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Abstract

This work introduces a technology that combines fluorescence anisotropy decay with microscale-
volume viscometry to investigate the compaction and dynamics of ribosome-bound nascent
proteins. Protein folding in the cell, especially when nascent chains emerge from the ribosomal
tunnel, is poorly understood. Previous investigations based on fluorescence anisotropy decay
determined that a portion of the ribosome-bound nascent protein apomyoglobin (apoMb) forms

a compact structure. This work, however, could not assess the size of the compact region.

The combination of fluorescence anisotropy with microscale-volume viscometry, presented here,
enables identifying the size of compact nascent-chain subdomains using a single fluorophore
label. Our results demonstrate that the compact region of nascent apoMb contains 57-83 amino
acids, and lacks residues corresponding to the two native C-terminal helices. These amino acids
are necessary for fully burying the nonpolar residues in the native structure, yet they are not
available for folding before ribosome release. Therefore, apoMb requires a significant degree of
post-translational folding for the generation of its native structure. In summary, the combination
of fluorescence anisotropy decay and microscale-volume viscometry is a powerful approach to
determine the size of independently tumbling compact regions of biomolecules. This technology is
of general applicability to compact macromolecules linked to larger frameworks.
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INTRODUCTION

Correct protein folding is essential for the proper function of living organisms and for
the efficient large-scale production of biomedically relevant proteins in the context of
biotechnology and pharmaceutical applications. While /n vitro refolding of pure proteins
has helped explain general aspects of the process and underlying trends, 12 protein
folding within the cellular environment, including the role of the ribosome and molecular
chaperones, is still poorly understood. 4~/

Many proteins begin folding cotranslationally before they are released from the

ribosome.* 8-15 The ribosome plays an important role in protein folding. On one hand,

it may act as a chaperone.16-21 On the other hand, the ribosome is known to influence
cotranslational folding by confining the motion of nascent chains,? 1. 22. 23 hy enabling
interactions between the nascent chain and the ribosomal tunnel?4 25 and(or) ribosomal
surface?6-29 and by promoting nascent-chain solubility.30 Immediately after release from
the ribosome, single-domain nascent proteins must be properly kinetically channeled to
their native state to prevent the formation of aggregated states.30 The ribosomal exit tunnel,
which is approximately 100 A long and has a width of 10-20 A, can be divided into two
regions: the tunnel core, and the vestibule, which encompasses the last 20 A of the tunnel
and is wider than the rest of the ribosomal tunnel.31: 32 The exit tunnel generally hosts
approximately 30 — 40 amino acids, depending on the sequence and structure of the nascent
protein.23: 33-35 More residues can be hosted if the nascent protein adopts tertiary structure
within the tunnel.38: 37 Within the tunnel core, nascent chains can form a-helical secondary
structure, 9 2338, 39 tertjary interactions, 1% 49 and even fully folded states.36: 37.41 |n
addition, larger tertiary structures can form within the tunnel vestibule.12: 42. 43

In order to better understand the extent of protein folding during protein biogenesis, Ellis
et al. addressed the development of nascent-protein compaction within stalled ribosome-
bound nascent chains (RNCs).13 The protein apomyoglobin from sperm whale (apoMb)
was selected as a model system for this work, and transcription-translation was carried out
in cell-free systems.# 44 These studies addressed RNC compaction as a function of chain
elongation by fluorescence anisotropy-decay analysis.13 The investigations by Ellis et a/.
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revealed two rotational motions of short nascent chains (less than 57 amino acids) that
correspond solely to the dynamics of the ribosome and the fluorescently-labeled N-terminal
region of the nascent chain.13 However, apoMb RNCs bearing nascent chains longer than 57
residues display a third component corresponding to a rotational correlation time of several
ns.13 This component is absent from the anisotropy decay of RNCs carrying an intrinsically-
disordered nascent protein, and it is characterized by a smaller rotational correlation time
(ca. 4-7 ns) than the ribosome-released folded protein (ca. 40-50 ns). This anisotropy-decay
component established the presence of a compact subdomain within the nascent chain.13

The abovementioned investigations, however, were unable to unequivocally determine

the number of amino acids belonging to the compact nascent-chain domain, given that

they relied on indirect information on solution viscosity inferred from fluorescence data.
Specifically, the above studies estimated the viscosity of RNC solutions from the rotational
correlation time of either a small fluorescent dye or ribosome-released apoMb.13 Given that
the solution viscosity deduced from these two approaches were significantly different, it was
impossible to draw clear conclusions on the size of the compact RNC subdomain. Therefore,
while previous work demonstrated that RNCs longer than 57 residues bear a compact
nascent chain, the number of amino acids corresponding to this compact region could not be
assessed. This concept is pictorially illustrated in Figure 1, which shows that conformations
a-c can be excluded due to previous studies reporting small-amplitude local RNC motions
on the ns timescale.1® Until now, however, it has been impossible to discriminate between
small (species d) and large (species e and f) nascent-chain conformations.

In this work, we address the above gap of knowledge by combining fluorescence anisotropy
decays with direct viscosity measurements to identify the size of compact nascent-chain
domains of apoMb RNCs. Our results show that the compact nascent chain comprises 37 —
54% of the amino-acid sequence, hence it lacks C-terminal residues corresponding to 46 —
63% of the chain. Therefore, a significant portion of the RNC must fold post-translationally.
In all, this work demonstrates that fluorescence anisotropy decays can be synergistically
combined with microscale-volume viscometry to unveil the compaction of nascent chains.
The technology introduced here is of wide applicability to any compact macromolecule
linked to larger frameworks. In addition, this approach is particularly straightforward as it
only requires a single fluorophore (extrinsic or intrinsic) per biomolecule of interest.

METHODS

Generation of RNC Complexes.

An E. coli cell-free transcription-translation system was used to produce ribosome-bound
apoMb 53 nascent-chain complexes as described.13: 45 This cell-free system included an £.
coli $30 extract prepared from the K12 A19 strain?® 46 and a pET-Bluel plasmid encoding
the sperm-whale apomyoglobin gene with an £, co/i-optimized nucleotide sequence.*

In addition, the cell-free system included oligodeoxynucleotides designed to carry a
complementary sequence to that of the mRNA region immediately before the stop codon
(see Supporting Information for more details). Consistent with the oligodeoxynucleotide-
directed mMRNA cleavage approach,* the oligodeoxynucleotides bind the mRNA, followed
by site-specific DNA-RNA-hybrid cleavage by endogenous RNaseH.48 The resulting stalled
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ribosome-bound nascent-chain complex carried the full-length apoMb protein. An anti-SsrA
oligodeoxynucleotide was added to the cell-free system to prevent tmRNA-mediated release
of nascent proteins from the ribosome.#® The N-terminal methionine was labeled with
BODIPY-FL using BODIPY-FL Met-tRNAMet which was prepared and added to the cell-
free system as described.13 Cell-free components were assembled at room temperature (0.75
—1.05 ml total volume) followed by splitting into 75 pL equivolume aliquots and parallel
incubation of all aliquots at 37 °C for 30 min.

