synthesized soluble from insoluble protein.
Visualization of apoMb was performed by Western blotting
(Figure 2b). The final apoMb concentration is the same (~0.3
M), in all data of Figure 2. ApoMb is a particularly suitable
protein for this experiment because its solution conforma-
tion,” refolding from denaturant® and folding behavior as a
function of chain elongation®®’>™”* are well-known. This
wealth of knowledge provides crucial reference information.

First, as a control, purified apoMb,s; was refolded from a
chemically denatured state (in urea) into an excess of buffered
solution lacking denaturant. A second class of experiments
involved chemically denatured apoMb,s; refolded into a buffer
containing either purified empty ribosomes or the K/J/E
chaperone system, which comprises the DnaK (K), DnaJ (J),
and GrpE(E) chaperones. Alternatively, refolding into buffer
was carried out in the presence of added Atig cell extract,
which lacks TF but contains other chaperones in addition to
K/J/E, to test the overall importance of cellular components
other than TF.

Protein behavior under the above conditions was compared
to apoMb,s; generated in situ via ribosome-assisted tran-
scription—translation in a bacterial cell-free system. Newly
synthesized proteins were produced directly in the cell-free
environment; i.e., no generation of stalled RNCs was involved.
This class of experiments was carried out either in the absence
or presence of TF and K/J/E, to discriminate the role of the
ribosome from that of chaperones.

Panels b—d of Figure 2 show that the only experiment that
produces nearly 100% soluble folded apoMb,s; is the one
where the nascent protein has been generated in situ and has
emerged through the ribosome. Interestingly, no statistically
relevant differences were observed whether or not the TF and
DnaK chaperones were present, highlighting that the ribosome
alone is sufficient to grant full solubility to the newly
synthesized protein, and that chaperones are not needed for
solubility purposes. Control experiments performed with a
fully reconstituted PURE cell-free system lacking any co- and
post-translationally active chaperones confirmed this conclu-
sion (Figure S4).

Purified apoMb,s; refolded from denaturant into buffer is
highly insoluble upon refolding. This behavior is a shared
characteristic of many in vitro-refolded proteins.”*~"* Note that
previous reports of apoMb refolding from denaturant under
comparable conditions (similar protein concentration, pH,
buffer systems) reported either no aggregation®®* or
soluble”” aggregates. This is either due to the fact that
solution conditions were not identical with those reported
here, to the fact that the protein had been filtered (via 0.2 ym
devices or sephadex G25 spin columns), or to the fact that

https://dx.doi.org/10.1021/acs.jpcb.0c03039
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insoluble aggregates tend to remain suspended in solution in
the absence of centrifugation. Interestingly, even our apoMb
samples of Figure 2c, refolded into buffer, appeared only
slightly opalescent to eye inspection and displayed no visible
precipitate. The presence of the insoluble aggregate could only
be detected explicitly upon centrifugation.

Added ribosomes do not lead to any statistically significant
increases in solubility (p = 0.14, Figure 2d). Hence the mere
presence of the ribosome in solution is not sufficient to grant
solubility to newly synthesized protein, and the known
chaperone activity of the ribosomal peptidyl transferase
center”*™*® does not appear to play a significant role in our
experiments, out of the context of the translating ribosome.
Refolding in the presence of either purified K/J/E or entire
cellular components except for TF (Atig extract) shows
improvement in solubility relative to refolding from buffer (p =
0.00—0.01, Figure 2d). Hence, as expected, chaperones like K/
J/E, and possibly others, promote solubility.

In summary, translation through the ribosome alone, is
necessary and sufficient to grant newly synthesized apoMb a
100% soluble status, even in the absence of molecular
chaperones. This important result is summarized in Figure 2e.

Emergence through the Ribosome Is Not Sufficient to
Guarantee the Full Structural Accuracy of Newly
Synthesized apoMb: NMR Analysis. To gain additional
insights into the conformational characteristics of the soluble
fraction of the newly synthesized-protein, we acquired a 2D
'H,N HSQC NMR spectrum of cell-free-generated apoMb in
situ, in the absence of the TF and DnaK molecular chaperones.
To simplify spectral features and limit costs, only selected
residues were '*N-labeled (Figure 3a). Control data on a cell-
free system devoid of apoMb transcription—translation (Figure
3b) were also collected, and a computed reference 2D NMR
spectrum based on published assignments™ was generated
(Figure 3c).

