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Abstract: We still know very little about how proteins achieve their native three-dimensional

structure in vitro and in the cell. Folding studies as proteins emerge from the mega Dalton-sized

ribosome pose special challenges due to the large size and complicated nature of the ribosome-
nascent chain complex. This work introduces a combination of three-component analysis of

fluorescence depolarization decays (including the presence of two local motions) and in-cone

analysis of diffusive local dynamics to investigate the spatial constraints experienced by a protein
emerging from the ribosomal tunnel. We focus on E. coli ribosomes and an all-a-helical nascent
globin in the presence and absence of the cotranslationally active chaperones DnaK and trigger

factor. The data provide insights on the dynamic nature and structural plasticity of ribosome-nascent
chain complexes. We find that the sub-ns motions of the N-terminal fluorophore, reporting on the

globin dynamics in the vicinity of the N terminus, are highly constrained both inside and outside the

ribosomal tunnel, resulting in high-order parameters (>0.85) and small cone semiangles (<30�). The
shorter globin chains buried inside the tunnel are less spatially constrained than those of a reference

sequence from a natively unfolded protein, suggesting either that the two nascent chain sequences

have a different secondary structure and therefore sample different regions of the tunnel or that the
tunnel undergoes local structural adjustments to accommodate the globin sequence. Longer globins

emerging out of the ribosomal tunnel are also found to have highly spatially constrained slow (ns)

motions. There are no observable spectroscopic changes in the absence of bound chaperones.

Keywords: protein folding; ribosome; globin; nascent chain; dynamics; frequency domain

fluorometry; cone angle analysis

Introduction

The ability to fold into a native three-dimensional

structure is a fundamental property of most proteins

in aqueous medium. A general understanding of the

principles underlying protein folding has wide-ranging

implications for both basic science and life-related

phenomena. Yet, despite significant progress in under-

standing how proteins attain their native state

in vitro,1 we still know very little about the effect of

the cellular environment on folding. Given that the

efficiency of folding bears a direct influence on cell

function, the fundamental knowledge gained from

in vitro studies is bound to acquire its highest impact

when parameters relevant to the cellular environment

are taken into account.
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The ribosome and molecular chaperones are the

two most important players influencing the earliest

stages of protein folding in the cell.2 During protein

biosynthesis, they pose physical biases to the confor-

mational sampling of nascent chains and serve as

potential interaction partners.

This study addresses the general role of the ribo-

some and other relevant structures as physical biases

to the motions experienced by a nascent globin inside

and outside the ribosomal tunnel. The crystal structure

of the ribosome,3–5 cryo-electron microscopy investi-

gations on ribosome dynamics,6,7 and prior key bio-

chemical and biophysical studies on the ribosomal exit

tunnel (see later) provide important reference back-

ground knowledge for this work.

The ribosomal exit tunnel (length 100 Å, average

width 20 Å) is particularly important as it may influ-

ence folding through its natural ability to sequester the

C-terminal portion of the nascent chain, its protein/

RNA-rich internal surface,8 its cavities,9 and its elec-

trostatic potential.10,11 Both experimental observations

and simulations revealed that the tunnel is sufficiently

spacious to allow the formation of secondary struc-

ture.8,12 Cross-linking experiments suggest that nas-

cent chains up to 33 residues may be highly flexible

despite the fairly narrow static dimensions of the tun-

nel.13 Antibody binding to N-terminal labels14 and För-

ster resonance energy transfer (FRET)12 showed that

the secondary structure of nascent polypeptides inside

the ribosomal tunnel is sequence-dependent and dif-

ferent proteins bury variable fractions of their

sequence in the tunnel. Specific amino acid combina-

tions (e.g., the SecM sequence) interact with portions

of the tunnel (e.g., the L22 protein) so strongly that

nascent protein stalling is generated.15,16 The influence

of individual amino acid side chains has also been

highlighted in a recent computational work.17 Outside

the ribosomal tunnel, individual nascent chain struc-

ture18 and dynamics,19 or lack thereof, have also been

reported.

Cotranslationally active chaperones bound to the

ribosomal surface such as E. coli trigger factor (TF)

may affect the conformational freedom of nascent pro-

teins due to TF’s proximity to the tunnel exit,20,21 and

its ability to interact with nascent chains22,23 and pro-

tect them from proteolytic cleavage.24,25

DnaK, another cotranslationally active chaperone,

affects the conformation of small peptide sub-

strates.26,27 Model studies on the effect of the nonribo-

some-associated chaperone DnaK on the conformation

of much larger substrates (that would otherwise aggre-

gate) showed that interaction of DnaK’s substrate

binding domain with protein substrates renders them

highly conformationally disordered,28 with residual

native and nonnative secondary structure.16,29 Interac-

tion of DnaK with polypeptide and protein substrates,

including nascent chains, is tightly regulated by the al-

losteric binding of nucleotides (ATP, ADP) and cocha-

perones (DnaJ, GrpE).30 This mechanism provides a

convenient tool to modulate the extent of nascent

chain binding to DnaK.

In summary, previous investigations showed that

the ribosomal exit tunnel, ribosome surface, and mo-

lecular chaperones have an effect on the conformation

of nascent polypeptides. To gain additional insights

into the origin of this effect, we focus here on the

degree of spatial confinement imposed by the above

parameters on the local ns and sub-ns motions of nas-

cent chains. We study the behavior of the globular

protein apomyoglobin (apoMb) and take advantage of

a model-free equation relating observable fluorescence

anisotropy time-dependent decays to the order param-

eters for spatially confined anisotropic motions, in the

case of two local motions. The order parameters (S)

derived from the above relation are utilized in the con-

text of a specific in-cone model for conformationally

confined local diffusion, to determine cone semiangles

(yo). S and yo provide an effective physical view of the

spatial biases experienced by ribosome-bound nascent

polypeptides.