Purification of RNC Complexes.

After cell-free transcription-translation, ribosome-bound nascent-chain complexes were
purified upon centrifugation (160,000 rcf for 60 min at 4 °C) of each of the aliquots over

a 150 uL of sucrose cushion (1.1 M sucrose, 20 mM tris-HCI, 10 mM Mg?* acetate, 500
mM NH,4CI, 0.5 mM EDTA and 1 mM DL-dithiothreitol, pH adjusted to 7.0).50 Pellets
containing ribosome-bound nascent-chain complexes were then solubilized in 15 pL of
resuspension buffer (10 mM Tris HCI, 10 mM Mg(OAc),, 60 mM NH,4CI, 0.5 mM EDTA, 1
mM dithiothreitol, pH 7.0). All 15 pL aliquots were then combined, mixed, and then further
split for anisotropy decay and viscosity data collection, which were run in parallel each day.
The ribosome-bound status of the nascent chains was verified via a puromycin assay (see
Supporting Information for details and representative SDS-PAGE data) performed on the
same samples previously subject to fluorescence measurements.>1: 52

Concentration of Purified RNCs.

The total ribosome concentration of resuspended RNCs was assessed from sample
absorbances at 260 nm, considering the extinction coefficient of the 70S E. coli. ribosome
(3.91 x 10’ M1 571).53 The concentration of BODIPY-FL labeled RNCs was determined
from the fluorescence intensity of RNC gel bands, upon comparison with the fluorescence
intensity of reference gel bands of BODIPY-FL Met-tRNA™Eet of known concentration.
ApoMb gel band intensities were determined with the ImageJ software.>4 55

Fluorescence Anisotropy Decay: Data Collection and Analysis.

Fluorescence anisotropy-decay data were collected with a Chronos frequency-domain
fluorometer (ISS Inc.). Samples were excited at 477 nm with a laser diode. A 480 £5

nm band-pass filter was used for the excitation channel and a 520 + 20 nm band-pass filter
(Chroma Technology) was used for the emission channel. The excitation polarizer was set
to vertical for lifetime and anisotropy measurements. The emission polarizer was set to
54.7° for lifetime measurements. Samples were incubated at 25 °C for at least 30 min prior
to fluorescence measurements. Sample temperature was maintained at 25 + 0.1 °C during
fluorescence measurements with a circulating water bath.

Lifetime and anisotropy decay data were analyzed with the Globals software package
(Laboratory for Fluorescence Dynamics, LFD).%8 The standard deviation for phase and
modulation were set to 0.2° and 0.004, respectively, to estimate reduced XZ values.5’
Lifetime data were fit to three discrete exponential decay components, one of which
was fixed to 1 ps to account for light scattering, and the other two, corresponding to
the actual fluorophore lifetimes, were allowed to float. Anisotropy data were corrected

J Phys Chem B. Author manuscript; available in PMC 2022 January 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hutchinson et al.

Page 5

taking the experimental frequency-dependent G-factor into account. The latter parameter
was determined on the same day as the anisotropy decay measurements. Then anisotropy
data were then fit to multiexponential decays. The fundamental anisotropy ry was fixed

at 0.37. In order to assess best fits, all data were independently fit to both two and three-
component decays and X2 values were compared. Three-component fits were chosen if their
x? values were < 2.5x smaller than the x2 values for two-component fit. The number of
amino acids in the compact domain of the nascent protein was determined upon evaluating
both spherical, prolate (representative axial ratio = 3.5) and oblate (representative axial
ratio = 0.5) ellipsoid models. Order parameters and cone semiangles were determined as
described.1® See Supporting Information for further details on XZ and compact-domain
calculations. Anisotropy-decay simulations were performed with the Vinci software (ISS,
Inc.).

Derivation of Equations Used for Ellipsoidal Models.

Spherical, prolate ellipsoidal, and oblate ellipsoidal models were used to calculate the
number of amino acids contained in the compact subdomain of the nascent protein. We used
ellipsoids of revolution for the ellipsoid models, which have two axes with equivalent length
(Figure 8). These ellipsoids can have three different rotational correlation times, but these
three correlation times are nearly identical for oblate ellipsoids and prolate ellipsoids with
an axial ratio less than five and are too close to be resolved via our method.?8: 5 Therefore,
for the ellipsoidal models, the harmonic-mean rotational correlation time ty was used, and
determined according to®

04 04 0.2)—1

71 72 3

o= ( &)

where t1, T, and T3 were determined from the parallel and perpendicular components of the
rotational diffusion coefficient according to

T = (D” + SDJ_)_I @
)= (4D +2D,)"" ®
3= (6D,)"! @

Substituting eqs 2 - 4 into eq 1 gives
i = (0.4(D) + 5D,) + 0.4(4Dy +2Dy) +0.2(6D,)) ' )
which simplifies to
o= (2D +4D,) " ®)

Dy and D, are defined as
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D| = (36()/2): ]b; )Dsphere ()]
3p[(2p% = 1)b -
D, = p[( §(P4 _)1) p)] Dsphere (8)
where p is the aspect ratio and b is defined as
b= (p2 - 1)_1/21n[p + (p2 + 1)1/2] for prolate ellipsoids )
_ 2 1/2
b= (1 - pz)_l/Zarctan % for oblate ellipsoids (10)

Viscosity Measurements.

The viscosity of apoMb RNC solutions was measured with a microVISC™ viscometer
(Rheosense, Inc.), an apparatus tailored to small-volume samples (15-60 uL depending

on shear rate). Samples were allowed to flow though the viscometer channel at constant
shear rate, and pressure differences as the fluid flow within the channel were measured, to
assess sample viscosity. The viscosity of apoMb RNC solutions was determined at shear
rates 1500, 3000, 5000, 6500, and 8000 s~1, with a temperature control module set to 25
°C. Viscosity measurements with an R? value lower than 0.995 were discarded. Plots of
viscosity versus shear rate and student’s £test calculations were used to compare viscosity
values. This analysis let us to conclude that all samples analyzed in this work exhibit
Newtonian behavior.