We assigned the majority of the resonances in Figure 3a (56
out of 61) to native apoMb (Table S1).°” In addition, we
observed 7 new resonances not attributable to metabolites or
free amino acids. The latter may be due to small pH differences
between the cell-free environment and the conditions used in
the published assignments, or to alternative apoMb conforma-
tional states in slow exchange on the NMR chemical-shift time
scale. Overall, there is excellent agreement between panels a
and ¢ of Figure 3, showing that the major detectable
resonances are due to native apoMb.

Next, the volume of the detectable protein resonances was
compared to the corresponding volume of the free-tryptophan
indole "N NMR resonance, employed as an internal standard
of known concentration. This procedure exploits the
independence of NMR-resonance volumes, as opposed to
intensities, on molecular tumbling rates™ (see Methods for
additional details and theoretical considerations). NMR
volume analysis combined with evaluation of gel-band
intensities enabled estimating that ca. 77% of the soluble
cell-free-generated apoMb is not spectroscopically detectable.
This lack of detectability is due to line-broadening beyond
detection.

Importantly, this broadening arises from species that must
be in slow conformational exchange with the native state on
the NMR chemical-shift time scale. If this were not the case,
the native-state resonances would be significantly broadened.
This feature is not observed in our case, as testified by the
sharp native-state resonances (Figure 3a). The NMR-
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undetectable species in slow exchange with the native state
are either slow-tumbling large adducts (e.g, homo- or
heteroaggregates), small-size apoMb conformers interconvert-
ing on the microsecond—millisecond time scale (intermediate
exchange regime), or apoMb species that may weakly bind to
the cell-free milieu on any time scale yet interconvert slowly
(~faster than a few milliseconds) with the native state. A
combination of the above limiting cases is also possible. Yet,
again, the undetectable populations must be in slow exchange
relative to the native state on the NMR chemical-shift time
scale.

Emergence through the Ribosome Is Not Sufficient to
Guarantee the Full Structural Accuracy of Newly
Synthesized apoMb: Fluorescence Analysis. Fluorescence
anisotropy decay data, collected under conditions comparable
to the NMR experiments, shed additional light on this topic.
Newly ribosome-released nascent proteins encoding WT
apoMb were monitored within the cell-free environment via
frequency-domain fluorometry. This technique is a powerful
tool to characterize local environment, compaction and
dynamics of nascent proteins in complex environments.' >
The proteins were specifically labeled at their N termini with
the small BODIPY FL fluorophore. As shown in item 1 of
Table 1 (see also Table S2), the rotational correlation time for
the global tumbling of apoMb (7.) in the absence of trigger
factor and in the presence of DnaK inhibitor, ie., under
chaperone-free conditions, is 260 + 180 ns. This is a large
number, which is consistent with the presence of a very slow-
tumbling apoMb population. This value supports the presence
of a large species in solution, i.e., either a self- or
heteroassociated apoMb soluble aggregate. A similar con-
clusion is supported by repeating the same experiment after a
post-translation 10—13-fold dilution in buffer, leading to a 7
of 700 + 200 ns under chaperone-free conditions (Table 1,
item 3). Despite the fact that the above rotational correlation
times (260 and 700 ns) are considerably larger than the
average fluorophore lifetime, the frequency-domain anisotropy
decay approach was able to reproducibly detect the presence of
these large slow-tumbling species. Interestingly, fluorescence
anisotropy decays were, on the other hand, unable to explicitly
detect the monomeric native state, whose presence is
abundantly evident by NMR.

As shown in Figure S7a, the average fluorescence lifetimes of
ribosome-released WT apoMb are reproducibly different upon
addition of increasing amounts of DnaK and its cochaperones.
On the other hand, these differences are not large (i.e., less
than 2-fold). This similarity in average fluorescence lifetimes is
likely responsible for the dominance of the large 7 species
upon fluorescence data fitting. Hence, an associative data
ﬁtting,‘g’gg_91 capable of explicitly discriminating small and
large species having sufficiently different fluorescence lifetimes,
could not be applied.

In all, fluorescence and NMR complement each other in
identifying both small and large populated species in solution
under chaperone-free conditions.