Results and Discussion

Anisotropy decay of macromolecules

experiencing two local motions: dependence

on order parameters and core semiangles
The theory underlying the fluorescence anisotropy

decay of complex systems characterized by a slow

global macromolecular motion and a faster spatially

restricted local motion was described by Lipari and

Szabo.31 Their approach was originally introduced

to interpret the experimental depolarization of fluo-

rescently labeled lipids in biological membranes, a

highly confined environment. The Lipari-Szabo

analysis is powerful in that it does not depend on

the specific model chosen to represent the motions

of the probe, that is, it is ‘‘model-free.’’ However, it

relies on a few key assumptions on the nature of

the system (see Fig. 1). Namely: (a) The fluorophore

needs to have axial symmetry. (b) Either the fluo-

rescence absorption or emission dipole of the fluo-

rophore has to be colinear with the fluorophore

symmetry axis ~l, although the dipoles do not need

to be colinear with each other. (c) In a Cartesian

macromolecular frame where the z axis is normal to

the macromolecular surface [Fig. 1(A,B)], the local

(fast, F) motions are completely random in the x–y

plane, therefore independent of the azimuthal angle

/. (d) Local and global motions are independent.

(e) The rotational correlation times for the

global and local motions differ by at least one

order of magnitude. For such a system, which expe-

riences one slow global motion and one fast local

motion, the fluorescence anisotropy decay can be

expressed as31
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rðtÞ
rð0Þ ¼ CðtÞ ¼ hP2;F½lFð0Þ � lFðtÞ�ie

�t
sc;S ; (1)

where r(t) and r(0) are the anisotropy at times t

and 0, respectively, and r(t)/r(0) is equivalent to

the autocorrelation function C(t) for the equilib-

rium orientational distribution of the probe. P2

denotes the second Legendre polynomial for the

fast (subscript F) local motion, <. . .> denotes the

equilibrium spatial average over the polar and azi-

muthal angles of ~l, y, and /. The l(0) and l(t) sym-

bols denote the unit vectors specifying the orienta-

tion of the fast-tumbling unit in a frame rotating

with the macromolecule, where the term macromol-

ecule denotes the species with rotational correlation

time sc,S experiencing the slow (subscript S) global

motion. The latter expression is equivalent to

rðtÞ
rð0Þ ¼ ð1� S2

FÞe
�t 1

sc;F
þ 1

sc;S

h i
þ S2

Fe
�t
sc;S

h i
; (2)

where S2
F is the order parameter square for the fast

motion, and sc,F and sc,S are the rotational correlation
times of the fast and slow motions, respectively. By

definition, the global motion is characterized by spa-

tially unrestricted dynamics with an order parameter

SS ¼ 0.

In the case of two independent local motions and

one global motion, in a system obeying assumptions

(a)–(e), where (d) and (e) apply to all three pertinent

motions and rotational correlation times (Fig. 1B), the

fluorescence anisotropy decay can be expressed as

rðtÞ
rð0Þ ¼ CðtÞ

¼ hP2;I½lIð0Þ � lIðtÞ�i hP2;F½lFð0Þ � lFðtÞ�ie
�t
sc;S ; ð3Þ

where the various P2’s denote the second Legendre

polynomials for the respective fast (F) or intermediate

Figure 1. A: General features of the Lipari-Szabo model-

free approach describing local motions of an axially

symmetric probe (cylinder) by fluorescence depolarization

techniques. B: Cartoon representations of the global and

spatially confined local dynamics of a macromolecule in the

presence of either one or two local motions. Both the fast

(F) and intermediate (I) timescale local motions can be

analyzed according to the in-cone-wobbling model,

assuming all motions to be independent. The global

macromolecular slow motions are denoted by the symbol S

(not to be confused with the order parameter). C: General

features of the in-cone wobbling model describing diffusive

local dynamics. The vector (~l), defining the fluorophore’s

symmetry axis, is colinear with either the emission or

excitation dipoles of the fluorophore and is allowed

stochastic wobbling motions (described by the angle y)
within a static cone defined by the cone semiangle yo, in a

reference frame attached to the macromolecule with the z

axis representing the normal to the macromolecular surface.

The motions are randomly distributed in the XY plane and

therefore independent of the azimuthal angle /. The plot on

the right illustrates the dependence of the order parameter S

and its square S2 on the cone semiangle yo.
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(subscript I) timescale motions in a frame rotating

with the macromolecule.

If sc,S � sc,I � sc,F, where sc,I is the rotational

correlation times of the intermediate timescale

motions, relation (3) can be expressed as32

rðtÞ
rð0Þ ¼ ð1� S2

FÞe
�t 1

sc;F
þ 1

sc;I
þ 1

sc;S

h i
þ S2

Fð1� S2
I Þe

�t 1
sc;I

þ 1
sc;S

h i

þ S2
I S

2
Fe

�t
sc;S

h i
; ð4Þ

which is equivalent to

rðtÞ
rð0Þ ffi ð1� S2

FÞe
�t
sc;F

h i
þ S2

Fð1� S2
I Þe

�t
sc;I

h i
þ S2

I S
2
Fe

�t
sc;S

h i
;

(5)

where S2F and S2I are the squared order parameters of

the fast motion and the intermediate timescale motion,

respectively. Relations (3) and (5) are to be regarded

as model-free, that is, valid regardless of the type of

motions (i.e., segmental, diffusive, two-state) experi-

enced by the probe.

