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Abstract

Protein folding is a [Jukary-chemical process by which polypeptide chains attain
their native 3D structures. Understanding of the mechanisms of protein folding informs
the search for a cure to protein misfolding diseases, e.g., Alzheimer’s, Parkinson’s, and
prion-related malfunctions. The need for these cures is unquestionable: Alzheimer’s, for
instance, is predicted to affect 1 out of 85 people by 2050 and is considered the most
costly disease, accounting for ca. 18% of the entire Medicare costs in the US including
$21B of direct and $33B of indirect medical costs.

For many decades protein folding was studied in the test tube on isolated protein
samples where many physiologically relevant components and conditions were ignored
for simplicity. This dissertation attempts to understand how one of such components, the
ribosome, modifies the protein folding process. In bacteria, the ribosome is a protein-
synthesizing machinery, a 2.4-Mda macromolecular complex consisting of ~ 55 proteins

and 3 large RNAs. The process of protein synthesis is known as translation and is highly
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directional, i.e., each protein is synthesized from the N to C terminus. The folding of a
growing protein chain starts on the ribosome and is a ubiquitous process in all organisms.

In order to understand the details of protein folding on the ribosome, this
dissertation tackles two main questions: 1) how the interactions between N- and C-
termini affect the secondary structure of the N-terminus, and 2) how to study the protein
folding in the presence of the ribosome. Question 1 is addressed in Chapter 2, while
Question 2 is discussed more broadly in all remaining chapters.

Chapter 1 provides a brief overview of the protein folding on the ribosome based
on a published review article.

In Chapter 2, the C terminus of sperm whale apomyoglobin was removed to
analyze its influence on the formation of secondary structure. This chapter proved the
need to incorporated the directionality of the translation into the protein folding studies.
We determined which long-range interactions between the N- and C- termini are inducing
secondary structure formation in unfolded apomyoglobin. This finding informs
apomyoglobin folding on the ribosome because the ribosome buries ~35-40 C-terminal
residues in its tunnel preventing the interaction between N and C termini.

In Chapter 3, 1 discuss the inclusion of the ribosome into the study of the protein
folding at amino-acid resolution. Hydrogen/Deuterium Exchange (HDX) on the ribosome
bound nascent proteins (RNCs) was proposed as a methodology for the NMR detection
of RNCs folding. I explored the appropriate conditions for HDX on the ribosome and
concluded that two features must be taken into account. First, the treatment of RNC with
a strong chaotrope is needed after the quenching of HDX. Second, the in vivo production

of the SecM-stalled RNC is required to attain satisfactory yields for future spectroscopic
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and spectrometric experiments. This chapter points out the complications of the HDX and
SecM-stalling procedures and suggests modifications to future directions for protein
folding on the ribosome studies.

Chapter 4 explores the electrostatic properties of the ribosomal surface and
ribosomal proteins. The ribosomes and 50S ribosomal proteins from ten different
organisms were analyzed with respect to their mean net charge, hydrophobicity,
electrostatic potential, and accessible surface area. I found that ribosomal proteins exhibit
a high degree of charge segregation. This charge segregation is more pronounced in the
ribosomal proteins from halophilic organisms. I quantify the solvent-exposed fraction of
the negatively and positively charged surface of the ribosomal proteins within the
ribosome. My findings suggest that in addition to charge segregation, ribosomal proteins
from halophiles tend to expose more negatively charged surface to the outer surface of
the ribosome. Investigations of hydrophobicity and mean net charge per residue of
ribosomal proteins showed that the ribosomal proteins from halophilies tend to be more
negatively charged and less hydrophobic than the ribosomal proteins from non-halophilic
organisms. Ribosomes from halophilic organisms appeared to have no fully ordered
proteins.

Chapter 5 provides a brief description of future directions of the research
discussed in this dissertation. The lessons learnt in the previous chapters inform these
directions. First, I propose a new direction for the protein folding on the ribosome
research (Chapter 3). Then, I suggest to continue the ribosomal electrostatic research
(Chapter 4) by defining and quantifying the degree of charge segregation of ribosomal

proteins.



Chapter 1 Introduction

Protein folding on the ribosome

The protein folding is a [ukary-chemical process by which a protein chain attains
its correct 3D structure. Our review “Protein Folding At the Exit Tunnel” covers four
main topics pertaining to this dissertation work:

1) introduction to protein folding in vitro and its limitations;
2) protein folding on the ribosome;
3) overview of current methods used to produce ribosome-bound nascent proteins
for protein folding studies;
4) overview of physical and biological techniques used to unravel protein folding
mechanisms on the ribosome.
This review concludes that there is an urgent need to transition from classical in vitro
protein folding studies on a simple protein solution to the studies that incorporate other
physiologically relevant factors such as the ribosome, chaperons, and molecular

crowding. The critical role of the ribosome is highlighted throughout the review.
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This chapter is derived from a review article published by
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1.1 Abstract

Over five decades of research have yielded a large body of information on how
purified proteins attain their native state when refolded in the test tube, starting from a
chemically or thermally denatured state. Nevertheless, we still know little about how
proteins fold and unfold in their natural biological habitat: the living cell. Indeed, a
variety of cellular components, including molecular chaperones, the ribosome, and
crowding of the intracellular medium, modulate folding mechanisms in physiologically
relevant environments. This review focuses on the current state of knowledge in protein
folding in the cell with emphasis on the early stage of a protein’s life, as the nascent
polypeptide traverses and emerges from the ribosomal tunnel. Given the vectorial nature
of ribosome-assisted translation, the transient degree of chain elongation becomes a
relevant variable expected to affect nascent protein foldability, aggregation propensity

and extent of interaction with chaperones and the ribosome.



1.2 Principles Of In Vitro Protein Folding

Since Christian Anfinsen’s pioneering article on the relation between protein
sequence and structure in 1954 [1] and his formulation of the thermodynamic hypothesis
of protein folding in 1962 [35], thousands of articles have been written on how proteins
travel through energy landscapes and reach their native state. The large majority of this
body of work considers the in vitro refolding mechanisms of pure proteins, starting from
a thermally or chemically denatured state diluted into a buffer at physiologically relevant
pH. Most experimental and computational studies have so far been carried out on small
single-domain proteins. Multidomain proteins are still largely unexplored and have
started to receive attention only recently [4].

Over five decades of research on the mechanisms of protein folding in vitro have
revealed that there is a wide variability in the way different proteins fold in the test tube
[9, 15, 77]. Nonetheless, a few important trends of general significance have emerged.
The main concepts are worth a summary here because they can be considered the basis
for understanding fundamental aspects and mechanistic differences once proteins are
allowed to fold and unfold in the complex cellular environment.

First, protein folding does not proceed via a random search [51], and protein
energy landscapes are highly funneled [8, 99]. The above facts greatly contribute to
optimize the efficiency of the conformational search to reach the native state. As a result,
a variety of parallel paths are typically present as proteins fold, each generally comprising
the formation of numerous transiently populated species, i.e., kinetic intermediates (some
experimentally undetectable) separated by energy barriers in the case of rugged

landscapes, or progressively evolving conformations undergoing barrierless diffusion



toward the native state. The latter scenario typically applies only to very small (<60
residues) proteins. In experimental studies, single-exponential kinetics is often observed.
It is important to keep in mind that single-exponential folding is fully compatible with the
concept of parallel folding pathways, and it does not necessarily imply a truly two-state
folding, which is rarely observed. Indeed, multiple unfolded or partially folded
conformations often interconvert faster than the rate-determining steps; hence they do not
give rise to distinct kinetic phases [22]. In addition, computer simulations suggest that
kinetic intermediates are usually present, yet they may be poorly populated and therefore
experimentally undetectable [16]. Several proteins fold via experimentally detectable
folding intermediates, which in some cases are en route to the native state.