Importantly, the observed rotational correlation time
decreases to lower values (62 + 9 and 34 + 2 ns, when
physiologically relevant concentrations (75 M) of the DnaK/
DnaJ/GrpE (K/J/E) chaperones are added to the medium
(Table 1 items 2 and 4). Given that the remaining solution
conditions were identical with the chaperone-free samples
(items 1 and 2 in Table 1, respectively) except for the presence
of molecular chaperones, this result strongly suggests that

https://dx.doi.org/10.1021/acs.jpcb.0c03039
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Figure 4. Biophysical Characterization of apoMb M131D variant. (a) Cartoon illustrating the approximate location of the M131D mutation within
the ribosomal exit tunnel for full-length apoMb RNCs (left, bottom). Crystal structure of folded myoglobin highlighting the M131D mutation site
(right, bottom, PDB code 1MBC””). For comparison, the corresponding images for WT apoMb are also shown (top left, top right). (b) Far-UV
circular dichroism spectra of purified WT apoMb (continuous line) and the M131D apoMb (dotted line) variant, each averaged over three
independent experiments. (c) Representative tryptophan fluorescence urea titration curves of WT apoMb (black circles, continuous line) and
M131D apoMb (open diamonds, dotted line). Data were collected in triplicates. (d) Representative frequency-domain fluorescence lifetime decay
profiles of WT apoMb (black circle and squares) and M131D apoMb RNCs (open triangles and squares) in resuspension buffer (WT cell-free
system, see Methods), and a table listing average fluorescence lifetimes. Data represent average + SE for n = 3. (&) Cartoon illustrating the detected
global and local motions experienced by ribosome bound nascent chains. £, denotes the cone semiangle, an experimentally measurable parameter
that characterizes the amplitude of the nascent-chain local motions. (f) Representative frequency-domain fluorescence anisotropy decay profiles of
WT apoMb (black circles and squares) and M131D apoMb (open triangles and squares) RNCs in resuspension buffer (WT cell-free system, see
Methods). To facilitate visualization, only every other modulation-ratio data point of WT apoMb is shown. Average anisotropy-decay parameters
are reported in the Table below the plot. Data represent average = SE for n = 2—3. (g) Solubility of WT and M131D apoMb RNCs in the absence
of TF and DnaK. Data represent average + SE for n = 3—4. (h) Solubility of full-length ribosome-released WT and M131D apoMb synthesized
under —TF and —DnaK conditions. Data are reported as average + SE for n = 2. (i) Cartoon highlighting the importance of post-translational
events for ribosome-released protein solubility.
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addition of chaperones to the medium prior to transcription—
translation increases the structural accuracy of soluble newly
synthesized apoMb by decreasing the overall size of the
translation product. This conclusion is particularly statistically
significant upon comparing items 3 and 4 in Table 1 and Table
S2. The high dilution conditions of both the chaperone-free
(item 3) and chaperone-containing (item 4) samples likely
reduces effects due to viscosity and nonspecific binding (see
also discussion below) relative to the corresponding con-
centrated samples (items 1 and 2 in Table 1). Hence, we
propose that the diluted solution conditions enable a more
explicit assessment of the presence of large and small species in
solution.

The lifetime phasor plot of Figure S7a°”" sheds further
light on the anisotropy decay data. In general, lifetime-phasor
values shift in position along a straight line if the relative
amounts of two coexisting populations vary’> (see also
Methods and brief tutorial on phasors in Supporting
Information). Indeed, the lifetime-phasors of Figure S7a
undergo a linear shift upon addition of increasing amounts
of K/J/E. This result supports the concept that addition of
molecular chaperones decreases the fraction of one species in
solution. Given the matching decrease in rotational correlation
time 7_g, we propose that addition of K/J/E leads to a decrease
in fraction of soluble aggregate. A brief tutorial on lifetime
phasors is provided in the Supporting Information.

The positively charged newly expressed apoMb (in WT cell-
free systems) in the presence of E. coli relevant concentrations
of K/J/E chaperones has a somewhat large rotational
correlation time (Table 1, item 2), for a monomeric folded
protein. This value may either arise from the residual presence
of low-order small aggregates (e.g., a folded dimer, as already
reported for this protein’’) or from the viscous and highly
crowded cell-free environment, potentially including non-
specific binding to negatively charged cell-free compo-
nents.”* ™ Interestingly, post-translational dilution (ca. 13-
fold) of the translation mixture in the presence, but not in the
absence, of added K/J/E chaperones (Table 1, item 4) leads to
a significant decrease in observed rotational correlation time
7.5 This result, combined with the fact that the soluble
aggregates are kinetically trapped relative to the native state
(see discussion below, especially Figure S5d), shows that
dilution speeds up apoMb global tumbling due to a decrease in
either solution viscosity, molecular crowding or nonspecific
binding to cell-free components. These effects may either be
present alone or in combination.”””