When a specific model for the probe’s local dy-

namics is applicable, additional motion-specific pa-

rameters can be derived. A particularly simple and ele-

gant model proposed by Kinosita et al.33 assumes

random diffusional spatially confined local motions

across a cone [Fig. 1(C)], and a square potential such

that the normalized equilibrium distribution peq(y) of

the angle y, describing the instantaneous position of

the symmetry axis of the probe ~l follows the relation

peqðhÞ ¼ ½2pð1� cos hoÞ��1 for 0 � h � ho (6)

and peqðhÞ ¼ 0 for h > ho: (7)

For the above model, Kinosita et al. showed that

S2
I ¼ 1

2
cos hoð1þ cos hoÞ

h i2
; (8)

where yo is the limiting cone semiangle of the square

potential model. Cone semiangles ho can be deter-

mined from relation (8), knowing S2
i for each of the

local motions of interest.

Spatial confinement of nascent apoMb

sub-ns local motions

Fluorescence anisotropy is inherently able to detect

the local dynamics occurring on a timescale compara-

ble with that of the fluorescence lifetime of the probe.

The nascent chains studied here were labeled with

BODIPY at their N terminus. The fluorophore has the

ability to directly sense its own local dynamics and

that of its covalently linked proximal N-terminal resi-

dues. In addition, it may also sense the timescale and

amplitude of additional local motions occurring in

more distal portions of the chain. Data fitting reveals

the number of local motions and the apparent rota-

tional correlation time for each motion, providing an

estimate of the size of the relevant tumbling unit.

Some representative fluorescence depolarization raw

data are shown in Figure 2.

A previous study on apoMb ribosome-nascent

chain complexes (RNCs) focused on the timescale of

the motions19 and showed that the local apoMb RNCs

dynamics spans about two orders of magnitude (from

sub-ns to ns), as briefly summarized in Table I.

The present work, in contrast, focuses on the spa-

tial confinement and the amplitude of RNC’s local

motions. The degree of confinement for the local dy-

namics is quantitatively assessed here by determining

order parameters and cone semiangles corresponding

to each of the detected motions. We apply the in-cone

wobbling model detailed in the previous section, which

assumes that nascent chains undergo segmental diffu-

sive random motions across a cone. Cone semiangles

for the sub-ns motions of all the apoMb RNCs ana-

lyzed here are shown in Figure 3(A). Order parameters

are in Table II. The following analysis focuses

Figure 2. Fluorescence depolarization raw data,

multicomponent fits, and curve fitting residuals for

ribosome-bound and ribosome-released apoMb153.

Table I. Range of Apparent Rotational Correlation
Times (sc) Corresponding to Different General Classes
of RNC Motionsa

Dynamic regime sc

Slow (S) motions �0.5 ls
Intermediate timescale (I) motions 1–50 ns
Fast (F) motions 0.1–0.8 ns

a The categories defined in this table reflect previously
reported findings (Ellis et al.19).
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primarily on the discussion of cone semiangles, given

that they provide a more intuitive physical view of the

spatial constraints experienced by nascent chains, in

relation to the surrounding space.

The sub-ns dynamics is primarily due to motions

of the N-terminal BODIPY fluorophore and the imme-

diately adjacent covalently bound amino acids, given

that the apparent rotational correlation time sc for

these motions (Table I) is comparable with, or slightly

larger than the one of the free fluorophore measured

in the resuspended ribosome medium (0.12 � 0.04 ns).

Therefore, we interpret the sub-ns motions as indica-

tive of the dynamics of the N-terminal portion of

the nascent chain (one to two amino acids, given

the experimental apparent rotational correlation

time), as sensed by its covalently linked fluorophore.

In addition, the fact that the timescale for these

motions is consistently and reproducibly within the

sub-ns regime also demonstrates unequivocally that

the sub-ns local dynamics pertains to a relative small

tumbling unit. Therefore, this motion reports on the

behavior of the nascent chain N terminus, and it

does not reflect the dynamics of a protein-associated

nor a ribosome-associated fluorophore. This is true

for all nascent chains, regardless of whether their N

terminus is inside or outside the ribosomal tunnel.

The most salient features of the order parameter

(Table II) and cone angle analysis (see Fig. 3) data,

reporting on the spatial confinement of the nascent

chain dynamics, are discussed below.

First, the cone semiangles for all of the apoMb

fast motions are extremely small at all chain lengths,

ranging between about 20 and 30	. Note that the max-

imum possible cone semiangle, for completely iso-

tropic motions, is 180	. Quite surprisingly, the cone

semiangle of nascent apoMb remains small as the nas-

cent protein chain extends from inside to outside the

ribosomal tunnel. Given that the apparent sC for the

sub-ns motion does not change, the small cone semi-

angles observed for the longest nascent chains emerg-

ing out of the tunnel are not due to the formation of

additional interactions involving the N-terminal fluo-

rophore and distal portions of the RNC. On the other

hand, we propose that the cone semiangle is small

because the nascent chain N terminus senses the pres-

ence of surrounding physical biases both inside and

Figure 3. A: Cone semiangles for the sub-ns motions of

apoMb RNCs sensed by a BODIPY fluorophore covalently

linked to the nascent chain N terminus. Data are shown for

nascent chains of increasing length, up to the full-length

153-residue protein. RNCs were generated either from a

wild type (gray bars) or a Dtig (dashed bars) cell strain. The

resuspended RNCs generated from the Dtig strain were

treated with the GrpE cochaperone and an excess of ATP

to remove any DnaK chaperone bound to the nascent

chains. The conditions are denoted as chaperone-free, in

that the nascent chain contains no bound chaperone. Error

bars comprise � one standard error. B: Amplitude of the

fast (sub-ns) motions experienced by the apoMb and

reference PIR nascent polypeptides of increasing length

under different conditions. Data were collected for samples

prepared from either wild type (*, n) or Dtig trigger factor-

depleted (
, ~) cell strains. C: Cone semiangles for the

intermediate timescale (ns) motions of apoMb RNCs. These

motions are present only for the longest apoMb nascent

chains. The 153-residue full-length protein is analyzed in

the presence of ribosomes generated either from a wild

type (squares) or TF-depleted Dtig (triangles) cell strain. In

the latter case, nascent chains were also treated with GrpE

and an excess of ATP (chaperone-free conditions).
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outside the ribosomal tunnel. Specifically, the physical

structures surrounding the fluorophore and the nas-

cent chain’s N terminus, including the ribosomal tun-

nel, the ribosomal surface and the nascent protein

itself induce some spatial confinement limiting the

amplitude of the fluorophore/N-terminus motions.