Second, individual elements of secondary structure may form very fast [18], as in
the case of a-helices (typically <I ps), but are usually not stable in the absence of long-
range tertiary contacts. Therefore, protein folding is generally not a rigorously
hierarchical process, and it is extremely rare that high populations of secondary structure
(e.g., helices) fold first, followed by collapse and tertiary structure formation. This idea is
schematically illustrated in Figure 1-1 as the class of paths denoted by dashed gray lines,
comprising type 1, 2, and 5 species. Studies on isolated polypeptides representing
portions of primary structure of entire proteins show that individual helices and sheets are
usually unstructured in the absence of surrounding tertiary contacts [23]. Investigations
on the early stages of protein folding showed that only small populations of secondary
structure are detectable before chain collapse (exceptions are some members of the
engrailed homeodomain family and protein A [15]). Furthermore, protein variants

containing destabilized versions of highly intrinsically helical regions of the chain are



folding competent [12].

Third, the timescale for protein chain collapse is highly variable (nanoseconds to
seconds) and sequence dependent [77]. Collapse may (a) occur after most of the
secondary structure is formed, as rarely observed experimentally (gray path in Figure 1-
1); (b) be concurrent with most secondary structure formation, as seen in a number of
apparently two-state folders (blue path in Figure 1-1) giving rise to relatively slow
collapse with topology-dependent rates; (c) be concurrent with some secondary structure
formation followed by slower acquisition of additional secondary structure, as in proteins
with detectable folding intermediates such as apomyoglobin (apoMb) [42] (blue path in

Figure 1-1), or (d) precede most secondary structure formation (black path in Figure 1-1).



Extended
(unfolded state)

Compact Very compact

(folded state)

Collapse,
N N some secondary More secondary
structure formation structure formation
G
/s
3,
b:e

(b
B
5o ot

=

Fedyukina, D. and S. Cavagnero 2011.
Annu. Rev. Biophys. 40:337-59. Compact

Figure 1-1. In vitro protein folding mechanisms. Different mechanisms are denoted by
dashed gray (rarely observed), dark blue, and black arrows. The experiments leading to
the formulation of these models are typically performed in purified protein solutions and
involve the refolding of unfolded states generated chemically or by temperature jumps.
Note that the species other than the unfolded and folded states (denoted 2, 3, and 4) may
be either intermediates, transition states, or transient species populated along diffusive

downhill routes.



The sequence determinants for the above options are not entirely clear yet and
represent an outstanding challenge in in vitro protein folding. On the other hand, there are
two apparent emerging trends. Collapse is slower when it occurs concomitantly with
secondary structure formation, pointing to the kinetic difficulties in assembling secondary
and tertiary structure together. In addition, secondary structure formation starting from a
collapsed intermediate is also typically slow, pointing to the kinetic challenges in
sampling conformational space from collapsed species (especially in large proteins). The
above is true even if these species have significant internal dynamics, for instance, in the
case of molten globules, and may bear a solvated nonpolar core.

Fourth, the starting species of in vitro folding experiments, the so-called unfolded
state, is sometimes far from lacking a structure; therefore, it is not truly unfolded [60, 80].
Only expanded highly dynamic unfolded state ensembles follow the three criteria
outlined above. Unfolded states bearing significant secondary structure and/or
compaction are clearly posed to apply biases to the conformational search, sometimes
making it more efficient. The presence of secondary/tertiary structure in proteins under
strongly denaturing conditions is particularly interesting in the context of this review,
given that the unfolded state populated under physiologically relevant conditions
sometimes behaves differently from a self-avoiding Gaussian chain [71].

Fifth, a significant fraction (~40% in Eukarya) of the proteins expressed in the

cell is actually natively unfolded [102]. Representatives of this class are known as
intrinsically disordered proteins (IDPs) and lack a well-defined independent structure at
physiologically relevant pH and ionic strength. IDPs often fold upon interaction with

their biological counterparts: their folding mechanisms, still poorly explored, are beyond



the scope of this work.

1.3 Protein Folding In the Cell

1.3.1 In Vitro and In Vivo Protein Folding

Based on the results of pioneering nuclear magnetic resonance (NMR) experiments in
live cells, the native structure of medium-size proteins in the intracellular environment is
believed to be similar to the one populated in vitro in buffered solution. However, folding
mechanisms in the cell are bound to be different from in vitro folding (Figure 1-2) due to
the presence of a different unfolded state (see below); molecular chaperones; the
ribosome; a highly crowded medium (200-300 mg*ml ' total protein concentration);
cofactors such as heme, NADH, and others; intracellular processes such as
posttranslational modifications; and quality control processes such as protein degradation.
In addition, some proteins are also subject to translocation into and out of different cell
compartments, secretion, and co-translational insertion into membranes. The latter
processes are neglected in this review, which focuses on the folding of cytosolic soluble

proteins.
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1.3.2 The Unfolded State

Protein folding and unfolding in the cell can occur either during or after protein
biosynthesis, i.e., co- or post-translationally. In both cases, the nature of the unfolded
state is poorly understood, yet likely profoundly different from the non-physiological
unfolded state ensemble of in vitro experiments in denaturants. For instance, in the case
of full-length proteins in aqueous media at pH 7, the unfolded state is more compact than
in the presence of denaturants [101]. The effect of molecular crowding on the unfolded

state under native conditions has yet to be studied in depth.

1.3.3 Molecular Chaperones

Molecular chaperones are key components of the cellular environment in bacteria,
eukarya, and archaea. Their identity and roles have been reviewed elsewhere [3, 17, 28,
30, 37, 38, 55, 56]. Chaperones assist protein folding in the cell by preventing protein
misfolding and aggregation and possibly also promoting folding [58, 82, 86].
Interestingly, many chaperones in bacteria have overlapping specificities and their roles
are often overlapping, except for the bacterial GroEL/ES, the lack of which is lethal to

the cell [32].

1.4 Folding On the Ribosome: What Is Special About It?

1.4.1 Incomplete Protein Chains from Single-Domain Proteins Do not Generally
Assume a Native-Like Conformation
The presence of ribosome-bound incomplete protein chains is one of the unique
features of co-translational events. In 1967, i.e., soon after the discovery that the

biosynthesis of most proteins is catalyzed by the ribosome and proceeds vectorially from
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the N terminus to the C terminus, Phillips [65] formulated the hypothesis that the N-
terminal portion of nascent proteins may start folding during translation. Two years later,
Taniuchi & Anfinsen [81] responded by showing that co-translational folding is unlikely
for small- and medium-size single-domain proteins because individual purified N-
terminal fragments of staphylococcal nuclease (Snase) of increasing length do not
achieve any stable fold until their length closely approaches that of the complete protein.
Since then, additional experimental model studies on Snase showed that the C-terminally
truncated protein can indeed become compact yet partially disordered with only some of
its secondary structure if very few residues are removed from its C terminus [29].

This finding suggests that the thermodynamic driving force for native-like tertiary
structure formation develops during the very latest stages of chain elongation. Analogous
studies on chymotrypsin inhibitor 2 and barnase are in agreement with the above ideas
[61]. Computational studies based on the burial of nonpolar surface as a function of chain

elongation further support this concept [49, 50].