In summary, while NMR shows that ribosome-assisted
biosynthesis in the absence of molecular chaperones grants
only a small percent (ca. 23%) of structurally accurate protein,
some or the entirety of the remaining apoMb population is
expressed as a soluble aggregate. Therefore, apoMb biosyn-
thesis via the ribosome in the absence of molecular chaperones
is of paramount importance, yet it guarantees the structural
accuracy of only a fraction of the total newly synthesized
protein.

Mutations Close to the C Terminus Have No Effect on
Some of the Major Physical Properties of the
Ribosome-Released Native State and Ribosome-
Bound Nascent Chains. To evaluate the relative importance
of co- and post-translational protein-folding in apoMb
biogenesis, we selectively disrupted post-translational folding/
aggregation events. Toward this end, we designed a variant
(M131D apoMb) bearing an additional negative charge in the
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N-terminal region. Given that the ribosomal exit tunnel hosts
30—40 nascent-chain residues,”*”® the mutated apoMb site is
designed to be housed within the ribosomal exit tunnel at the
end of translation for apoMb,; RNCs (see apoMb structure
and mutation site in Figure 4a). In this way, the M131D
mutation site is only available for conformational sampling
post-translationally, after the full-length nascent protein has
been released from the ribosomal exit tunnel. If cotranslational
protein folding is sufficient to guarantee the solubility of
ribosome-released proteins, the MI131D apoMb variant is
expected to be fully soluble, just like the WT protein.

In order to assess whether the M131D mutation introduces
any structural variations in the folded state, we performed a
series of structure and thermodynamic stability studies. We
found that the far-UV circular dichroism (CD) spectra of
purified native WT and M131D apoMb are similar and are
consistent with predominantly a-helical secondary structures.
The slightly decreased CD signal of the M131D variant
indicates loss of a small fraction of a-helical content (Figure
4b), consistent with the fact that proteins undergo subtle
structural rearrangements in response to the introduction of
charged residues at interior positions.'"”'"" Urea denaturation
profiles (Figure 4c) show that the unfolding free energies of
variant and WT protein are the same within error (AG°yywr
= 4.7 = 1.1 kcal/mol, AG°\yymi3ip = 4.2 £ 1.1 keal/mol, p =
0.76). Hence the M131D mutation does not impact overall
protein stability. The WT and M131D apoMb RNCs also have
identical myy values (myywr = —1.2 + 0.3, myymizip = —1.2
+ 0.3, p = 0.89). Therefore, the two species display similar
differences in solvent-accessible surface area in their native and
unfolded states. We conclude that the M131D mutation does
not introduce any significant variations in the structure and
stability of apoMb.

Ribosome-bound nascent proteins encoding both WT and
variant apoMb were monitored via frequency-domain
fluorometry. Fluorescence lifetimes were assessed first, given
that this parameter is a sensitive probe of local electronic
environment (in proximity of the fluorophore). Individual and
average fluorescence lifetimes of WT and M131D apoMb
RNCs were found to be similar to each other (Figure 4d and
Table S3). Therefore, WT and M131D ribosome-bound
nascent chains experience a comparable local electronic
environment. In addition, the environment of WT and
M131D apoMb RNCs is also of equal polarity, given that
the wavelengths of fluorescence emission maxima of both
species are indistinguishable (Figure S8). It is worth noting
that the polarity of the local environment of WT and M131D
apoMb does not significantly vary upon ribosome release, as
shown by the wavelengths of fluorescence emission maxima,
which are the same within error (Figure S8). This result
suggests that these compact RNCs are not strongly influenced
by the highly polar counterion layers adjacent to the ribosomal
surface.”’ In contrast, RNCs of intrinsically disordered proteins
show no compact conformation® and directly interact with the
ribosomal surface (Guzman-Luna et al, submitted). Con-
versely, the average fluorescence lifetimes of both WT and
M131D significantly decrease upon ribosome release (Table
S3). This finding is not surprising because fluorescence
lifetimes are affected by a much broader range of environ-
mental effects than mere polarity.