Fluorescence-Detected Gel Electrophoresis.

SDS-PAGE via three-layer tris-tricine low-pH gels6! was employed to analyze RNCs in

the absence and presence of puromycin.*> 62 Fluorophore-labeled peptidyl tRNAs (carrying
nascent proteins) were visualized directly on the gels with a FLA 9500 Typhoon Gel Imager
(GE Healthcare Life Sciences, 473 nm excitation laser, BPB1 emission filter (525/50 nm
band pass filter).

RESULTS AND DISCUSSION

Experimental Design.

This study employs apoMb as a model system. The holo form of this protein, containing
the heme cofactor, occupies a special place in chemistry and biology as it was the very first
protein whose structure was solved by X-ray crystallography. In addition, apoMb carries
the ubiquitous all-a-helical globin fold.63: 64 and its /n vitro refolding mechanism was
extensively characterized via classical refolding experiments from denaturant 5-72 as well
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as within cell-relevant environments.13: 1. 30. 45, 73 The apoMb plasmid is codon-usage
optimized for expression in £. coli*’

To explore the compaction and dynamics of apoMb in a cell-relevant environment, we
generated stalled full-length RNCs of this protein in an E. coli cell-free system. The
N-terminal methionine was labeled with the fluorophore BODIPY-FL. Ribosomes harboring
nascent protein chains were purified and resuspended in a buffer solution to remove free
fluorophore, tRNA, and released protein from the solution before performing fluorescence
anisotropy decay and viscosity measurements. We verified that the nascent chain was bound
to the ribosome with a puromycin assay, after completing the fluorescence anisotropy decay
and viscosity measurements (Figure S1).

The overall experimental design is schematically illustrated in Figure 2. Briefly, we assessed
fluorescence anisotropy decays in the frequency domain®8: 74 and combined this technique
with direct microscale-volume viscosity measurements on the same samples. In this way, we
could determine the number of amino acids contained in the compact portion of the nascent
chain. The rotational correlation time (tc) of a molecular system of interest depends on its
size (e.g., its number of amino acids, #aa), shape, and solution viscosity (). Therefore,

the < of the nascent chain was determined via fluorescence anisotropy decay and the m

was assessed with a microscale-volume viscometer. Then, we employed the Stokes-Einstein
Debye equation to determine the hydrated volume (V},) of the compact domain of the
nascent chain from experimental rotational correlation time and solution viscosity values,
assuming spherical, prolate or oblate ellipsoidal shapes of representative aspect ratios p=3.5
or p=0.5, respectively. We then calculated the number of amino acids (# aa) from the volume
(V) considering that the standard protein dry volume of 0.75 mL/g includes 0.2 mL of
water per g of protein®0 and the average molecular weight of amino acids is 110 g/mol.

Combining Anisotropy Decay with Microscale-Volume Viscometry is a Convenient
Approach to Determine the Size of Independently tumbling Compact Regions of
Biomolecules, Including RNCs.

Fluorescence anisotropy decay and microscale-volume viscometry can be synergistically
combined to determine the size and dynamics of compact independently tumbling regions
of biomolecules. This method is non-perturbative and can be used to study both compaction
and dynamics of nascent proteins in solution. Our approach does not need extrinsic SecM
sequences to stall translation, and is particularly convenient because it only requires a
single fluorophore, making it easily applied to any protein of interest. We attached the
fluorophore to the protein N-terminus, but the fluorescent label can be located anywhere

on the independently tumbling region of the macromolecule where it does not interact with
immobilized or slowly tumbling species.

Fluorescence anisotropy decay alone has been previously used to study conformation

and dynamics of biomolecules such as foldable and intrinsically-disordered proteins,’>~77
nucleic acids,”8 79 the actin-myosin system,”® and antibodies.”® Fluorescence anisotropy
decay can be used to resolve local and global dynamics not only in nascent-protein-ribosome
complexes, but also in ribosome-released foldable and intrinsically-disordered proteins?3: 80
and in protein fibrils.8!

J Phys Chem B. Author manuscript; available in PMC 2022 January 07.
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The method introduced here is versatile because it can be straightforwardly applied to any
complex biomolecule containing an independently tumbling compact region.

Viscosity Measurements and Newtonian Versus Non-Newtonian Fluids.

The rotational correlation time of a molecule depends on its size and solution viscosity,

as shown in Figure 2. Therefore, viscosity measurements are required to determine the
size of compact domains of RNCs. Here, we solve this challenge by performing direct
solution viscosity measurements /1 situ. As shown in the sections below, we also took into
account how shear rate, molecular crowding, and the highly negatively charged surface of
the ribosome may affect the local viscosity in proximity of the nascent protein surface.

Solution viscosity may depend on the shear rate, (i.e., the flow rate) of the fluid of

interest. Newtonian fluids have a constant viscosity that is not affected by shear rate.
Non-Newtonian fluids include shear-thinning fluids, which undergo a decrease in viscosity
as shear rate increases, and shear-thickening solutions, which experience an increase in
viscosity as shear rate increases.82 Many fluids show Newtonian behavior at low shear rates
and then Non-Newtonian behavior at higher shear rates.83-85 However, several globular
proteins including globulins, especially bovine globulin serum albumin, ovalbumin, and
B-lactoglobulin, display shear-thinning behavior at low shear rates and Newtonian behavior
at higher shear rates.86-91 For these proteins, shear-thinning behavior occurs at low shear
rates (less than 100 s~1) because the proteins form a film at the liquid-gas interface.

Within this film, the solution is viscoelastic and experiences a higher viscosity compared
to the experimentally measured macroscopic viscosity nmacro- AS the shear rate increases,
the increased flow breaks up the film, decreasing the solution viscosity.%> Non-globulin
proteins,92 £. coli ribosomes,?3 mixtures of RNA and proteins,®* and DNA solutions,?>: 9
on the other hand, show Newtonian behavior at low shear rates. In order to assess whether
a given solution displays Newtonian or non-Newtonian behavior, it is necessary to perform
experimental measurements at different shear rates.

Effect of Molecular Crowding and Excluded Volume on Viscosity.