1.4.2 Incomplete Protein Chains can be Prone to Aggregation

Chain elongation model studies on purified model polypeptides from the medium-
size (17 kDa) all-a-helical protein sperm whale apoMb [13] provide additional support to
the idea that the native fold can be achieved only at lengths close to that of the complete
primary structure. In addition, this study shows that incomplete N-terminal chains (from
36 to 119 residues of the 153-residue full-length protein), rich in nonpolar residues,
exhibit a strong tendency to aggregate and form nonnative [B-strands. The above
misfolding/aggregation progressively decreases in magnitude as chain length approaches

the full-length protein. This model system study highlights a unique feature of incomplete
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protein chains bearing a high nonpolar content: their tendency to aggregate. Aggregation
of incomplete nascent chains is not tolerable in the cellular environment. The ability of
the ribosome to keep chains maximally segregated during translation was demonstrated
by a recent cryo-electron tomography study of Escherichia coli polysomes [7]. Individual
ribosome components of the polysome adopt a staggered or pseudohelical mutual
arrangement, with nascent chains maximally spaced and pointing toward the cytosol.
This 3D arrangement is naturally poised to minimize self-association of nascent proteins.
Another investigation showed that the ribosome’s ability to keep chains segregated
prevents the aggregation of incomplete chains of the tailspike protein from the
Salmonella phage P22 even in the absence of the co-translationally active trigger factor
(TF) chaperone [25]. As soon as ribosome release of the tailspike nascent chains is
induced, the incomplete-length chains undergo self-association. The intrinsic ability of

the ribosome to prevent the aggregation of rhodanese and lysozyme was also shown [33].

1.4.3 The Ribosome and Its Exit Tunnel Provide a Unique Environment for

Nascent Chain Conformational Sampling

The tethering of all nascent polypeptides to the ribosome leads to expanding the
function of this amazing machine from that of an mRNA decoding center and catalyst for
peptide bond formation to an obligatory scaffold, and possibly interaction counterpart,
during the co-translational conformational sampling of nascent polypeptides and proteins.
The last few years have witnessed enormous progress in the elucidation of the archaeal
and bacterial ribosome structure, structure-function relations, and assembly [66, 70, 79,
88, 94]. The structures of the 50S large subunit and the entire ribosome solved at high

resolution by X-ray crystallography [2, 36, 74, 91] provide ideal support to all studies of
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protein folding in and out of the exit tunnel. Figure 1-3a shows the high-resolution 3D
structure of the E. coli ribosome, including the small and large subunits and the ribosomal
proteins. Figure 1-3b,c provide schematics of a section of both the bacterial and archaeal
ribosomes, respectively, highlighting the ribosomal exit tunnel and the proteins that
directly face the tunnel’s interior (L4, L22, L24) or are in close proximity to the tunnel
(L23 and L29 in bacteria, and L.23, L.29, and L.39¢ in archaea). Nascent proteins traverse
the tunnel from the ribosome active site (i.e., the peptidyl transferase center, which
houses the nascent protein C terminus) up until the tunnel’s exit [31, 85]. The tunnel is
not completely straight and has a bend. Its length spans 80 to 100 A, depending on where

the exit side end of the tunnel is defined (Figure 1-3d) [85].
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Figure 1-3. Structures of prokaryotic and archaeal ribosomes. (a) Crystal structure of
the Escherichia coli ribosome at 3.5A resolution (PDB IDs: 2AVY and 2AW4) [72]. The
ribosomal RNA is represented as surfaces (23S and 5S RNAs, furquoise; 16S RNA,
beige). Ribosomal proteins are shown as ribbons (proteins in 50S subunit, purple;
proteins in 30S subunit, green). Schematic representation of a vertical section of the 70S
(b) bacterial and (c) archaeal ribosomes highlighting the ribosomal proteins facing or near
the exit tunnel and the ribosome-associated TF chaperone. A representative hypothetical

nascent polypeptide is drawn in yellow. (d) Structure of the ribosomal exit tunnel (PDB
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file kindly provided by N.R. Voss and P.B. Moore) [85]. Abbreviations: PTC, peptidyl

transferase center; TF, trigger factor.
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1.4.4 Kinetic Considerations on Co-translational Protein Folding

The best way to study folding at the exit tunnel is undoubtedly to watch the
development of nascent protein structure and dynamics concurrently with translation. As
shown in the next section, following up on this opportunity is especially desirable for
large proteins, given that their translation rates approach intrinsic folding rates [62] and
that it is likely that codon usage and ribosomal pausing are poised to affect the actual
mechanism of folding.

Indeed, studying the co-translational folding of fairly small single-domain
proteins would also be extremely useful to verify that translation rates are slower than
conformational sampling on the ribosome. However, to the best of our knowledge no
such studies have been performed, although there are excellent prospects for progress in
this area in the near future.

Co-translational protein folding studies need to preserve the natural translation
rates (so that they can be compared with folding rates) and are therefore best performed
in vivo. However, working in an in vivo environment is challenging due to (a) the
difficulties in selectively detecting folding in the complex cellular environment, and (b)
the inability to synchronize translation given the stochastic nature of the process.
Biological approaches pioneered by A. Helenius and F.U. Hartl have solved challenge a
by monitoring protein activity co-translationally, and challenge 5 by pulse-chase

experiments often performed in bulk spheroplasts.
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1.5 What A Difference Translation Makes

1.5.1 Biosynthesis Rates Affect the Extent of Cotranslational Folding in
Multidomain Proteins and Can Be Ad Hoc Modulated
Protein synthesis proceeds at variable rates in different environments and
organisms (see Reference 93 and Table 1 in Reference 13). For instance, translation rates
are faster in vivo than under cell-free conditions. In addition, translation proceeds faster
in prokarya (15-20 amino acids s ') than in eukarya (3—4 amino acids s '), leading to an

average timescale for the production of a small-/medium-size protein of ~10 s and ~65 s

in prokarya and eukarya, respectively. These fairly long timescales are similar to
chaperone binding/unbinding times and longer than the folding/unfolding timescales of
small proteins. The above suggests that, in vivo, nascent chains encoding small proteins
may have sufficient time to adopt preferred conformations as they are synthesized. On the
other hand, very large proteins take multiple seconds to fold and may or may not attain
stable conformations co-translationally. Accordingly, the absence [62] or presence [63] of
in vivo co-translational folding in E. coli seems to be highly protein and codon dependent.
Rare codon clusters [14], sometimes localized at interdomain junctions in large proteins,
are emerging as important sites for an orchestrated pausing. This pausing is responsible
for facilitating co-translational domain folding before synthesis of the following domain
is initiated [92]. A proper balance between translation rates and co- and post-translational
folding is important for the production of active ribosome-released multidomain proteins.
For instance, mutant ribosomes displaying slower translation than wild-type E. coli
ribosomes enhance the production of active multidomain proteins (of eukaryotic origin)

in bacteria [76]. A detailed review of this topic was recently published by Zhang &
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Ignatova [93].

1.5.2 Preparation and Analysis of RNCs for Model Studies on the Conformation of

Nascent Proteins at Equilibrium

The highest resolution information on protein folding at the exit tunnel has so far
been achieved via studies on purified arrested ribosomes bearing nascent proteins,
sometimes labeled with fluorophores or NMR-active tags. These studies implicitly
assume that nascent protein chains have the opportunity to conformationally equilibrate
faster than the rate of translation. This assumption is likely acceptable in many cases,
especially for small proteins. However, in general, caution should be exercised, and it is
desirable to assess the validity of this approximation in each case.

The most common methods to prepare ribosome-bound nascent chains (RNCs)
for model studies at equilibrium are outlined in Figure 1-4a. An exhaustive overview of
these methodologies is beyond the scope of this review. Therefore, we simply provide
general guidelines here.