In addition, fluorescence anisotropy decays in the frequency
domain were measured. Fluorescence anisotropy decays
provide valuable information about local and global tumbling

https://dx.doi.org/10.1021/acs.jpcb.0c03039
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Figure 5. Kinetic partitioning and kinetic trapping upon release from the ribosome dictates nascent-protein solubility. (a) Representative SDS-
PAGE analysis of the kinetics of soluble and insoluble cell-free protein production (i.e., transcription—translation) under — TF and — DnaK
conditions (i.e., in a Atig cell-free system treated with DnaK inhibitor) for a, WT, and b, M131D apoMb. Upper and lower lanes show data for
soluble (supernatant, S) and insoluble (pellet, P) protein, respectively. Plots illustrating normalized gel-band intensities are also shown. To guide
the eye, data were fit to generic kinetic expressions for multistep unimolecular reactions. Two independent experiments were carried out for each of
the conditions in panels a and b. The average percentages of final soluble protein, resulting from all experiments, were 98.7 + 0.4% and 21 + 2% for
WT and M131D apoMb, respectively. See Figure S6 for full gels of kinetic time-courses and for plots of kinetic fluxes. (c) Cartoon illustrating the
fact that the relative kinetic flux toward formation of soluble native, soluble aggregated and insoluble aggregated protein is exquisitely dependent on
amino acid sequence. (d) In situ incubation-time dependence of fluorescence-lifetime phasors of N-terminally BODIPY-FL-labeled (i) WT apoMb
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Figure S. continued

produced in an E. coli cell-free system in the presence of molecular chaperones (75 ¢M DnaK, 0.4—12 yM DnaJ, 19 uM GrpE, ~ 0.2 uM Trigger
factor, and (ii) WT apoMb produced in the absence of DnaK and Trigger factor. See Figure S7 for additional details. (e) Bar graph showing the
change in solubility of M131D apoMb supernatant and pellet upon 14-h incubation. (f) Standard-state chemical-potential energy landscape of
apoMb, highlighting that once the protein is kinetically channeled toward either the native or aggregated state immediately after release from the
ribosome, it remains kinetically trapped in the respective state, barring later disaggregation or degradation events.

rates and about the spatial amplitude of local motions. The
fluorescence anisotropy decays of WT and M131D RNCs
showed that nascent chains of both species have a similar
overall compaction. This assessment was based on a
comparison between the rotational correlation times for the
intermediate-time scale (~nanosecond) motions of WT and
M131D apoMb RNCs, which were deduced from fluorescence
depolarization decays, and were found to be 4—5 ns for both
species (Figure 4e,f Figure S1, and Table S4). Rotational
correlation times are diagnostic of nascent-chain tumbling time
scales, and values in the low-nanosecond regime are character-
istic of compact conformations, for small-to-midsize globular
proteins.88

Cone—semiangle analysis provided additional insights.
Fluorescence—anisotropy cone semiangles serve as reporters
of the amplitude of local-motions®®” and their numerical
values are proportional to the amplitude of the motions, as
schematically shown in Figure 4e. We found that the amplitude
of the compact-domain motions of WT and M131D apoMb
are alike, given the very similar cone semiangles (Figure 4f and
Table S$4). Small semiangles (ca. 20—25 deg), are diagnostic of
a highly spatially constrained environment, as expected for
nascent folded-protein domains close to the ribosomal surface.
We deduce that RNCs of WT and M131D apoMb are
comparably compact on the ribosome, and they show no
detectable differences in the polarity of their environment and
overall chain dynamics.

Note that detection of compact ribosome-bound nascent-
protein conformations does not preclude the presence of a
nascent-protein fraction that interacts with the ribosomal
surface.”®® This population can only be detected by
fluorescence depolarization if its lifetime is significantly
different from that of the compact species. This was found
not to be the case for apoMb. In contrast, two populations with
largely different fluorescence lifetimes and rotational dynamics
could be explicitly detected in the case of the intrinsically
disordered protein PIR.’

Immediately Post-translational Events Are Important
for Folding. Figure 4g shows that the M131D mutation leads
to only a slight decrease in the solubility of apoMb RNCs. This
result is somewhat expected, given that the mutation site is
buried within the ribosomal exit tunnel in M131D apoMb
RNCs. However, upon release from the ribosome, the M131D
variant has a higher fraction of insoluble component than WT
apoMb, by ca. 40% (Figure 4h and Figure S1).

We conclude that the presence of cotranslational compac-
tion is not sufficient to guarantee the solubility of ribosome-
released medium-size single-domain proteins. Given that the
M131D mutation site becomes available for conformational
sampling only after the nascent chain has been cleaved from
the tRNA and has partially or fully emerged out of the
ribosomal exit tunnel, the onset of aggregation observed for the
MI131D variant must be post-translational. Hence, we deduce
that post-translational events must play a critical role in the
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genesis of insoluble protein aggregates, as illustrated in Figure
4i.