The Stokes-Einstein (SE) and Stokes-Einstein-Debye (SED) relations (see egs 11 and 12
below, respectively) show how a particle’s translational and rotational diffusion depend on
solution viscosity

kgT
- 11
"7 6mnr an
kg RT
Dy, sphere = San 6V 12

where kg is the Boltzmann constant, T is temperature in Kelvin, 1 is the solution viscosity,
r is the radius of the particle, Vy, is the hydrated volume of the molecule of interest,

and R is the universal gas constant. The above equations assume homogeneous solution
viscosity and non-interacting spherical particles. Within physiologically relevant systems,
however, molecular crowding may cause experimental diffusion coefficients to differ from

J Phys Chem B. Author manuscript; available in PMC 2022 January 07.
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the values predicted from experimental macroscopic viscosity (mmacro) and the SE and
SED equations.®’-101 Both negative and positive deviations, leading to faster and slower
experimental diffusion than predicted from egs 11 and 12, respectively, were observed to
date. Negative deviations were observed for protein translational and rotational diffusion
in the presence of polymerl92-105 and selected proteinl® crowders. This solution behavior
was predicted by a Brownian dynamics model.107 This negative deviation from the SE and
SED equations can be explained by the excluded volume effect. The space unavailable to a
molecule, known as the excluded volume, includes the space occupied by other molecules
and a depletion layer, which is the region surrounding a particle that is depleted in other
particles compared to the bulk solution (Figure 3).108-110 Gjven that the depletion layer is
inaccessible to crowder molecules, the viscosity within this space, denoted as mg, is lower
than Mmacro, and approaches the pure solvent viscosity ns. 101 198 In summary, ngs < ng; <
Mmacro (Figure 3c).When g is less than nmacro, b0th translational and rotational diffusion
can be faster than the diffusion behavior predicted from eqs 11 and 12. The deviation for
rotational diffusion, however, is greater because rotational tumbling occurs entirely within
the depletion layer.100. 101

In the case of most protein crowders, however, experimental results®’ and molecular
dynamics simulations1 showed positive deviations. These results are explained by transient
cluster formation between proteins, which becomes significant at high protein concentration
(>100 mg/mL) and increases the apparent radius of the rotating species, thus slowing down
translational and rotational diffusion.9”- 111 |n these concentrated protein solutions, the effect
of transient associative interactions counteracts the effect of the depletion layer.

In our experiments, we employed a BODIPY-FL labeled RNC concentrations of ca. 0.1
mg/mL (40 nM) and total ribosome concentrations of ca. 2 mg/mL (790 nM). See the
Methods section for procedures employed to determine RNC concentrations. Given that
these values are significantly lower than 100 mg/mL, we do not expect clustering to play a
significant role.

Effect of Charge on Viscosity.

The local environment of the nascent chain is affected by the presence of the ribosome.
The ribosomal RNA and charge segregation of ribosomal proteins12 render the ribosomal
surface highly negatively charged, with a formal charge of nearly —4000.32 113 |p

general, the charge of polyelectrolytes alters solution characteristics relative to solutions
of uncharged polyelectrolytes. This phenomenon is known as the “polyelectrolyte
effect.”114. 115 gpecifically, the negative surface charge of the ribosome32 112, 113 jg

likely surrounded by a high-density mostly positively-charged counterion layer, based on
model studies on RNA and proteins.116 The Coulombic interactions between counterion
layer and negatively charged ribosome surface shields repulsive interactions.112 Therefore,
given that the environment surrounding ribosome-bound nascent proteins has a higher ion
concentration than the surrounding solution, we asked whether this environment could affect
the local viscosity experienced by the nascent chain.

Under high-salt solution conditions relevant to our work (0.1 — 1 M), the experimental
viscosity of highly charged negatively or positively electrolytes approaches the viscosity of
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the pure buffer.117. 118 Therefore, we measured the viscosity of the pure buffer (ns) and the
viscosity of the RNC solution in buffer (nmacro) to assess the effect of charge on the local
viscosity near the surface of the ribosome.

Experimental Viscosity of apoMb RNC Solutions.

The viscosities of apoMb RNC solutions at shear rates ranging from 1500 s~ to 8000 s~2
were not statistically different, according to the two-tailed Student t test (Figure 4). This
result demonstrates that the apoMb RNC solution behaves as a Newtonian fluid over the
tested shear-rate range. We could not directly measure the viscosity at shear rates lower
than 1500 s™1 due to the limitations of the microscale-volume viscometer. However, we
expect RNC solutions to also show Newtonian behavior at lower shear rates because most
fluids including DNA, non-globulin proteins, and ribosomes in aqueous solutions show
Newtonian behavior at low shear rates.83-85 92-96 |t js worth mentioning that some globulin
and albumin protein solutions display shear-thinning behavior at low shear rates due to their
tendency to bind other molecules at the air-water surface interface.86-91 We expect the our
RNC samples, however, to show Newtonian behavior at low shear rates given that surface
effects are negligible and that fluorescence anisotropy is a solution property, not pertinent
to the air-water interface of RNC samples. In addition, previous work showed that ribosome
solutions show Newtonian behavior at low shear rates.3

Regarding the potential effect of transient clustering (i.e., non-specific macromolecular
interactions), we expect it to be negligible because the total ribosome concentration in our
samples (ca. 2 mg/mL) is significantly lower than the concentration required for significant
clustering (>100 mg/mL). We considered the effects of the depletion layer and charge on
local viscosity by comparing nmacro Of the RNC solution to the pure buffer viscosity (ns).
For our sample, ng (1.10 = 0.06 mPa-s) is the same within error as nmacro for the RNC
solution (1.08 + 0.02 mPa-s) (Figure 4). These viscosity values are close to the previously
reported value of 0.94 + 0.02 mPa-s for ribosome solutions.?3 Given that 1macro and 1 are
identical within error, we determined that the effective rotational viscosity is the same as the
Tmacro Measured via microscale-volume viscometry.

In conclusion, the viscosity of our RNC solutions is not significantly affected by depletion
layer, clustering, or charge effects. Therefore, the experimentally measured RNC solution

Viscosity (nmacro) OVer all tested shear rates was used to assess the number of amino acids
corresponding to the nascent-chain compact subdomain.

Fluorescence Anisotropy Decays are an Effective Probe of Rotational Dynamics.