RNCs can be prepared via genetic approaches exploiting addition or in situ
production of truncated mRNAs. These methodologies have been employed in vitro,
either in cell-free systems (e.g., from E. coli, wheat germ, or rabbit reticulocyte) [20, 96,
103] or via reconstituted systems containing all the necessary components for translation
(e.g., PURE, protein synthesis using recombinant elements, based on prokaryotic
components) [64, 75]. As an example, a procedure for the generation of RNCs in cell-free
systems via coupled transcription/translation is shown in Figure 1-4b [20, 96].
Reconstituted in vitro expression systems have recently emerged as a convenient option

because of their complete lack of nucleases, proteases, tmRNA, and other undesired
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components.
Alternatively, stalled ribosomes can be generated via protein-based approaches by
controlling translation arrest via special gene products, i.e., short amino acid sequences

(typically ~15-25 residues) that interact strongly with specific portions of the ribosomal

tunnel and cause translation to stop (Figure 1-4a). The most popular of these approaches
is based on generating very stable RNCs via the 17-residue SecM arrest sequence [26, 67,
68, 69], as shown in Figure 1-4c. The SecM approach is particularly convenient when
RNCs are generated in vivo, given the affordability of the method and its high yields.

On the other hand, the SecM sequence is by far not the only available method to
generate arrested ribosomes by protein-based approaches. Other strategies, based on both
intrinsic and inducible classes of ribosome-stalling sequences (e.g., MifM, TnaC, and the

Arg attenuator peptide), have been reviewed recently [41] (Figure 1-4a).
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Figure 1-4. Methods for generating ribosome-bound nascent proteins. (a) Overview
of currently available methods to generate RNCs of well-defined chain length. Step-by-
step procedures based on (b) in vitro (cell-free) coupled transcription-translation [78] and
(c) SecM stalling. For simplicity, cotranslationally active chaperones are omitted. The 17-

residue SecM peptide-stalling sequence (FXXXXWIXXXXGIRAGP) is shown inside the
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ribosomal tunnel. The underlined amino acids (in red) experience critical interactions
with the ribosomal tunnel (white dashed lines) with L22. Abbreviations: RNAP, RNA

polymerase; RNC, ribosome-bound nascent chain; X, any residue.
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Generation of RNCs at equilibrium enabled analysis of the structure and
dynamics of nascent proteins at a level of detail presently unattainable by in vivo studies.
This analysis has allowed addressing several questions regarding the stepwise generation
of 3D protein structures in nature. Figure 1-5 provides a global overview of the RNC
structural and dynamic aspects that have been addressed thus far. This figure also links
these specific folding-related aspects to the technique used to gain the desired
information. As shown in Figure 1-5, a large variety of spectroscopy- and microscopy-
based and biological techniques have been used synergistically. Perhaps even more
importantly, the diagram shows that the same structural/dynamic question can often be
addressed by both biological and spectroscopy/microscopy biophysical approaches. This
synergism has been particularly valuable in the field of RNC folding, given the
challenging features of RNC for direct biophysical analysis (e.g., large internal dynamics,
conformational heterogeneity, and large size of the RNC complexes). Despite the
potential of the biophysical methods to provide higher resolution insights, biological
approaches [97, 98] taking advantage of properties such as protein activity and antibody

response are often efficient and highly informative.
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spectroscopic techniques employed to elucidate them. Abbreviations: cryo-EM, cryo-
electron microscopy; FRET, Forster resonance energy transfer; NMR, nuclear magnetic

resonance; RNC, ribosome-bound nascent chain.
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1.5.3 Investigations on Nascent Polypeptides Inside the Ribosomal Tunnel

The ribosome exit tunnel (Figure 1-3d) has a width that ranges from 10 A
(constriction site) to 20 A (widest region). These dimensions are incompatible with
tertiary structure formation within the tunnel’s interior. Major tunnel dynamics,
presumably accompanied by extensive ribosome rearrangements, would be required for
the tunnel to host even a simple tertiary fold such as a helical hairpin. Therefore, although
it is recognized that the ribosome is a dynamic entity, it is likely that no tertiary structure,
and only secondary structure, can be populated in nascent chains inside the ribosomal
tunnel [85]. This argument is supported by the finding of a highly spatially confined
environment inside the tunnel, revealed by recent investigations showing that the N
terminus of nascent polypeptides buried in the tunnel experiences narrow local motions
[21].

The lower limit of the tunnel length is 80 A, as proposed by Voss et al. [85] for
the archaeal ribosome. Given this value, a fully a-helical polypeptide would bury
approximately 53 residues (assuming an effective length of 1.5 A per residue for the o-
helix), and a fully extended polypeptide would bury approximately 23 residues (assuming
an effective length of 3.5 A per residue for an extended chain). These geometrical
considerations prompt the question of whether any specific secondary structure is
supported by the tunnel. Pioneering experiments by Malkin & Rich in 1967 [57], using in
vivo pulse-chase techniques followed by cell lysis and proteolysis, showed that
approximately 30 to 35 residues of nascent globin are protected from proteolysis in
eukaryotic polysomes, implying that those residues are buried inside the ribosomal exit

tunnel. These results are consistent with later investigations (reviewed in Reference 47)
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showing that there are 30 to 40 protected residues in nascent proteins. The above finding
supports the presence of a partially helical conformation inside the tunnel. Computational
studies by Ziv et al. [95] showed that a helical conformation can be entropically favored
in a cylinder that models the ribosomal tunnel’s dimensions. This result suggests that
even a Teflon-like non-interacting tunnel [2] may be capable of inducing helical
structure, especially in the case of nascent polypeptides whose coil state is highly
disordered.

Forster resonance energy transfer (FRET) investigations on peptide sequences
from a soluble secretory protein and a membrane protein showed that inside the
eukaryotic tunnel the former is less helical than the latter [43]. As the polypeptide chain
elongates, helices can persist beyond the tunnel if they are stable in that environment. For
instance, a peptide sequence from an integral membrane protein stays helical outside the
tunnel as it is inserted into the membrane. However, the same sequence loses its helicity
if the ribosomal surface faces bulk solution and is not bound to the membrane. Moreover,
peptide sequences from soluble proteins have negligible helicity both inside and outside
the tunnel [43]. In summary, the ribosomal tunnel is capable of inducing helicity in
nascent polypeptides, and this phenomenon is highly sequence dependent.

Additional investigations from Deutsch and coworkers [52—54] support the above
conclusion by exploiting ingenuous accessibility assays, which enabled the detection of
distinct tunnel zones characterized by different (highly negative) electrostatic potential.
The authors also showed that some of these tunnel regions promote polypeptide chain
compaction, suggestive of helix formation [46, 83, 84].

Recent cryo-electron microscopy (cryo-EM) work by Beckman and coworkers [5,
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6] provides to date the highest-resolution insights on nascent secondary structure within
the exit tunnel. As shown in Figure 1-6, the authors detected helical structure for
sequences with high helical propensity in distinct regions of the tunnel [5]. However,
sequences with lower intrinsic helical propensity are disordered [5, 73]. This work
effectively complements and supports the findings by Johnson and Deutsch [46, 52, 84,
90, 103].