It is worth noticing that the above result does not undermine
the importance of cotranslational protein compaction and
folding (Figure 4f, Figure S1), which likely serves to decreases
the extent of additional folding necessary to reach the native
state.

Kinetic Channeling upon Release from the Ribosome
Dictates the Solubility and Structural Accuracy of
apoMb. Figure 5 shows the timecourse of soluble and
insoluble full-length protein production, based on the assess-
ment of ribosome-released gel bands, in the absence of
molecular chaperones. Full representative gels are provided in
Figure S6. N-terminally fluorophore-labeled WT and M131D
apoMb were produced independently. Cell-free transcription—
translation was quenched at various time points followed by a
centrifugation assay (Figure S, parts a and b). The bottom
graphs of parts a and b of Figure 5 provide a quantitative
assessment of gel-band intensities. Data were normalized to
show the fraction of soluble and insoluble species, out of total
protein produced at each time point. The slow buildup of
protein production is consistent with the known kinetics of
transcription—translation in E. coli cell-free systems.*®'">
Importantly, panels ¢ and d of Figure S6 show the
corresponding kinetic fluxes, ie., the rates of production of
soluble and insoluble species.

Fully soluble WT apoMb is generated with a high kinetic
flux, while the flux leading to insoluble protein is negligible.
Conversely, the M131D variant displays a net inversion of
fluxes, with the generation of insoluble ribosome-released
protein surpassing by far the corresponding flux for the
production of soluble species. These strikingly different trends
are illustrated in Figure Sc, and they are particularly interesting
because they cannot be ascribed to large variations in structure
or changes in thermodynamic stability of either the native state
or the fully synthesized ribosome-bound nascent proteins. A
sequential folding mechanism, where the soluble aggregate is a
precursor to the insoluble aggregate, can be ruled out (see
Supporting Information).

Due to the M131D mutation-site location, i.e., buried inside
the exit tunnel before translation termination, the observed
inversion of fluxes is ascribed to exclusively post-translational
events. Importantly, the kinetic channeling of the newly
ribosome-released nascent protein (toward either a soluble or
insoluble product) is effectively irreversible, given that
revisiting the partially folded protein conformations populated
immediately after translation termination is highly improbable.
Therefore, the initial rates'*® of soluble and insoluble protein
production dictate the overall amounts of soluble and insoluble
products.

We conclude that, to avoid generation of insoluble
aggregates, the initial kinetic flux (i.e., the initial rate) for the
generation of soluble species must exceed the initial flux to
generate insoluble protein (Figure Sc). This condition is
experimentally fulfilled for WT apoMb (Figure Sc).

https://dx.doi.org/10.1021/acs.jpcb.0c03039
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Considering the data in Figure 3, there are three major
conformational pathways that proteins can undergo upon
ribosome release. Namely, fold to the native state, form a
soluble aggregate, or generate an insoluble aggregate. Hence,
release from the ribosome is a critical stage in the life of a
protein, as it dictates whether a protein will be soluble or
insoluble and, if soluble, whether it will be 100% folded.

We propose that, upon release from the ribosome, the
MI131D variant is not able to efficiently bury its hydrophobic
residues, resulting in slower folding and faster aggregation than
WT apoMb. Consistent with this idea, it was previously
reported that placing a charged residue within the hydrophobic
core of a protein destabilizes folding intermediates, slowing
down folding.'**

Native State and Soluble Aggregates Are Kinetically
Trapped Relative to Each Other, after Their Initial
Biogenesis. In order to test for changes in native-state and
soluble-aggregate populations over time, we performed
fluorescence phasor analysis on newly synthesized ribosome-
release protein.”” The results are shown in Figure 5d. Lifetime-
phasor values are expected to shift in position along a straight
line if the relative amounts of two coexisting populations (in
this case native state and soluble aggregate) vary with time.””
An overview of fluorescence lifetime-phasors is provided in the
Supportiné Information text. More details are available in the
literature.”