During anisotropy measurements, a sample labeled with a fluorescent molecule is irradiated
with polarized light, which preferentially excites fluorophores with transition dipoles aligned
with the electric field of the incoming light.>8 Rotation of the fluorophores while in the
excited state results in a depolarization of the emitted light compared to the excitation light.
The degree of depolarization can be described quantitatively by the fluorescence anisotropy,
which is defined as

J Phys Chem B. Author manuscript; available in PMC 2022 January 07.
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p= 1L (13)
I +20y

/fyand /, are the parallel and perpendicular intensities of the emitted light, respectively, and r

is the fluorescence anisotropy.119

The anisotropy of a frozen sample that does not rotate is the fundamental anisotropy
ro, which depends on the angle & between the absorption and emission transition dipole
moments as described by:120

2
-1
ro= —3C0S5§ (14)

For a sample in solution, rotation of excited-state fluorophores leads to emission-dipole
spatial displacement relative to a corresponding frozen sample, resulting in depolarization
of the emitted light and a fluorescence anisotropy value smaller than rg. The degree of
depolarization depends on the extent of rotational diffusion of the fluorophores during
their fluorescent lifetime. Therefore, anisotropy measurements can be used to measure

the rotational diffusion of the sample, which can provide information about the shape,
size, and dynamics of the molecule. Importantly, fluorescence anisotropy can only sense
dynamics that occur on timescales similar or faster than the lifetime of the fluorophore,
which typically range from 0.1-20 ns.121 While steady-state anisotropy reports on the
average anisotropy for all rotational motions, anisotropy decay measurements can resolve
the timescales and amplitudes of different motions experienced by the fluorophore (Figure
5). In this work, we measure fluorescence anisotropy decay in the frequency domain to
resolve the rotational motion of the compact portion of the nascent chain from the motions
of the ribosome and fluorescent probe (see Supporting Information and Figure S2 for further
discussion on steady-state versustime-decay and time-domain versus frequency-domain
approaches).

Order Parameters and Cone Semiangles Define the Spatial Confinement of Rotational

Motions.

In addition to sensing the compaction of nascent chains, fluorescence anisotropy decay
measurements also provide information on the spatial confinement of nascent-chain
dynamics. The Lipari-Szabo approach provides a model-free method to determine an order
parameter that describes the spatial confinement of a rotational motion based on that
motion’s fractional contribution to the anisotropy decay.>® 122 Order parameters range
from 0 to 1, where higher order parameters describe more highly constrained motions.

The Lipari-Szabo method does not require a specific model to describe the motions, but

it does depend on the following five assumptions: (i) The fluorophore has axial symmetry.
(ii) Either the fluorescence absorption or emission dipole is colinear with the fluorophore’s
symmetry axis. (iii) The local fast motions are random and do not depend on the azimuthal
angle ¢ (Figure 6). (iv) The local and global motions are independent of each other. (v) The
rotational correlation times of the motions differ by an order of magnitude or more.>® For a
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system that meets these requirements, the anisotropy decay is described by egs 15 and 16 in
the case of two and three rotational motions, respectivelyl®

O (1 sp)e e F g (578 e
:(((t))) (1_ ) I/TCF ( )(1_ ) t/T”I+SS —tlt, § (16)

Specific models can be used to gain a more intuitive appreciation for the nature of the spatial
confinement encoded by the order parameter. We employed a model by Kinosita et a/. that
assumes local motions to be confined across a cone according to a square-well potential. 123
In this way, we were able to determine limiting cone semiangles from order parameters, thus
gaining a more physically meaningful description, as shown in Figure 6.123 The position of
the symmetry axis of the rotating species (1) can be described by123

Peq(8) = [27(1 — cosdp)] ' for 0 < 0 < G an

peq(Q) =0 for6> 6 (18)

where peg(6) is the normalized equilibrium distribution of the angle 6, and & is the limiting
cone semiangle. Within this model, the order parameter can be converted to the cone
semiangle according to

2
%cosﬂo(l — cosbp) (19)

S? =
The abovementioned equations are powerful because they enable assessing the spatial
confinement of rotational motions.

Biologically Significant Application: Identification of Size and Dynamics of a Ribosome-
Bound Nascent-Chain.

Full-length apoMb ribosome-nascent protein complexes displayed three rotational motions,
consistent with previous results.}® Figure 7 shows representative fluorescence anisotropy
decays in the frequency domain. Lifetime and anisotropy decay data for all samples are
shown in Supporting Figure S3. The rotational correlation times corresponding to these
motions are summarized in Table 1. The rotational correlation time for the global tumbling
of the ribosomal complex was fixed to 1000 ns. This global rotational correlation time
cannot be detected directly because it occurs on a significantly longer timescale than the
lifetime of BODIPY-FL (5.9 ns). On the other hand, its presence (in the context of spatially
biased faster local motions) is evident from the fact that the anisotropy does not completely
decay to zero.13 The fast motions (t; = 0.14 + 0.01 ns) have a rotational correlation time
corresponding to free BODIPY-FL linked to 1-2 residues, hence these motions describe
the dynamics of the RNC N-terminus.1® The intermediate-timescale motions (t. = 3.7 +
0.5 ns) correspond to the motions of a compact region of the nascent chain that tumbles
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independently from the ribosome. These results agree with previous anisotropy-decay
investigations.13

In order to determine the size of the compact domain, apoMb nascent chains were modeled
as either spheres, prolate ellipsoids or oblate ellipsoids (Figure 8). Full-length apoMb
nascent chains are unlikely to exist as an extended chain because the persistence length

of proteins is typically only 4-6 amino acids.13 The experimentally-measured solution
viscosity and rotational correlation times were used to determine the number of amino acids
contained in the compact region of the nascent chain. The SED relation (eq 12) was used to
determine the size of the compact domain assuming spherical shape. The nascent chain was
also modeled as a prolate ellipsoid (representative axial ratio of 3.5) and an oblate ellipsoid
(representative axial ratio 0.5). The equations used for these models are included in Figure 2
and in the Supporting Information.

Our results show that the RNC compact region comprises 57 to 83 amino acids (37% - 54%
of the nascent chain, see Table 1). Therefore, we are able to eliminate Figure 1‘s model d,
which entails a small-size compact subdomain (Figure 9). It is worth noting that our data are
insensitive to other potential extended or compact RNC conformations interacting with the
ribosome or molecular chaperones.

Spatial Confinement of Nascent-Chain Motions.

In addition to determining the size of the compact domain, we also determined the spatial
confinement of the nascent chain dynamics (see Table 2). The cone semiangles for the
fast and intermediate motions are 24.3° + 0.8° and 15.3° + 0.7° respectively.1®> These cone
semiangles are quite small as the maximum size for a cone semiangle is 180°, indicating
that the amplitude of the compact RNC-domain motions are spatially constrained.1® The
small cone semiangles suggest that the compact subdomain may be confined within the
ribosomal vestibule or near the ribosome surface (Figure 10). Previous work showed

that the ribosomal vestibule is sufficiently large to accommodate nascent protein tertiary
structurel®: 12 and even proteins as large as 108 amino acids.*3 Therefore, it is possible the
vestibule accommodates the apoMb compact structure which contains 57-83 amino acids.
Alternatively, a portion of the chain prior to compact region may interact with the outer
ribosomal surface, causing the compact subdomain to be outside of the ribosomal tunnel
altogether.