Whether the secondary structure formation in distinct regions of the tunnel results
from specific polypeptide-tunnel interactions or whether it is driven (or at least
contributed by) by entropic effects is still unclear and in need of further investigation. In
the specific case of the SecM and TnaC ribosome stalling sequences, convincing

evidence for tunnel-polypeptide interactions was presented [73, 90].
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Figure 1-6. Cryo-EM maps of different peptidyl tRNAs inside the eukaryotic

ribosome’s P-site and exit tunnel. (a) 80S—helix 1 RNC, (b) 80S-DPAP RNC, (c) 80S—

helix2 RNC, and (d) enlarged view of transparent density of panel a with fitted [Jukary

model for tRNA and nascent chain. (e, f) Enlarged view of panel ¢ with alternative

models for helix 2 nascent chain. Red arrows indicate corresponding region (residues 97—

108) modeled as helical (e) or extended (f). (g) Schematic cross-section of 80S—helix 1
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RNC representing helix formation within the exit tunnel. Abbreviations: cryo-EM, cyro-
electron  microscopy; RNC,  ribosome-bound  nascent  chain; DPAP,
dipeptidylaminopeptidase; PTC, peptidyl transferase center. Adapted by permission from
Macmillan Publishers Ltd: Nature Structural & Molecular Biology (Reference 5),

copyright (2010).
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1.5.4 Investigations on Nascent Proteins Emerging from the Ribosomal Tunnel

Our understanding of polypeptide conformation and dynamics as nascent proteins
emerge from the ribosomal tunnel is not as advanced as our knowledge on nascent
peptide structure inside the tunnel. The many experimental challenges presented by out-
of-tunnel RNCs include the high conformational heterogeneity of the nascent chain and
the variable effects introduced by co-translationally active chaperones. Nevertheless,
considerable progress has been made, and recent technical advances hold promise for
additional exciting future progress. Comprehensive reviews of earlier work are available
[24, 27, 47]. Here, we focus on recent findings. In short, several examples of independent
nascent structure and dynamics were discovered in RNCs emerging from the tunnel,
defying the earlier proposal [81] that proteins acquire an independent conformation only
after departing from the ribosome.

Cryo-EM images of polypeptides emerging from the ribosomal tunnel [34, 59]
provided somewhat moderate structural detail. These studies were important to establish
the possibility of tertiary structure formation outside the exit tunnel, in small single
domain proteins. Additional evidence on 3D structure development comes from nascent
chains from the ion channels, where tertiary structure was detected close to the ribosomal
tunnel exit, via accessibility experiments based on side chain pegylation [45, 46]. These
results are supported by recent computational investigations [100].

Analysis of fluorescence depolarization decays of RNCs and ribosome-released
fluorophore-labeled apoMb in the frequency domain [87] enabled Ellis et al. [20] to study
the dynamics of nascent apoMb’s N terminus on the subnanosecond timescale and follow

the formation of an independent protein domain on the nanosecond timescale, as shown
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in Figure 1-7a,b. ApoMb RNCs acquire independent dynamics, indicative of compact or
semi-compact species, only when a significant portion of the sequence emerges from the
ribosomal tunnel. The rotational correlation time reporting on the protein’s nanosecond
local motions increases significantly upon nascent protein release from the ribosome,
showing that the structure of the full-length RNC differs from that of the ribosome-
released native apoMb. RNCs encoding the natively unfolded protein PIR
(phosphorylated insulin receptor interaction region) experience no motions on the
nanosecond timescale, suggesting that PIR does not fold on the ribosome. The spatial
amplitude of the nascent chain local motions is very narrow inside and, surprisingly, even
outside the ribosomal tunnel (Figure 1-7c,d) [21]. This is true even when RNCs are
depleted of bound chaperones (TF and Hsp70). This result suggests that both the tunnel
and the outer surface of the ribosome exert a severe local confinement on nascent apoMb
and PIR.

The limits of NMR spectroscopy have been pushed by recent studies on RNCs at
atomic resolution [10, 11, 19, 39, 40]. These investigations revealed that nascent single-
domain proteins are not fully structured before they have entirely emerged from the
ribosomal tunnel, consistent with the expectation that the C-terminal portion of the chain
plays an important role in folding [49, 50].

Taken together, the above findings suggest that relatively small, full-length
single-domain nascent proteins may adopt compact conformations outside the ribosomal
tunnel. However, the nascent chains whose buried C-terminal residues are not available
for folding may retain a considerable degree of disorder. Additional future studies are

needed to provide more extensive evidence for these emerging trends.
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subnanosecond local motion of the N terminus of the fluorophore-labeled RNC. The
symbol 0, represents the cone semi-angle (in red) assessed in panel d. (d) Amplitude of
the fast (subnanosecond) motions experienced by the N termini of nascent apoMb and
natively unfolded PIR nascent polypeptides of increasing length under different
conditions. Panels a and b adapted with permission from References 20 and 21,
respectively. Copyright 2008 and 2009, respectively, American Chemical Society and
John Wiley and Sons. Abbreviations: apoMb, apomyoglobin; PIR, phosphorylated insulin
receptor interaction region; RNC, ribosome-bound nascent chain; TF, trigger factor

chaperone.
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Figure 1-8. Model for the cotranslational folding of P22 tailspike nascent protein
chains. Abbreviations: TSS, tailspike short stalled nascent chain; TMS, tailspike mid-
length stalled nascent chain; TS, tailspike stalled nascent chain with the entire B-helix
exposed; TFS, tailspike full stalled nascent chain. Reprinted from the Journal of
Molecular Biology, Vol. 383, Evans MS, Sander IM, Clark PL. “Cotranslational folding
promotes beta-helix formation and avoids aggregation in vivo” pp. 683-92, Copyright

(2008), with permission from Elsevier.
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The influence of the ribosome on protein folding is striking particularly for very
large proteins unable to fold in vitro in the absence or presence of molecular chaperones.
For such systems (e.g., the trimeric phage P2 tailspike protein), co-translational folding is
an irreplaceable requirement to attain the folded state and exploit biological activity [25].

This important concept is illustrated in Figure 1-8.
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1.6 Summary points

Chain compaction preceding or concurrent with secondary structure formation is a
dominant class of mechanisms for the in vitro folding of small- and medium-size

proteins, starting from largely unstructured unfolded ensembles.

The unfolded state of full-length proteins is believed to be rather compact in aqueous
solution and physiological pH. Hence, secondary structure formation from compact
states may be an important motif in posttranslational protein folding in the cell.

Landscapes corresponding to this process may be rather rugged.

Incomplete N-terminal protein fragments (lacking the C terminus) often lack much of
the native structure and may aggregate in aqueous solution and physiological pH, in

the absence of the ribosome and molecular chaperones.

What do incomplete protein chains look like before translation is complete? The
answer to this question is still largely unknown but great progress has been made over

the past few years. There is a lot of activity in this exciting area.

The ribosomal tunnel is narrow and it provides an extremely spatially constrained
environment for nascent polypeptides. The tunnel is capable of inducing helical
structure, even in nascent polypeptides (derived from soluble proteins) that lack
independent structure in solution. However, this process is highly sequence

dependent.

The ribosomal tunnel consists of zones that differ in chemical potential and may

promote secondary structure formation to a different degree.

Folding-competent proteins emerging from the ribosomal exit tunnel can assume a
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compact or semi-compact conformation. Small single-domain proteins experience
variations in their chain dynamics (and possibly folding) as they are released from the

ribosome.