When ribosome-released apoMb is generated in the
presence of chaperones (TF and a large excess of K/J/E),
the native state is predominantly produced (Figure Sd).
Conversely, in the absence of molecular chaperones a different
species is generated. This species is assigned to a soluble
aggregate, given its larger observed rotational correlation time,
as assessed by fluorescence anisotropy decay in the frequency
domain. As illustrated in Figure Sd, the fluorescence lifetime
phasors of WT apoMb do not shift in position (along the
straight line) upon incubation. Hence the relative populations
of the native state and soluble aggregate do not change after
ribosome release, strongly suggesting that the native state and
soluble aggregate are kinetically trapped with respect to one
another at room temperature on time scales longer than the
doubling time of E. coli (e.g, > 20—30 min). The above is
consistent with recent data on purified apoMb and the
majority of E. coli proteins.'”>'% In addition, the in witro
literature on purified monomeric refolded apoMb reports no
aggregate formation upon incubation.””’® Note that apoMb is
kinetically trapped relative to aggregates, and not relative to its
unfolded state. In the experiments shown here, there is neither
post-translational disaggregation nor covalent degradation of
soluble aggregates by disaggregation factors or degradases, on
the ~1 h experimental time scale. See Figure S1 for a
representative SDS-PAGE gel demonstrating sample integrity
and purity.

As previously discussed, the M131D apoMb variant has a
strong tendency to form both soluble and insoluble species
immediately upon release from the ribosome (Figure Sb).
Importantly, after long-term incubation, the soluble species
does not further evolve into insoluble protein (Figure Se).
Interestingly, long-term incubation of the M131D apoMb
insoluble fraction led to partial resolubilization in the cell-free
environment (Figure Se). This effect may be due to protein
disaggregation by ClpB,””'"” and the presence of a DnaK
inhibitor in our cell-free system may be responsible for the
slow observed disaggregation rates.'>'%”
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Together, the above experiments underscore the importance
of the irreversible kinetic steps that immediately follow
translation termination, as illustrated in Figure Sf. Importantly,
once the native state is formed for the first time, it is protected
from aggregation by the kinetic-trapping effect.'*>'*® Thus,
post-translational kinetic trapping of the native state (relative
to soluble and insoluble aggregates) is beneficial to proteins
and likely plays a protective role in Nature.

B DISCUSSION

In this work, we identified critical co- and immediately post-
translational events taking place in the bacterial translation
machinery upon expression of apoMb, a model medium-size
single-domain protein. The main take-home messages are
illustrated in Figure 6 and summarized below.
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Figure 6. Cartoon summarizing the complementary role of co- and
post-translational events in protein biogenesis. This cartoon
empbhasizes the role of the ribosome in the absence of cotranslation-
ally active molecular chaperones. (a) The ribosome facilitates protein
solubility during translation. This process facilitates protein solubility
upon release from the ribosome. (b) Cotranslational formation of a
compact structure is not sufficient to guarantee solubility and native
state formation upon release from the ribosome. (c) As they depart
from the ribosome, proteins kinetically partition between folding and
aggregation routes. In order to successfully attain the native state,
proteins must bear evolutionarily advanced amino acid sequences so
that they fold faster than aggregating, upon release from the ribosome.

First, the ribosome enhances cotranslational nascent-protein
solubility, thus supporting intramolecular compaction and
conformational sampling during protein biosynthesis (Figure
6a). Second, the ribosomal machinery is not sufficient to
produce 100% native protein upon release from the ribosome
in the absence of molecular chaperones (Figure 6b). Third,
immediately after translation termination, an irreversible

https://dx.doi.org/10.1021/acs.jpcb.0c03039
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kinetic competition between completion of protein folding and
aggregation takes place. During this critical step, proteins
achieve their native state only if they fold faster than
aggregating (Figure 6c¢).

Our data show that the kinetic balance between protein-
folding completion and aggregation upon release from the
ribosome is much more sensitive to amino acid sequence than
the final folded state. The above results identify (a) explicit
constraints for the successful folding of apoMb, and possibly
other single-domain proteins, and (b) a novel source of
evolutionary pressure for primary structure optimization.

Incompletely synthesized nascent chains derived from the
single-domain globin apoMb are aggregation-prone and
marginally stable, in isolation.>® Furthermore, significant
thermodynamic stability is only expected when the last C-
terminal residues of a globular protein domain become
available for conformational sampling.''’ Thus, there is a
compelling need to keep nascent proteins soluble during
translation, and the ribosome is a major contributor to achieve
this goal (Figure lc,e).

WT apoMb is most efficiently generated in fully soluble
form (at ~0.3 uM total protein concentration) when it
emerges through the ribosome (Figure 2), yet a fraction of this
protein is present in solution as a soluble aggregate (Figure 3).
Thus, even at physiologically relevant expression levels,
biosynthesis by the ribosome is insufficient to guarantee
successful protein folding. Hence, it is important to realize that
protein solubility does not guarantee structural accuracy.