Potential Interactions of Nascent Chains and Ribosome (or Chaperones) Do not Affect the
Estimated Size of the Compact Region of the Nascent Chain.

Until now, this work disregarded any potential interactions between nascent chains and the
ribosomal surface or molecular chaperones. In principle, these interactions may affect the
size of the compact region. We show here that the presence of any interactions does not
affect the estimated size of the compact region.

Recent studies show that some nascent chains include populations experiencing noncovalent
contacts with the ribosome26: 124, 125 and/or chaperones.13: 126-129A study by Ellis et

al13 showed that the observed rotational correlation time of apoMb RNCs is the same

in the absence and presence of trigger factor and DnaK. This work showed that, although
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chaperone-bound RNC populations are likely present, their effect on fluorescence anisotropy
decays is spectroscopically undetectable.13 The arguments below show that a similar
conclusion applies to nascent-chain interactions with the ribosomal surface.

First, even the most rapid (i.e., diffusion-controlled) conformational exchange of RNCs
with the ribosomal surface is too slow to be fully averaged during the fluorescence
anisotropy decay timescale (see derivation in Supporting Information). Thus, any interacting
populations are in slow exchange on the fluorescence timescale of our measurements, and
therefore correspond to distinct non-averaged contributions. Second, the effect of ribosome-
interacting and non-interacting populations on the observed anisotropy-decay parameters
was explicitly evaluated, and shown not to affect observed rotational correction times
corresponding to low-ns intermediate-timescale RNC motions.

Briefly, let us denote independently tumbling compact RNC populations as contributing
(C) and populations interacting with the ribosomal surface as noncontributing (NC).
Noncontributing RNCs show two rotational correlation times (fast and slow) and
contributing RNCs show a third intermediate-timescale (ns) rotational correlation time
corresponding to the independently tumbling nascent protein. A mixture including both
populations has an anisotropy decay described by the relation below!>

Fobs(D) _

2O (1= ko) xwel1 = Skl + sesh 1 - 57l )+

(20)

-1
2 2 2 L
(XCSL cSF,c + XNCSF, NC)e(Tc, S)’

where Xc and xnc are the mole fractions of the contributing and noncontributing species,
respectively. Equation 20 is explicitly derived in the Supporting Information. This relation
follows a three-component exponential decay.

In summary, eq 20 shows that the presence of RNCs interacting with the ribosome does not
affect the experimental rotational correlation times and the estimated size of the compact
domain experiencing the low-ns intermediate-timescale motions.

Next, we asked whether the presence of ribosome (or chaperone) nascent-chain interactions
may affect the observed amplitude of RNC ns motions. On the other hand, eq 20 also
shows that the presence of any ribosome-interacting population is expected to affect the
observed order parameter and cone semiangle corresponding to the intermediate-timescale
motion. Hence these parameters are numerically different in the absence and presence of
interactions with the ribosomal surface, as shown in Supporting Table S2. Interestingly,
Table S2 shows that even if the contributing (i.e., non-interacting) species has a mole
fraction of only 0.2, the cone-semi angle for the intermediate timescale motions is at most
39°, which is significantly less than the maximum value of 180°. This small cone semiangle
value confirms that, regardless of any ribosome (or chaperone) interactions with the nascent
protein, the nascent-chain motions are highly spatially confined.
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Compact Region of Full-Length apoMb RNCs Lacks Residues Corresponding to the Two
Native C-Terminal Helices.

The combined anisotropy/microscale-volume viscometry approach reveals that the compact
subdomain of full-length apoMb RNCs lacks residues corresponding to the two native
C-terminal helices, denoted as the G and H helices (Figure 11). While previous work
demonstrated that the C-terminal H helix plays an important role in enabling apoMb to fold
into its native state, this study provides the first experimental evidence that the major RNC
compact subdomain of apoMb does not contain the residues corresponding to the G helix.

Most single-domain proteins require the C-terminal region in order to fold into their

native state. The C-terminal region is important for folding because it buries nonpolar
resides.139 Fragments of these proteins without the C-terminal region have more nonpolar
solvent accessible surface area than the full-length native structure, making them more
likely to misfold and aggregate.130 The C-terminal region is also important for folding
because the native structures of many single domain proteins have interactions between the
protein N and C-terminal regions.131: 132 These long range interactions with the C-terminal
region make post-translational folding important for the protein to reach its final native
structure,30. 133

The experimental finding that the residues corresponding to the G helix are not contained

in the compact region can be rationalized with the help of NECNOP plots. These plots
predict whether proteins are capable of being folded or disordered at ambient temperature
and pressure based solely on net-charge and nonpolar content.134 NECNOP plots contain a
discriminant line that separates folded proteins (right side of the line) from unfolded proteins
or intrinsically-disordered proteins (left side of line). The discriminant line is defined as34

[IMNC| = 12.0698 x MNPC — 8.4815 @)

where [MNC] is the absolute value of mean net charge per residue and MNPC is the mean
nonpolar content per residue.

Importantly, the NECNOP plot demonstrates that the G helix adds nonpolar residues to the
chain, increasing the overall hydrophobicity of the protein. However, our work demonstrates
that the full-length ribosome-bound apoMb does not bury the G-helix residues in a compact
structure. Additionally, the predicted folding free energy of apoMb fragments containing
the residues corresponding to the G helix but excluding the residues corresponding to the

H helix is unfavorable (Figure 12d, predicted folding free energy calculated with FoldX
version 513%), Folding into the native state without the H helix present is likely unfavorable
because the G-helix residues do not play a significant role in burying nonpolar residues,

as shown by Kurt et al. and Figure 12¢.130 Given that residues corresponding to the native
G helix are not included in the compact subdomain of ribosome-bound apoMb, they must
bury their nonpolar content in another way, perhaps by interacting with the ribosome or by
forming some structure (potentially helical)136 a compatible with the ribosomal tunnel core
(Figure 11b).

J Phys Chem B. Author manuscript; available in PMC 2022 January 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hutchinson et al.