. Very large proteins such as P22 tailspike are incapable of reaching their native state

unless they are allowed to fold vectorially on the ribosome.
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2.1 Abstract

This work explores the effect of long-range tertiary contacts on the distribution of
residual secondary structure in the unfolded state of an a-helical protein. N-terminal
fragments of increasing length, in conjunction with multidimensional nuclear magnetic
resonance, were employed. A protein representative of the ubiquitous globin fold was
chosen as the model system. We found that, while most of the detectable a-helical
population in the unfolded ensemble does not depend on the presence of the C-terminal
region (corresponding to the native G and H helices), specific N-to-C long-range contacts
between the H and A-B-C regions enhance the helical secondary structure content of the
N terminus (A-B-C regions). The simple approach introduced here, based on the
evaluation of N-terminal polypeptide fragments of increasing length, is of general

applicability to identify the influence of long-range interactions in unfolded proteins.
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2.2 Introduction

The study of structural and dynamic characteristics of unfolded proteins has
gained tremendous momentum in recent years [1,2]. The discovery of intrinsically
disordered proteins in living cells has led to a deeper appreciation for the nontrivial
biological role of unstructured states in substrate binding specificity, transport,
regulation, and disease. Partly or fully disordered proteins under physiologically relevant
conditions constitute ~30% of all eukaryotic proteins [3]. The energy-weighted ensemble
character of a protein’s unfolded state at equilibrium is best described by the term
““statistical coil’’ [4], although ‘‘random coil’’ has historically been more commonly
used. Although the most physiologically relevant unfolded state is the one populated in
vivo at neutral pH, unfolded states generated in vitro under denaturing conditions are a
more directly accessible alternative. Furthermore, this state is the starting condition of
most in vitro refolding studies. Its detailed comprehension is therefore an important
gateway toward a better understanding of both the unfolded ensemble and the pathways
of in vitro protein folding.

The secondary structure distribution of unfolded proteins has been characterized,
in some cases, even at atomic resolution. However, very little is known about its origin.
Recent experimental studies have detected the presence of both residual secondary
structure and specific native and nonnative long-range interactions in the unfolded state
[5-7]. There is, however, an urgent need to clarify whether the residual secondary
structure typically detected in the unfolded ensemble arises from local contacts or is a
consequence of long-range interactions (i.e., contacts among residues far apart in

sequence). The two aspects of this issue, which have clear implications for unfolded



chain dynamics and protein folding, are illustrated in Figure 2-1a.
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Figure 2-1. Hypotheses of secondary structure formation and chain elongation
strategy. (a) General cartoon showing that chain collapse and the resulting long-range
contacts may (image, left) or may not (image, right) be responsible for the residual
secondary structure often observed in unfolded proteins. (Arrows) Transitions among
different conformations. (b) Scheme illustrating the chain elongation strategy adopted

here.
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This work tackles the above question by what we consider a novel approach. In
short, the evolution of backbone secondary structure of the unfolded ensemble is
monitored by NMR at atomic resolution upon comparing unfolded N-terminal protein
fragments of increasing length (Figure 2-1b). This procedure enables pinpointing the
specific contributions of the C-terminal regions to the residual secondary structure in the
N-terminal portion of the chain. Sperm whale apomyoglobin (apoMb), a very well-
studied member of the ubiquitous globin fold, was selected as the target model chain. We
found that, overall, most of the detectable a-helical conformation is populated
irrespective of fragment length. However, specific long-range interactions involving the
last (~30) C-terminal residues enhance the secondary structure content of the N-terminal

region.

2.3 Results and Discussion

The acid unfolded (pH 2.3) state of full-length apoMb, here denoted as (1-
153)apoMb, was characterized at atomic resolution [5] and shown to populate partial
helical conformation for the amino acids corresponding to the A, D/E, and H helices. In
addition, paramagnetic spin labeling led to the identification of long-range interactions
involving residues corresponding to the native A and G-H helices and medium-range
interactions within the A-B-C and G-H regions [6,7]. Such interactions, due to their
transient nature and to extensive conformational averaging in the unfolded state, are
undetectable by long-range nuclear Overhauser effects [5]. Here, we focus on unfolded
(pH 2.4) (1-77), (1-119), and (1-153)apoMb.

Here, we focus on unfolded (pH 2.4) C-"N-labeled (1-77), (1-119), and (1-

153)apoMb. The (1-77)apoMb fragment lacks long-range interactions involving the G
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and H regions whereas (1-119)apoMb lacks contacts involving the H region. Previous
data [8,9] show that all three unfolded apoMb chains have overall dimensions consistent
with expanded polymers in a good solvent according to Flory’s scaling law [10] and all
three chains fit the definition of random coil [10,11]. Resonance assignments were
carried out by triple-resonance methods, and chemical shift analysis was performed on
the C%, C’, HY, and N nuclei. The C* NMR chemical shift deviations from random coil
reference values, denoted as secondary chemical shifts (SCS), are employed as selective

reporters of backbone secondary structure [12].
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Figure 2-2. C" secondary chemical shift analysis. (a) C* secondary chemical shifts

(SCS) and (b) differences among the C* secondary chemical shifts (AC" SCS) of (1-77),

1-119), and (1-153)apoMb at pH 2.4 and 25°C in 5 mM CD;COOH, 5% D,0O. Native
( ), ( )ap p ,

apoMb helices (solid bars) are mapped above the graph. (Gray-shaded regions) AC* SCSs

falling within experimental error, assessed from backbone assignments on two

independent samples (see the Supporting Material).
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Figure 2-2a shows that the C* SCS values for the same residues in each fragment
are mostly independent of chain length. Therefore, overall, the distribution of residual
secondary structure in the unfolded ensemble does not vary significantly upon
progressive extension of the polypeptide chain from 77 amino acids to full-length protein.
However, a more detailed comparison provided by the difference between C, secondary
chemical shifts (AC* SCS) among individual chain lengths (Figure 2-2b) indicates that
specific long-range interactions modify the secondary structure of the N-terminal portion
of the chain.

The C* SCSs for the residues corresponding to the native A, B, and C helices (i.e.,
amino acids 3—42) are nearly identical in (1-77) and (1-119)apoMb (Figure 2-2b). Thus,
the helicity of this portion of the polypeptide does not vary in the presence and absence of
long-range interactions involving the G region. Such contacts are known to exist in full-
length unfolded apoMb [6,7]. However, they cannot be present in (1-77)apoMb. In
essence, either long-range contacts involving the G residues do not affect secondary
structure (in the A-B-C region), or the population experiencing long-range contacts with
G is small and undetectable. The former scenario is more likely, given that 1), the overall
populations interacting with either G or H regions are similar (3.7 and 3.6%, respectively)
[7]; and 2), the effect of interactions with H region is explicitly detectable (see below).
However, caution should be exercised, considering that the estimated populations [7] do
not explicitly take into account the potential distance-dependence of the long-range
contacts.

The slightly negative AC* SCS in the A-B-C region may reflect some small (i.e.,

within experimental error) second order effects (see the Supporting Material). The
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carbonyl carbon SCSs (C’ SCS) are also effective reporters of secondary structure,
particularly in the unfolded state [5]. The trends followed by C’ SCS and AC’ SCS
(Figure 2-3) parallel those of C* SCS (Figure 2-2). H" and N SCSs, known to be less
diagnostic of secondary structure, are reported in the Supporting Material.

The AC® SCS values of residues 7477 fall far outside the estimated propagated
error (~50.1 ppm) and are consistently positive (Figure 2-2b). We attribute them to end-

effects due to the proximity of (1-77)apoMb’s residues 74—77 to the C-terminus.
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The two lower panels of Figure 2-2b highlight the effect of the H region, which is
the major finding of this work. Clearly, the C-terminal residues corresponding to the
native H helix enhance the residual helicity of the amino acids in the A-B-C cluster, from
5 to 12% (see Figure 2-10 in the Supporting Material). This result demonstrates that
specific long-range contacts are capable of increasing local chain helicity in the unfolded
state.