Second, upon apoMb chain elongation from 16 to

24 to 35 amino acids, a local minimum in cone semi-

angle is found for the 24-residue nascent chain. This

result is statistically significant according to the two-

tailed Student’s t-test (assuming equal population var-

iances). This test shows that (a) the cone semiangle of

nascent apoMb16 is significantly larger that of

apoMb24, with P < 0.10, and (b) the cone angle of

nascent apoMb24 is smaller than the one for apoMb35,

with P < 0.05, where P denotes the probability that

the data for the two chain lengths are the same.

Although the above changes are small in magnitude,

the smaller relative cone angle for the 24-residue nas-

cent chain suggests that the N-terminus of apoMb24
samples a significantly more confined region than the

apoMb16 and apoMb35 nascent chains. Such a differ-

ence is indicative of structural changes by the nascent

chain and (or) the ribosomal tunnel environment as

the nascent chain gets longer, while still buried within

the ribosomal tunnel. In this context, the sub-ns

motions of the fluorophore serve as a direct sensor of

the ribosomal tunnel and geometrical constraints

imposed by the ribosome inner surface. This concept

is supported by the fact that the most inner half of the

ribosomal tunnel, close to the peptidyl-transferase cen-

ter (PTC) has a relatively large three-dimensional cleft

whereas it gets narrower toward the end of the tunnel.

Therefore, as the nascent chain gets longer, its struc-

ture and (or) local environment change. The relative

increase in cone semiangle as the chain elongates from

apoMb24 to apoMb35 is subtle but reproducible. A full

interpretation of this widening in cone semiangle relies

on the knowledge of the precise secondary structure of

the nascent chain, which is still unknown to date.

Therefore one can only state, at this juncture, that

cone angle analysis of sub-ns local motions of nascent

polypeptides is extremely sensitive to changes in the

local environment of the short nascent chains extend-

ing from apoMb24 to apoMb35.

Third, a comparison with the cone semiangles of

the short (16–35 residues) nascent chains of apoMb

and the natively unfolded reference sequence known

as phosphorylation insulin receptor interaction regions

(PIR) leads to very interesting observations

Table II. Order Parameters Describing the Spatial Confinement and Dynamic Disorder Associated
with the apoMb RNC Local Motions

Polypeptide chain

Timescales of motion

r(0)
Reduced v2

of fitsc

Fast (sub-ns) Intermediate (ns)

SF
a,b S2F

a sc,F (ns)a SI
a,b S2I

a sc,I (ns)
a

ApoMb16
d,e 0.90 � 0.06 0.8 � 0.1 0.3 � 0.1 0.37 1.86

ApoMb24
d 0.88 � 0.01 0.78 � 0.01 0.14 � 0.02 0.37 0.44

ApoMb35
d,e 0.86 � 0.01 0.74 � 0.01 0.4 � 0.1 0.37 1.90

ApoMb89
d,e 0.93 � 0.04 0.87 � 0.08 0.4 � 0.1 0.96 � 0.03 0.92 � 0.05 5 � 1 0.37 0.43

ApoMb124
d,e 0.92 � 0.05 0.85 � 0.09 0.3 � 0.1 0.96 � 0.03 0.92 � 0.05 7 � 1 0.37 0.41

ApoMb153
d,e 0.88 � 0.01 0.77 � 0.03 0.3 � 0.1 0.91 � 0.01 0.84 � 0.01 5 � 1 0.37 0.26

Chaperone-free
apoMb153
RNCsf,e,g

0.88 � 0.02 0.77 � 0.02 0.1 � 0.01 0.93 � 0.02 0.87 � 0.03 2.2 � 0.2 0.37 0.40

Ribosome-released
apoMb153

d,e,h
0.82 � 0.01 0.67 � 0.01 0.8 � 0.1 0 0 41 � 2 0.29 � 0.02 0.74

PIR19
d 0.91 � 0.01 0.83 � 0.01 0.15 � 0.02 0.37 0.73

PIR22
d 0.89 � 0.01 0.80 � 0.01 0.14 � 0.03 0.37 0.46

PIR37
d 0.85 � 0.01 0.73 � 0.01 0.12 � 0.02 0.37 3.6

PIR90
d,e 0.79 � 0.01 0.63 � 0.02 0.29 � 0.03 0.37 4.4

Chaperone-free
PIR90 RNCsf,g

0.79 � 0.01 0.63 � 0.03 0.14 � 0.01 0.37 2.8

Ribosome-released
PIR90

d,h
0.40 � 0.02 0.17 � 0.02 0.40 � 0.03 0 0 13 � 2 0.23 � 0.01 0.77

a Uncertainties are expressed as � one standard error (2–7 repeats). In case the standard error was smaller than the propagated
fitting error of the fluorescence fractions for any of the experimental repeats, the propagated error is reported.
b The order parameter is calculated as the square root of the order parameter squared.
c Defined as in Jameson and Hazlett.34
d RNCs generated in wild-type cell-free strain.
e The rotational correlation times and pre-exponential factors for these chain lengths are reproduced from (Ellis et al.19).
f These RNCs are generated in Dtig cell-free strains.
g Chaperone-free is intended to mean ‘‘devoid of any RNC-bound chaperones.’’
h For these species, the intermediate timescale (I) dynamics denotes global motions.
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[Fig. 3(B)]. Unexpectedly, the cone semiangle for the

sub-ns PIR19 local motions is even smaller than that of

apoMb16, suggesting either that the two short nascent

chains (apoMb and PIR) have a different secondary

structure and therefore sample different region of the

tunnel, or that the tunnel undergoes local structural

adjustments to accommodate the different sequences.