Page 16

The NECNORP plot also shows that the H-helix residues decrease the overall hydrophobicity
of the protein. Therefore, the residues belonging to the H helix are not particularly nonpolar,
but they are very effective at burying nonpolar residues (Figure 12c).130 Additionally, the

H helix has a higher residue-specific contact order (RCO) and residue contact breadth
(RCB) compared to the middle region of the protein.131 RCO is a measure of the number
of long-range interactions, such as interactions between the C-terminal residues and the
N-terminal residues, within a given region of a protein. RCB is a measure of the spread in
sequence of the interactions.13! Therefore, the relatively high RCO and RCB of the H-helix
residues demonstrate that this region interacts with regions spanning a large sequence range
of the protein, including the N-terminal residues. Therefore, the H-helix residues form an
integral part of the native structure. The breadth of interactions that the H-helix residues
have with the rest of the protein and their ability to bury nonpolar residues contribute to the
favorable folding energy when the H helix is present (Figure 12d).

Implications for Cotranslational Conformation of Full-Length apoMb RNCs.

Our results demonstrate that the residues corresponding to the G helix of full-length
ribosome-bound apoMb do not belong to the compact subdomain. Therefore, this region
must bury its nonpolar residues through other interactions, which suggests that these
residues either interact with the ribosomal vestibule or surface, or are involved in tight
secondary structure within spatially constrained core regions of the ribosomal tunnel (Figure
11b) Additionally, because the compact subdomain does not contain the H helix that plays
an important role in burying nonpolar residues, this compact region may be a non-native
conformation that buries the N-terminal nonpolar residues until the H helix is available for
folding. The compaction of nascent chain and the interaction of the residues corresponding
to the G helix with the ribosome may help to keep the nascent chain soluble and prevent it
from misfolding until the H-helix residues are available for folding into the native structure.

Implications for Post-translational Folding.

Previous work demonstrated that cotranslational folding is not sufficient for apoMb to

fold into its native structure, but rather that immediately post-translational events are vital
for folding.39 Immediately post-translational folding is a critical and potentially dangerous
time during which nascent chains must be kinetically channeled to their native state, or
they risk forming an aggregated state.30 Our findings explain why this post-translational
period is so critical because they quantify the amount of required post-translational folding,
revealing that apoMb must incorporate more than 60 amino acids into the final structure
post-translationally, not just the final 30-40 residues contained within the ribosomal exit
tunnel. These results demonstrate that while apoMb undergoes cotranslational compaction,
this protein still requires significant post-translational folding to obtain its final native
structure.

CONCLUSIONS

In summary, our results demonstrate that only a portion (57-83 amino acids, 37% - 54%
of the chain) of the full-length apoMb ribosome-bound nascent chain forms a compact
core. Specifically, residues belonging to the native G and H helices do not belong to
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this compact domain. In all, our results demonstrate that the model single-domain protein
apoMb must undergo considerable additional folding after ribosome release. Therefore, our
data suggest that the immediately post-translational folding of single-domain proteins is a
prominent theme whose importance has been underestimated to date. Further, our findings
underscore the importance of a proper supporting machinery (e.g., molecular chaperones)
to prevent protein aggregation upon nascent-protein release from the ribosome. The spatial
confinement of the nascent-protein local dynamics suggest that the compact subdomain is
located within the ribosomal vestibule or within spatially biased regions of the outer surface
of the ribosome.

Furthermore, our results demonstrate that microscale-volume viscometry combined with
fluorescence anisotropy decay is a powerful approach to investigate the compaction and
dynamics of ribosome-bound nascent chains. The technology presented in this work is
simple, versatile, and of general applicability. Conveniently, this method only requires a
single fluorophore and no C-terminal linkers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Limiting models for
ribosome-bound apoMb nascent
chain (RNC) compaction and size

I nascent chain
I ribosome

. noncovalent interactions
between nascent chain and
ribosome

Figure 1.
Hypothetical limiting models describing the ribosome-bound apoMb nascent chain (RNC)

compaction. Models a and b can be eliminated due to the known highly spatially confined
environment of the nascent chain (cone semiangle = 20 + 1°).15 Model ¢ can be eliminated
because the compact region explored in this work independently tumbles on the low-ns
timescale (see fluorescence anisotropy decay analysis). This timescale is incompatible
with the much slower tumbling of the ribosome.13 Models d, e, and f are consistent with
previously published work but could not be discriminated from each other in the past.
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Workflow design

Experimental data

1. measure t, by fluorescence anisotropy decay

2. measure n by microscale-volume viscometry

4 v )

Size determination of compact macromolecules
Spherical model
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b J
ﬁc = rotational correlation time M = viscosity N
T, = harmonic mean correlation time V, = hydrated peptide volume
D.,.... = rotational diffusion coefficient (sphere) p = ellipsoid axial ratio
D, = parallel rotational diffusion N, =Avogadro’s number
coefficient (ellipsoid) d = hydrated protein density
D, = perpendicular rotational diffusion MW., = average amino acid
coefficient (ellipsoid) = mcleeulsr weight
b = constant for ellipsoid model #2a = number of amino acids
@ = universal gas constant in compact region J
Figure 2.

Summary of workflow design to determine degree of compaction of RNCs. The rotational
correlation time (t¢) describing nascent-chain compact-subdomain motions and RNC
Macroscopic Viscosity (nmacro) Were determined via fluorescence anisotropy decay in

the frequency domain and microscale-volume viscometry, respectively. Experimentally
determined values were employed to determine the size of the compact subdomain.
Spherical, prolate ellipsoidal, and oblate ellipsoidal models were used to model the compact
region of the nascent chain.
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Molecular crowding
and viscosity

a Definition of
excluded volume

©

b Excluded volume
in a crowded solution

available volume
molecular volume
depletion layer

[0+ [ excluded volume

ooo

C Excluded volume
and viscosity

e

L~ Ts < Mg <MNmacro

M macro = experimentally-determined

Na = depletion-layer viscosity

macroscoplc VISCOSIty

Ns = pure-solvent viscosity

Figure 3.