The H-region-dependent enhancement in secondary structure in the A-B-C region
goes hand-in-hand with selective line-broadening beyond detection in the A region
(Figure 2-11). Hence, the observed tertiary contact-driven increase of secondary structure
in the A region appears linked to the establishment of slow dynamic processes (on the
micro-second-to-millisecond timescale; see also Yao et al. [5]).

Residues in the D, E, and F regions are known not to experience medium- and
long-range interactions with other portions of the chain [6,7]. Despite the absence of such
contacts, C* SCS reveal the presence of local clusters spanning 6—12 residues. Therefore,
Flory’s isolated pair hypothesis [10], stating that backbone dihedral angles are
independent on those of the neighboring residues, does not apply here. Our results agree
with the computational prediction of more-extended local backbone biases [13,14] in the
unfolded ensemble, and with the fact that apoMb C* SCSs depend on the position of each
residue type (see Figure 2-12).

The long-range AC® SCS effects observed here may either be due to small
populations of compact species experiencing a large increase in helicity (due to A-B-C to
H contacts) or to a small increase in helical content by relatively larger populations of

semi-compact species. A combination of the above effects is also possible.
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In summary, this work shows that only specific long-range interactions between
the N-terminal A-B-C cluster and the C-terminal H region lead to detectable increased
helicity in the N-terminal region. Thus, some long-range interactions lead to enhanced
secondary structure. The resulting collapsed species are likely important, as they may
provide preferential kinetic escape routes to the native state, upon switching to folding

conditions.
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2.5 Appendix: Supporting Information for Chapter 2

Contribution of Long-Range Interactions to the Secondary Structure of

an Unfolded Globin
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2.5.1 Supplementary Discussion

2.5.1.1 Far-UV circular dichroism

The far-UV circular dichroism (CD) of apoMb, fragments and circular permutants
[1, 2] has been studied before at pH ca. 6.0. On the other hand, no prior studies on acid-
unfolded apoMb N-terminal fragments were performed before.

Our far-UV CD data for pH unfolded (1-77), (1-119) and (1-153)apoMb are
consistent with the NMR results. The CD spectra (Figure 2-4) show that the helical
content of (1-77)apoMb is nearly identical to that of (1-119)apoMb, on a per-residue
basis. The random coil content, however, is larger for (1-119)apoMb due to the
introduction of the highly unstructured FG region. Overall helicity increases and random
coil content decreases, as chain length progresses from 1-119 to 1-153, upon addition of
the residues encompassing the native H helix. Based on the NMR results, the increase in
helicity upon chain elongation from 1-119 to 1-153 is likely attributable to the additional
induced helicity in other regions of the protein (A, B, and C regions) due to long-range

interactions.

2.5.1.2 NMR data analysis

Figures 2-5, 2-6, and 2-7 show the 'H-"N-HSQC spectra of (1-77), (1-119), and
(1-153)apoMb with annotated N and H" resonance assignments. Chemical shift values
for the C*% HY, N, C’ and selected ACP assigned resonances were deposited in
BioMagResBank (see Supplementary Methods).

Secondary chemical shifts for the HY and N backbone resonances of (1-77), (1-
119) and (1-153)apoMb are provided in Figure 2-8. While C* and C’ secondary chemical

shifts are significantly diagnostic for the presence of secondary structure [1-4], H" and N
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shifts are known to be influenced by other structural and environmental factors [3, 4] and
are therefore not good reporters for the presence of residual secondary structure in (1-77),
(1-119), and (1-153)apoMb. However, H" and N secondary chemical shifts can still be
regarded as qualitative reporters of variations in the surrounding electronic environment.

The secondary chemical shifts for the H" and N backbone resonances (Figure 2-8)
for (1-77) and (1-119)apoMb are remarkably similar. While this result does not shed
specific light on the chain length dependence of secondary structure, it supports the fact
that the ensemble is populated with similar three dimensional conformations in both (1-
77) and (1-119)apoMb, given that the electronic environment is similar. This suggests
that the previously reported tertiary contacts involving the A and the G helix [5, 6] may
not be as extensive.

The equilibrium unfolded ensemble AH™ SCS and AN SCS values (Figure 2-8 and
Figure 2-9) confirm this result. Comparisons between each of the N-terminal fragments
and the full-length protein show that introduction of the amino acids corresponding to the
H helix into the polypeptide chain causes small perturbation in the chemical shift of the
second portion of the B region. While it is hard to interpret the nature of the structural
variations resulting from this effect, due to the heterogeneity of the unfolded ensemble, it
is tempting to speculate that there may be significant B-H contacts underlying the
increased helicity found in the A-B-C region as a result of introducing the H helix into

the polypeptide chain.

2.5.1.3 Determination of percent helicity enhancements in the N-terminal region
The estimated helical populations for the A, B, and C regions of the 1-119

fragment of apoMb and the full-length protein are shown in Figure 2-2c. Percent
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helicities were evaluated from the assigned C* and C” secondary chemical shifts and the
expected shifts for a 100% helix, as described in the figure legend. The data of Figure 2-
2¢ explicitly illustrate the fact that the presence of the C-terminal residues corresponding
to the native H helix enhance the apparent helicity of the ABC cluster by ca. 7%, i.e.,

from 5 to 12% in the absence and presence of the H region, respectively.

2.5.1.4 Additional comments on AC" SCS values

It is interesting to notice that the AC" and AC’ SCS values smaller than the
experimental error (see Figure 2-2b) do not randomly fluctuate around zero but lay
mostly on one side. We want to emphasize that this trend is clearly hard to interpret on
solid ground, given that these AC* and AC* SCS values are smaller than the reported
uncertainties. On the other hand, we speculate that such monotonic trends may still be of
some experimental significance, due to their nonrandom nature, and may possibly be due
to extremely small second order effects, leading to tiny variations in secondary structure
induced by long-range interactions. For instance, based on the data in Figure 2-2b,
addition of the residues belonging to the G region may lead to extremely small decreases
in helicity throughout the rest of the sequence (residues 1 to 77). Conversely, addition of
the residues belonging to the native H helix may lead to extremely small increases in

helicity throughout the rest of the sequence (residues 1 to 119).

2.5.1.5 Percent helicity enhancements in the N-terminal region

Estimated helical populations for the A, B, and C regions of the 1-119 fragment of
apoMb and the full-length protein are shown in Figure 2-10. Percent helicities were
evaluated from the assigned C" and C’ secondary chemical shifts and the expected shifts

for a 100% helix, as described in the figure legend. The data of Figure 2-10 explicitly
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illustrate the fact that the presence of the C-terminal residues corresponding to the native
H helix enhance the apparent helicity of the ABC cluster by ca. 7%, i.e., from 5 to 12% in

the absence and presence of the H region, respectively.

2.5.1.6 Linewidth analysis

We performed full width at half height (FWHH) analysis of the backbone "N
nuclei of all three unfolded apoMb constructs analyzed in this work. The results are
shown in Figure 2-11.

The sequence-specific FWHH trends observed for the full-length protein, (1-
153)apoMb, are qualitatively consistent with the R2 profile reported by Yao ef al. in
reference 6 of the main text.

Interestingly, Figure 2-11 shows that the H-region-dependent enhancement in the
secondary structure of the A-B-C region correlates with a selective line-broadening
beyond detection in the A portion of the sequence. This broadening is primarily observed
for the full-length (1-153)apoMb, bearing the residues corresponding to the native H
helix and, most importantly, it is absent in (1-77) and (1-119)apoMb. Hence, the above
tertiary structure-driven increase in secondary structure appears to be linked with the
establishment of specific slow dynamic processes on the us-ms timescale.