The frequent cytotoxic nature of soluble aggregates'''
motivates the need to prevent their formation and highlights
the importance of molecular chaperones for the biogenesis of
folded proteins. In addition, the heme cofactor, which is
capable of cotranslational association with nascent glo-
bins' """ but is not required within the final apoMb folded
structure,”” may play a role in enhancing the soluble native-
state population upon release from the ribosome.

Only 30% of E. coli proteins are known to express in soluble
form when biosynthesized by the ribosome in the absence of
molecular chaperones (at ca. 33 pg/mL average protein
concentration).''* On the other hand, our work suggests that a
portion of the soluble proteome generated without molecular
chaperones is expressed as soluble aggregate.

The M131D apoMb variant has a similar structure and
thermodynamic stability to WT apoMb (Figure 4b,c).
However, the relative rates of folding-completion and
aggregation upon release from the ribosome are not optimized
for this variant (Figure Sab). Hence, the relative rates of
folding and aggregation upon ribosome release are much more
sensitive to amino acid sequence than protein structure and
thermodynamic stability.

Protein aggregation is generally assumed to occur later than
biosynthesis.''> However, after ribosome-release, kinetic
trapping of the native state relative to soluble and insoluble
aggregates is known to protect apoMb and many other
proteins from aggregation.'*’

We show here that the most aggregation-sensitive steps of
apoMb’s life are not later in life, but immediately after nascent-
protein release from the ribosome. At this stage, the parallel
fluxes leading to folding or aggregation can be large,
comparable in magnitude, and easily tunable via variations in
amino acid sequence (Figure S and Figure S6). Later steps lead
to no further aggregation. In short, apoMb is more likely to
aggregate immediately upon release from the ribosome than
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later, when expressed at a concentration relevant to regular
expression levels in E. coli.

Protein expression levels are known to be inversely
proportional to aggregation propensities.116 We propose that
this concept can be further refined for single-domain proteins,
upon defining relevant aggregation propensities as the ratio
between protein folding and aggregation fluxes immediately
upon release from the ribosome. In essence, we propose that
protein expression levels have been evolutionarily tuned to
prevent aggregation immediately after protein biosynthesis, in
addition to later in life.

Protein evolution in vivo is believed to proceed via errors in
biogenesis (e.g,, mistakes in transcription, translation)''” and
may be driven by multiple factors including folding kinetics
and the achievement of structures compatible with func-
tion.Z‘),l 18,119

Here, we propose that single-domain proteins like apoMb
undergo an additional specific element of evolutionary
pressure, ie., the drive to fold faster than aggregating upon
release from the ribosome. In this way, population of the
correct region of the standard-state chemical-potential land-
scape is ensured (Figure S5f), enabling function. Interactions
with molecular chaperones may tune the above kinetic balance
by transiently capturing the monomeric de novo synthesized
protein. The resulting transient decrease in free-protein
population is expected to slow down the aggregation flux
more than the folding flux, given the steeper dependence of
aggregation kinetics on free-protein concentration.

We speculate that protein folding (instead of aggregation)
upon release from the ribosome should ideally proceed with
100% efficiency in live cells. This is because, despite the
protective role of kinetic trapping,'** even small traces of some
aggregates may serve as seeds and enable further post-
translational aggregation,'” requiring the intervention of
energetically expensive disaggregation® and(or) degrada-
tion'*" machineries.

B CONCLUSIONS

Here, we employed apoMb and its M131D variant as model
systems to address the importance of the ribosome as well as
the relative role of co- and post-translational events in protein
folding. This work highlights the role of the bacterial ribosome
as a nascent-protein (ie, RNC) solubilizing agent. The
ribosome was also shown to be a required conduit for the
generation of soluble protein after completion of translation.
On the other hand, molecular chaperones are needed to
enhance the population of newly expressed proteins, thus
contributing to their structural accuracy within the solution
ensemble. Importantly, we showed that the kinetic steps
immediately following translation termination include parallel
paths leading to post-translational folding and aggregation. The
kinetic channeling toward either a fully soluble or fully
insoluble protein is highly dependent upon amino acid
sequence and can be readily reversed upon point mutation.
This inversion in kinetic channeling takes place under
conditions where thermodynamic stability and structure of
the native state stay essentially unchanged. The latter finding
underscores the importance of kinetic control upon ribosome
release across evolution of protein sequence and folding.

In the case of holo-proteins, the heme cofactor may further
influence folding and aggregation outcomes, and its role will be
addressed in future studies. Extension of our findings beyond

the globin fold will also be addressed elsewhere.
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