Either hypothesis is plausible given that the precise

structure of the nascent chain is not known at this

time. Examples of the expected range of progression of

apoMb16 and PIR19 inside the ribosomal tunnel are

provided in Figure 4. The image shows that both

sequences are entirely buried in the tunnel, regardless

of the specific secondary structure assumed by the

nascent chain (helical and fully extended limiting con-

formations are shown).

Figure 4. Physical representations of the ribosomal exit tunnel and the shortest apoMb and PIR nascent chains examined in

this work. All the ribosomal tunnel images were generated by rolling ball simulations starting from the Haloarcula marismortui

structure, as detailed in Ref. 8. A: Space-filling side view of the ribosomal exit tunnel. The peptidyl transferase center (PTC) is

in the back of the image. Lines 1–5 show the vertical tunnel slices used in panels D–G. These specific planes were selected

because they yield representative views of the tunnel dimensions useful to evaluate the progression of the nascent chain

inside the tunnel. B: Space-filling side-view of the ribosomal exit tunnel. C: Space-filling and chemical formula of the BODIPY-

labeled nascent chain N terminus. D, F: Pictorial representations of the shortest apoMb and PIR nascent chains examined

here, modeled as fully extended chains. The cones shown in the image have dimensions matching the experimental cone

semiangles and consistent with the experimentally determined rotational correlation times. Different views showing distinct

tunnel slices are displayed. E, G: Pictorial representations of the shortest apoMb and PIR nascent chains as in panels D and

F, except that the nascent chains were modeled as a-helices rather than extended chains.

Ellis et al. PROTEIN SCIENCE VOL 18:2003—2015 2009



Fourth, the difference in cone semiangle between

apoMb and PIR are most pronounced for longer nas-

cent chains. ApoMb89 and PIR90 have a very similar

chain length and therefore offer an interesting com-

parison. In contrast to the case of apoMb16 and PIR19,

the cone semiangle of ApoMb89 is significantly smaller

(by about 10	) than that of PIR90. Both sequences are

sufficiently long to be outside of the ribosomal exit

tunnel, regardless of their specific secondary structure.

The observed differences may either be due to physical

biases imposed by chaperones or to intrinsic differen-

ces in the nascent chain structure. Nascent PIR90

RNCs are virtually chaperone-free, unlike apoMb89
RNCs, which carry some TF chaperone (and DnaK) at

equilibrium.19

Fifth, the behavior of full-length nascent apoMb,

apoMb153 is of interest. The cone angle of this nascent

full-length protein, believed to be mostly outside the

ribosomal tunnel, is most informative when compared

with the chaperone-free conditions. As shown in Fig-

ure 3(A), no changes are observed, showing that the

confinement of the sub-ns dynamics of the protein’s N

terminus does not depend on the presence of cotrans-

lationally active chaperones. This result is intriguing

because previous reports highlighted the protective

role of the TF on nascent chains, emphasizing that TF

serves as a cradle to nascent proteins. Our results are

not in contrast with the literature. However, they fur-

ther refine our physical view of cotranslational folding

by suggesting that the cradle effect of TF (and the

structural biases imposed by DnaK, as both chaper-

ones are present for the full-length chain) does not

affect the motions of the nascent chain N terminus. A

careful examination of the crystal structure of the ribo-

somal large subunit in complex with TF21 is consistent

with our results in that TF resembles more a protein-

size arch than a three-dimensional cavity. The apoMb

nascent chain N terminus could then well be in the

portion of the native chain not interacting with TF.

Spatial confinement of nascent
apoMb local ns motions

Intermediate timescale (ns) motions are only found in

longer apoMb nascent chains. These motions have

been proposed to be the signature for an independent

nascent chain structural ensemble.19 The observed

extent of spatial confinement is severe and it does not

depend on chain length nor on the presence/absence

of cotranslational chaperones [Fig. 3(C)]. Therefore,

the local structures formed by long apoMb nascent

chains emerging from the ribosome experience a nar-

row-angle spatial wobbling.

Variations in the degree of confinement of

apoMb nascent chain motions upon release

from the ribosome
On nascent chain release from the ribosome, both the

spatial confinement and rotational correlation time of

the nascent protein change significantly. The raw fluo-

rescence depolarization data for ribosome-bound and

ribosome-released apoMb153 are shown in Figure 2.

The release of apoMb153 induces a transition from

three-component to two-component dynamics, evi-

denced by the disappearance of the nondecaying frac-

tion of anisotropy due the very slow ribosome motions

(in the presence of the faster spatially confined local

motions). The spectroscopic signature for this transi-

tion can be most clearly appreciated as the pro-

nounced variations in the modulation ratio profile

(from flat to curved) of the raw data, on ribosome

release of the apoMb153 nascent chain (see Fig. 2).

Upon release from the ribosome, the cone semian-

gle of apoMb153 increases only slightly, by about 8	 [Fig.

5(A)], for the sub-ns motions, consistent with the

relief of some residual structural biases present when

Figure 5. Variations in (A) cone semiangle ho and (B)

apparent rotational correlation time before and after the

release of full-length apoMb153 and PIR from the ribosome.