Effect of molecular crowding and excluded volume on microscale-volume viscosity. (a) The
excluded volume comprises the space occupied by molecules (green) and the depletion layer
surrounding them (gray). (b) Within a crowded solution, two molecules cannot occupy the
same space, but their depletion layers can overlap. (c) The viscosity within the depletion
layer (mgp) surrounding a particle is between the pure-buffer (solvent system) viscosity ()
and the experimentally measured macroscopic Viscosity (nmacro)- 1%
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Experimentally-determined
viscosity of apoMb,,,
RNC solutions

EapoMb,,, RNC in buffer O buffer
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Shear rate (s™)

Experimentally measured viscosity of RNC solutions (blue) and buffer (yellow).
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a Simulated 2- and 3-component profiles of
ribosome-bound nascent chains (RNCs)
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b Localand global dynamics of ribosome-bound nascent chains (RNCs)

One local motion (F), one global motion (S) Two local motions (F, 1), one global motion (S)

/L, _~ Fastlocal motions (F:0.2 - 0.5 ns)
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— Slow global motions, local motions (I: 5 - 9 ns)
corresponding to motions Slow global motions,

of entire ribosomal complex corresponding to motions
(S: 1us) of entire ribosomal complex (S: 1 us)

ApoMb RNCs acquire a compact region (t, = 5 - 9 ns) detectable
by fluorescence anisotropy decay at chain length > 57 residues

©-¢-¢-¢-¢

16 - 57 residues: 57 - 153 residues :
one local motion, one global motion two local motions, one global motion
Figure 5.

Fluorescence anisotropy decay in the frequency domain enables resolving multiple rotational
modes, including one corresponding to an apoMb RNC compact subdomain (rotational
correlation time T, = 5-9 ns). (a) Simulations of 2- and 3-component frequency-domain
anisotropy decay data. (b) Representative physical models for samples with one global
tumbling motion one or two local tumbling motions. (c) Prior anisotropy decay data revealed
that ApoMb nascent chains become compact and tumble independently starting from chain
lengths of ca. 57 residues.13
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a Dependence of order parameter on cone semi-angle
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Figure 6.
Order parameters and cone semiangles define the spatial confinement of nascent chain

dynamics. (a) Dependence of order parameter on cone semiangle, assuming a square-well
potential. (b) General features of cone-semi angle models. The vector 7" defines the
fluorophore’s symmetry axis, whose orientation can fluctuate so that its angle with the
z-axis (0) is less than or equal to the cone semiangle 6. The motions are randomly
distributed within the XY plane and can assume any value of the azimuthal angle ¢) The
z-axis is defined to be perpendicular to the macromolecular surface the tumbling species
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is attached to. (c) Cartoon description of macromolecules bearing either one or two local
motions that are spatially confined within a cone.
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Representative fluorescence
anisotropy decay data
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Figure 7.
Representative frequency-domain fluorescence anisotropy-decay data for full-length apoMb

RNCs.
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Representative

compact-domain shapes
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The size of the RNC compact subdomain can be deduced from the experimental rotational
correlation time (for the low-ns motion) and from the experimentally determined viscosity.
Three limiting molecular shapes were considered: a. spherical, prolate ellipsoid (axial
ratio = 3.5) and oblate ellipsoid (axial ratio = 0.5). b. Plot illustrating the experimentally
determined rotational correlation time for the intermediate-timescale motions (t¢ ) as a
function of number of amino acids in the compact subdomain. Domain sizes compatible
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with experimentally determined rotational correlation times are shaded in color (blue,
orange, green).
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Limiting models for
ribosome-bound nascent chain
(RNC) compaction and size
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I noncovalent interactions
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ribosome

d e f

Figure 9.
RNC models compatible with experimentally determined rotational correlation times and

viscosity values.
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Cone semi-angles show the
highly geometrically constrained
environment of nascent chains

M independently-tumbling compact region
M remaining residues

noncovalent interactions between the
nascent chain and the ribosome

a
8;= 24.3°% 0.82

Figure 10.
RNC models compatible with spatially-confined dynamics described by experimental cone-

semi angles. The spatial confinement of the nascent chain dynamics suggests that the
compact domain lies within the ribosomal vestibule or is somehow spatially confined within
the outer surface of the ribosome.
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Native C-terminal helices are not
available for folding into the native
state until after ribosome-release

a Independently-tumbling-compact domain of
apoMb,,,RNCs mapped onto native structure

® independently-tumbling-compact domain
(mapped onto native structure)

m remaining residues (mapped onto native structure)

Prolate ellipsoidal Spherical
model model

57 £7 aain 83+10aain
compact domain compact domain
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fluorescence anisotropy and viscosity data
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1 noncovalent interactions between
the nascent chain and the ribosome

1 2 3

Figure 11.
Compact nascent-apoMb subdomain does not include residues corresponding to the native

C-terminal helices. a. Size of independently tumbling compact subdomain mapped onto the
structure of native apoMb. b. RNC structures compatible with our experimental data.
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Computational data explain why G-helix residues
are not contained in the compact subdomain
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Figure 12.
Computational data rationalizing why the nascent-apoMb compact subdomain lacks residues

corresponding to the native G helix. (a) Native apoMb structure of with G and H helices
colored in blue and green, respectively. (b) Elongation net-charge nonpolar (NECNOP)
plot for apoMb generated according to Yaeger-Weiss et a/134 The black discriminant

line separates regions corresponding to folded (right of line) and disordered proteins (left
of line). (c) Fraction of nonpolar solvent-accessible surface area (NSASA) at different
apoMb chain lengths. Adapted with permission from Kurt, N.; Cavagnero, S. J. Am. Chem.
Soc. 2005, 127 (45), 15690-15691.130 Copyright (2005) American Chemical Society. (d)
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Predicted free energy of folding for different apoMb chain lengths. See Figure S6 for
predicted folding free energies of additional chain lengths. All free energy calculations
were carried out with FoldX version 5.135 PDB files for apoMb (RCSB PDB: 1mbc) were
generated with Pymol version 2.0.0.
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Summary of rotational correlation times and number of amino acids in compact nascent-chain domains.

Regimes of Motion®

Number of amino acids in compact

Percent of chain in compact domain

domain
Slow Intermediate Fast
(~microsecond (~s) (~ps)
or slower)
Tes (NS) T (NS) ToF Sphere Prolate Oblate Sphere Prolate Oblate
(ns) ellipsoid (p = | ellipsoid (p = ellipsoid ellipsoid
3.5) 0.5)
1000 3.7+05 014+ | 8310 57+7 68+9 54% + 7% 37% + 5% 45% + 6%
0.01

a
Data are reported as average + SE forn = 9.
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Table 2.

Summary of order parameters and cone semiangles for apoMb rotational motions.

Regimes of Motion®

Intermediate (~microsecond or slower) Fast (~ps)
S &(°) Sk &(°)
0.947 +/- 0.005 153+0.7 Sp=0.87+/-0.01 | 24.3+0.8

a
Data are reported as average + SE forn = 9.
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