Error bars denote � one standard error.
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the nascent protein is ribosome-bound. The increase

in the apparent rotational correlation time for these

fast motions, already discussed elsewhere,19 points to

the presence of local structural rearrangements of

the protein’s N terminus upon release from the ribo-

some. Interestingly, the fact that the cone semiangle for

the fast sub-ns motions remains fairly small for the fully

ribosome-released protein indicates that the apoMb

structure surrounding the N terminus poses larger

physical biases than the ribosomal surface. As shown in

Figure 5, this result is in contrast with the behavior of

the natively unfolded PIR chain, whose cone semiangle

for the sub-ns motions increases significantly, upon

release from the ribosome (see Supporting Information

for PIR raw data and curve fits).

The above data are of straightforward interpreta-

tion if one considers that a free fluorophore control

(mentioned earlier) exhibits primarily sub-ns motions,

thereby excluding the possibility that the RNC-linked

fluorophore ‘‘sticks’’ to the ribosome. On the other

hand, it is worth mentioning that we cannot technically

exclude that the observed cone semiangles may, in part,

be rendered narrower than their actual value as a result

of some (directly undetectable) fluorophore population

interacting persistently with a large structure tumbling

on a slow, irresolvable timescale. This scenario appears

unlikely given that neither the free fluorophore control

nor the ribosome-released fluorescently labeled protein

display such long-timescale motions.

As shown by the cone semiangle for the slower ns

motions reaching its maximal value (ho ¼ 180	) and

by the considerable increase in the apparent rotational

correlation time of apoMb153’s ns motions upon

release from the ribosome [Fig. 5(B)], the bias

imposed by the presence of the ribosome disappears

and the apparent size of the protein increases greatly

[Fig. 5(B)].

The above results offer a low resolution biophysi-

cal view of the initial and final stages of protein birth,

taking place as the full-length nascent protein is

released in solution and reaches its native state.

Equilibrium population analysis of RNCs
The fluorescence depolarization analysis of apoMb

RNCs presented here and elsewhere19 assumes that

the fluorescence data arise from a unique species

undergoing local and global motions. A more accurate

analysis of the data, however, should take into account

the fact that there may be more than one type of RNC

population, in solution.

TF undergoes binding/unbinding with both the

ribosome and the nascent chain. Assuming that these

binding events occur independently of each other, one

can postulate the presence of four possible states (1–4

in mutual exchange, as shown in Figure 6(A). We

make the reasonable assumption that the system is at

equilibrium, under our experimental conditions.

Although a direct experimental assessment of the

equilibrium populations of species 1–4 and the corre-

sponding equilibrium dissociation constants is techni-

cally complex and has not been performed yet, it is

nonetheless possible to estimate such values from pub-

lished data addressing (a) the interaction of TF with

empty ribosomes (characterized by a dissociation con-

stant denoted as KD,TF-Ribosome
35–37) and (b) the overall

equilibrium interaction of TF with a number of differ-

ent RNCs, characterized by an observed dissociation

constant denoted as KD,TF-RNC. The latter parameter

has been studied quite extensively for a variety of dif-

ferent soluble and membrane proteins (ca. 7)23,38, and

it incorporates both the contributions due to interac-

tions between TF and ribosome and the contributions

due to interactions between the nascent chain and TF.

Thus, the following range of biologically relevant

KD,TF-Ribosome and KD,TF-RNC values, related to the rele-

vant thermodynamic steps of Figure 6(A), can be

defined

KD TF-Ribosome ¼ 1:1 lM ¼ K24 ¼ K13 ; (9)

KD TF-RNC ¼ 53� 690 nM ¼ K14 : (10)

We regard the above numerical values as repre-

sentative estimates of feasible ranges. Our own experi-

mental measurements of total RNC concentrations,

based on fluorescence and radioactive assays, lead to

½1� þ ½2� þ ½3� þ ½4� � ½TF�T ¼ 0:425 lM : (11)

From the following straightforward definitions of

equilibrium

K14 ¼ K12 
 K24 ¼ K13 
 K34 ; (12)

the binding constant illustrating the equilibria between

species 2 and 4 and species 1 and 3 can be estimated

from the values of KD TF-Ribosome and KD TF-RNC. Sim-

ple algebraic manipulations of Eqs. (9)–(12) lead to

expressions for the concentrations [1], [2], [3], and

[4] as a function of the pertinent equilibrium con-

stants (Supporting Information).

A general view of the dependence of the equilib-

rium concentration of species 1–4 can be obtained by

plotting [1]–[4] as a function of KD,TF-RNC, as shown

in Figure 6(B). Such assessment is useful because it

shows that species 4 is considerably more populated

than the other species, under low affinity conditions.

Under high affinity conditions, species 1 and 3, which

involve direct interactions between TF and the nascent

chain, dominate in solution. Although, in the absence

of equilibrium binding data for apoMb, it is not possi-

ble to evaluate which specific TF-nascent chain affinity

regime applies to our case, some useful assessments

can be made. Most notably, species 2, which involves

the nascent chain achieving an independent local

structure under conditions where TF is bound to the
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ribosome, is predicted to be poorly populated under

all feasible experimental conditions.

The spectroscopic data analysis below, which

takes individual RNC populations into account, yields

further useful information. In the analysis of the fluo-

rescence depolarization data, we assume that states 1

and 3 contribute only to the fast and slow local

motions, whereas states 2 and 4 contribute to all de-

tectable motions, that is, intermediate, fast and slow.

For practical purposes, we collect the predictions for

states 1 and 3, which do not contribute to the

observed intermediate timescale motions (denoted as

NC, i.e., noncontributing, in the analysis below) and

the predictions for states 2 and 4, which contribute to

the intermediate timescale motions (denoted as C).

We assume that (1) the correlation times corre-

sponding to the same types of motions are the same

for all populated species, and (2) the S2 for the fast

RNC motions are equal in the wild-type and chaper-

one-free states of apoMb153 (and also equal to the S2

for ribosome-released wild-type apoMb153). The above

assumptions are necessary so that the pertinent alge-

braic expressions can be solved. Assumption 2 is rea-

sonable because the fluorescent probe does not show

intrinsic binding to chaperones or the ribosome (e.g.,

ribosome-released PIR90 shows no affinity for the

ribosome), and apoMb’s N terminus is predicted to

have no affinity for TF.39 In addition, the experimen-

tally observed order parameters for the fast motions of

apoMb153 under wild-type and chaperone-free condi-

tions were experimentally shown to be identical.

We have that

rNCðtÞ
rð0Þ ¼ ð1� S2

F;NCÞe
�t
sc;F

h i
þ S2

F;NCe
�t
sc;S

h i
; and (13)

rCðtÞ
rð0Þ ¼ ð1� S2

F;CÞe
�t
sc;F

h i
þ S2

F;Cð1� S2
I;CÞe

�t
sc;I

h i

þ S2
I;CS

2
F;Ce

�t
sc;S

h i
; ð14Þ

where S2F;NC and S2F;C are the squared order parameters

for the fast motion of the noncontributing and contrib-

uting species, respectively, and S2I;C is the squared

order parameter for the intermediate timescale

motions of the contributing species. The populations

and associated order parameters in Eqs. (13) and (14)

can be related to the spectroscopically observed frac-

tional intensities according to

Figure 6. A: Cartoon representation of the proposed

equilibria among different types of apoMb153 RNC

populations. TF denotes the trigger factor chaperone. Four

species, labeled as 1–4, are postulated to exist. B:

Graphical representation of the calculated percent

populations of species 1–4 as a function of the binding

affinity of TF for ribosome-bound nascent chains,

expressed as the KD TF-RNC dissociation constant. This plot

assumes that the binding affinity between TF and the

ribosome is constant (according to published values38,40)

and it does not depend on the affinity between nascent

chains and TF. C: Results for low and high values of

KD TF-RNC are reported. Supporting information includes the

derivation of equations necessary for the plots in Figure 6

(panels B and C).
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fS;obs ¼ pNCS
2
F;NC þ pCS

2
F;CS

2
I;C ; (15)

fI;obs ¼ pCS
2
F;Cð1� S2

I;CÞ ; and (16)

fF;obs ¼ pNCð1� S2
F;NCÞ þ pCð1� S2

F;CÞ ; (17)

where fS,obs, fI,obs, and fF,obs are the experimentally

determined fractional fluorescence anisotropy decay

intensities for wild-type apoMb153. In addition, pNC

and pC are the normalized populations for the noncon-

tributing (NC) species and contributing (C) species,

respectively. The above set of equations can be solved,

given that, as assumed above, S2F;C ¼ S2F;obs.

After the order parameters for all motions are

defined, the numerical values can be converted into

cone semiangles via Eq. (8).

The predicted results of the above analysis are

plotted in Figure 6(C), for both RNC-TF high affinity

and low affinity cases. Comparisons with the experi-

mentally determined (non population-resolved) data

for wild-type apoMb153 RNCs are also provided. The

results are very informative. The predicted cone angles

for the fast motions do not depend on the population-

discriminated analysis, in any of the nascent chain-TF

affinity regimes. This result provides confidence in the

validity of the experimental cone angle and order pa-

rameter results reported in the previous sections for

the fast sub-ns motions. The experimental cone semi-

angle results for the intermediate timescale (ns)

motions of the nascent chain, on the other hand,

depend quite significantly on the nascent chain-TF

affinity regime (note that only 2 and 4 contribute to

intermediate timescale motions). Specifically, under

low affinity conditions, the experimentally determined

cone angles are similar to those pertaining to species 2

and 4 and primarily reflect the data for the most

highly populated species 4. However, if apoMb153 nas-

cent chains have high affinity for TF, the actual cone

semiangle for species 2 and 4, dominated by the con-

tribution of species 4, is more than 20	 larger than

the experimentally observed value.

The population-discriminated analysis presented

here is useful to fully understand the effect of TF on

nascent chains. In the TF-RNC low affinity regime, 4

is the dominant species in solution both in the absence

and presence of TF. Under these conditions, the lack

of spectroscopic changes observed upon removal of

bound chaperones [see chaperone-free data for

apoMb153 in Fig. 3(A,C)] is a mere reflection of the

fact that none of the detectable species bears signifi-

cant RNC-bound TF even before removal of the bound

chaperones. In contrast, in the high affinity regime 1,

3, and 4 are comparably populated in the presence of

TF [Fig. 6(B)]. However, upon removal of bound TF,

the 1 and 3 populations are no longer present and

must turn into a TF-free species of type 4. The 2 pop-

ulation is predicted to be small at all times. The only

way to reconcile an increase in a 4-type population

with the negligible observed spectroscopic changes

upon removal of TF is to postulate that the 4-type spe-

cies experiences even more confined ns motions in the

absence of TF.

In summary, if the RNC-TF high affinity regime

applies, the lack of spectroscopically observable

changes under TF-free conditions suggests that species

4 has narrower-amplitude ns dynamics when TF is not

present. Additional studies targeting the measurement

of TF-nascent chain dissociation constants and struc-

tural investigations in the absence of TF are necessary

to shed further light on this issue.

Conclusions

In conclusion, we have shown that dynamic fluores-

cence depolarization in combination with cone angle

analysis in the presence of two local diffusive motions

is a powerful tool for the analysis of the confinement

of the motions experienced by ribosome-bound nas-

cent chains. The sub-ns and ns motions of nascent

apoMb are highly confined and generally only weakly

chain-length-dependent, in contrast with the PIR nas-

cent chains, which experience larger variations in cone

semiangle with chain length. Small but reproducible

changes in cone semiangle for short apoMb nascent

chains of different length buried inside the tunnel

demonstrate that this analysis is highly sensitive to the

progression of the nascent chain within the ribosomal

tunnel. Finally, ApoMb experiences dramatic changes

in rotational correlation times for both its fast and in-

termediate timescale local motions upon release from

the ribosome, consistent with the presence of large

structural changes as release takes place. The variation

in ho from about 27	 to 180	 for the ns motions explic-

itly shows that the dynamic bias imposed by the ribo-

some on nascent chains disappears completely, upon

release in solution.

Methods

Sample preparation and biochemical

characterization
Ribosome-nascent chain complexes (RNCs) were gen-

erated, purified, and analyzed from E. coli cell-free

systems as described.19 RNCs were labeled with BOD-

IPY-FL (Invitrogen, denoted as BODIPY) by the addi-

tion of BODIPY-labeled Met-tRNAfMet, prepared as

described,41,42 to produce N-terminally fluorescently

labeled nascent polypeptides and proteins. Stalled

ribosomes bearing nascent chains of different length

were generated in E. coli cell-free systems as

described.19 Briefly, 38-nucleotide-long antisense deox-

yoligonucleotides (see Supporting Information for

DNA sequences) were designed to generate DNA/

mRNA hybrids directing sequence-specific mRNA

cleavage catalyzed by RNase H. This enzyme is endo-

genously present in E. coli cell-free systems. Transla-

tion of the truncated mRNA resulted in homogeneous

samples of ribosome-bound nascent chains of designed
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chain lengths. The final deoxyoligonucleotide concen-

tration in each cell-free reaction was 0.15 lg/lL. The
experimental samples were purified by ultracentrifuga-

tion over sucrose cushions to isolate ribosomal com-

plexes and associated chaperones.19

Generation of chaperone-free RNCs

ApoMb and PIR RNCs lacking any bound DnaK and

TF chaperones were generated from TF-depleted cell

strains (Dtig). Resuspended RNCs were prepared as

described earlier. GrpE (2 lM) was added to the me-

dium and the solution was incubated at room temper-

ature for 20 min, followed by incubation (10 min)

with additional ATP (30 lM) and KCl (500 lM). The

resulting RNCs are denoted here as chaperone-free, as

the addition of GrpE and ATP dramatically decreases

the substrate affinity for DnaK.30 DnaK release was

confirmed by a second ultracentrifugation followed by

Western blotting.19 Briefly, RNCs were subject to SDS-

PAGE (8% tris-glycine polyacrylamide gel) and trans-

ferred to polyvinylidene fluoride (PVDF) membranes.

The membranes were then incubated with mouse

monoclonal anti-DnaK (Stressgen) antibodies, followed

by treatment with goat anti-mouse alkaline phospha-

tase conjugates (Novagen) for 1 h each. DnaK chaper-

one concentration was quantified via Lumi-PhosV
R

sub-

strate (Pierce) and compared with calibration

standards of known DnaK concentration run in

parallel.

Generation of ribosome-released apoMb and PIR

BODIPY-labeled ribosome-released full-length apoMb

and PIR were generated from wild-type RNCs on addi-

tion of 1.5M NH2OH in the presence of 0.4 lM GrpE,

0.4 lM DnaJ, 30 lM ATP, and 500 lM KCl.

Dynamic fluorescence depolarization data

collection and processing
Anisotropy decay data were collected by frequency-do-

main fluorometry with a Chronos spectrofluorimeter

(ISS Inc., Urbana Champaign, IL) equipped with cal-

cite prism polarizers and a laser diode (kex ¼ 473 nm,

kem > 510 nm with a 51294 filter, Newport Corp.-

Oriel). Lifetime measurements were performed on all

samples with vertically polarized excitation and 54.7	

polarized emission. All frequency-domain fluorescence

data were analyzed with the GLOBALS software43 and

decisions regarding 2- vs 3-component fits were car-

ried out as described.19 GLOBALS curve fitting of fluo-

rescence depolarization data yielded rotational correla-

tion times and fractional intensities. The fractional

intensities for each of the motions identified by the

dynamic fluorescence depolarization experiments cor-

respond to the entire preexponential factors of rela-

tions 2, 4, and 5. Such preexponential factors were

converted to order parameters by solving the preexpo-

nential factor expressions for the pertinent S2. In-cone

analysis of the local diffusive motions was carried out

with a square potential model33 by determining cone

semiangles from Eq. (8).

Error analysis of fluorescence
depolarization data

For each of the individual repeats (2–7), the fractional

intensities of the fluorescence depolarization decays

were converted into S2, S [defined as (S2)1/2] and ho
by applying the pertinent equations. The results for

each of these parameters were then averaged over all

the repeats. Errors on the averages were carried out by

two procedures (Methods I and II). According to

Method I, the standard error on the mean was com-

puted from the individual S2, S, and ho values used to

determine the averages. According to Method II, the

curve fitting errors for the fluorescence fractional

intensities were used to derive uncertainties in S2, S,

and h0 by error propagation. Such uncertainties were

then averaged. For each of the reported parameters (S,

S2, and ho), errors were determined by both Methods I

and II. The largest of the two values is reported here.

Population analysis of different classes of RNCs
Algebraic and numerical solutions to the equations

employed for the population analysis described in the

Results and Discussion were obtained with the Maple

software package (version 8, Waterloo Maple Inc., 2002).
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