No other major line-broadening effects are observed in other regions, as chain
elongates. As shown in Figure 2-11, the full length construct does not display any line-
broadening beyond detection in the H region, despite the presence of the A-to-H contacts
in some of the unfolded population and despite the observed extensive line-broadening in

the A region.
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The H region resonances 143 and 144, on the other hand, are fairly broad. The
above observations suggest that line-broadening effects resulting from long-range
contacts may, in general, not necessarily be symmetrical, i.e., they may not need to be
present to the same degree for all the involved interaction counterparts.

While a more complete relaxation analysis is desirable, to more specifically
identify slow-timescale Rex contributions reporting on slow time-scale motions (ps-ms)
and reduced spectral densities, the FWHH data presented here are sufficient to highlight a
correlation between slow motions and long-range-contact-driven secondary structure

formation in the unfolded state.

2.5.1.7 Secondary structure analysis of acid-unfolded apoMb by amino acid type
The C" secondary chemical shifts of pH-unfolded full-length apoMb were
collected by amino acid type, as shown in Figure 2-12. The plot shows that, for each
occurrences of the same amino acid in the sequence, the secondary chemical shift, and
thus also the secondary structure, assume very different values. This result clearly
indicates that the backbone secondary structure of each unfolded residue is not
determined by amino acid type, and it is influenced by the presence of other residues in

the sequence.



70

2.5.2 Supplementary Methods

2.5.2.1 Expression and purification of N-terminal apoMb fragments

Uniformly C,""N-labeled N-terminal apoMb fragments were overexpressed in
E.coli using Tuner DE3 pLacl (in the case of (1-77)apoMb) and BL21 DE3 cells (in the
case of (1-119)apoMb and (1-153)apoMb) (Novagen, San Diego, CA) in M9 minimal
medium containing "N-NH4CI (1.5g/L) and "“C-glucose (2g/L). Cell growth and

purification were carried out as described [7].

2.5.2.2 Circular dichroism

Far-UV CD spectra were recorded at room temperature on an MOS-450
spectropolarimeter (Bio-Logic Science Instruments, Claix, France) using a 1 mm path
length cuvette. All samples were in water adjusted to pH 2.4 with HCIL Sample
concentrations ranged from 6 to 18 uM. The spectra displayed in Figure 2-4 are the
average of two independent experiments. Two scans were averaged for each experiment.
Each scan was performed with a 2 nm band-width, 1 nm step-size and 10 s averaging

time per point.

2.5.2.3 NMR sample preparation

C,N-labeled lyophilized polypeptides (i.e., (1-77), (1-119), or (1-153)apoMb)
were dissolved in a solution containing 5 mM CD3;COOH at pH 2.40. The pH was
adjusted to 2.40 with HCI. The samples were then eluted through a 3-mL Sephadex G-25
(fine grade, Amersham Biosciences) spin column pre-equilibrated with 5 mM CD;COOH
at pH 2.40. After the spin column treatment, D,O was added to each sample (final

concentration: 5% v/v). The apparent pH was then readjusted to 2.40 with HCI. The final
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concentrations of (1-77), (1-119), and (1-153)apoMb were 313, 280, and 304 uM,
respectively. Solutions containing 2,2-dimethyl-2-silapentane-5-sufonic acid (DSS) for

external chemical shift referencing were prepared under identical solution conditions.

2.5.2.4 NMR data collection and processing

General considerations and NMR data collection. All the NMR experiments
were performed on a Varian INOVA 600 MHz NMR spectrometer equipped with a
Varian 'H{’C, "N} triple resonance probe with triple axis gradients. Acquisition
parameters for the 2D high resolution 'H-"’N- HSQC [8] experiments and the triple-
resonance experiments used for resonance assignments (HNCA [9-12], HN(CO)CA [13],
HNCACB [11, 12, 14], and HNCO [9-12]) are provided in Table 1. Relaxation delays
were set to 1 s for all experiments. Chemical shift referencing in the 'H dimension was
done with by a 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS) external standard. The
N and "C dimensions were referenced indirectly as described [15] and gyromagnetic
ratios of C/'H = 0.251449530; "N/'H = 0.101329118 were used [16]. In all
experiments, the 'H carrier frequency was placed in correspondence of the HDO
frequency. The spectrometer temperature was calibrated with neat methanol [17].

Resonance assignments were carried out in close succession within 1.5 months for
all three species in a single NMR session, at 25.0°C.

NMR data processing. The NMRPipe [18] and NMRDraw [18] software
packages were used for NMR data processing. Linear prediction was performed once (36
points) on the ’N dimension, in all the triple-resonance experiments. Time domain data
were apodized with a 90°-shifted sine-bell squared window function in both the °C and

N dimensions, in all 3D experiments. Free induction decays were apodized with an
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unshifted Gaussian window function in the 'H dimension of all 3D experiments and in
both dimensions of the 2D experiments. A 90°-shifted sine-bell square window function
was applied to °C and "N dimensions in all 3D experiments. Triple- and double-
resonance time-domain data were zero-filled once and twice in all dimensions,
respectively.

Backbone assignments were carried out by the Sparky-3 software package [19].

The HY, N, C’ and C” chemical shift assignments for (1-77), (1-119), and (1-
153)apoMb, and assignments of selected C® resonances, were deposited in the
BioMagResBank (http://www.bmrb.wisc.edu). The BMRB accession numbers are 16499,
16500, and 16501 for (1-77), (1-119), and (1-153)apoMb, respectively. Previous
assignments for (1-77) and (1-119)apoMb, used to calculate standard deviation for
chemical shifts values (Figures 2-4 and 2-9), have accession numbers 7076 and 7077,

respectively.

2.5.2.5 NMR secondary chemical shift analysis of acid-unfolded apoMb fragments
Reference random coil chemical shift (RCCS) values, including corrections for
neighboring residues, were calculated according to Schwarzinger et al. [20, 21],
following the relations

Orandom coil-corrected = Orandom coil T A+ B +C+D ;
where A, B, C and D are corrections for amino acids i-2, i-1, i+1 and i+2, respectively.
Secondary Chemical Shifts (SCS) were calculated from experimental chemical
shifts (CS) according to the simple relation SCS (ppm) = experimental CS (ppm) —

sequence-corrected RCCS (ppm).
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2.5.2.6 Error analysis of NMR chemical shifts

For (1-77)apoMb and (1-119)apoMb, the propagated uncertainties for NMR
chemical shift differences (see horizontal gray bars in Figure 2-4 and Supplementary
Figure 2-9) were calculated from two independent resonance assignments, carried out on
two separate samples of each species. In each case, NMR data were collected with the
same acquisition parameters at the same temperature, at comparable pH and protein
concentrations. For each assigned chemical shift of (1-77) and (1-119)apoMb, the
standard deviation of the mean was calculated from the above repeats. The standard
deviation for (1-153)apoMb was estimated as the average of the (1-77) and (1-
119)apoMb standard deviations. The uncertainty in NMR chemical shift differences was
then determined according to standard error propagation procedures [22] as + the square
root of the sum of the squares of the standard deviation for each relevant species. No

covariance was applied, as judged to be irrelevant in this case.
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Table 2-1. Experimental acquisition parameters for the 2D HSQC and triple
resonance experiments used for the resonance assignments of pH-unfolded (1-77)
and (1-119) N-terminal apoMb fragments and pH-unfolded full-length apoMb (i.e.,

(1-53)apoMb). Data were collected on a 600 MHz NMR spectrometer as described

in the Supplementary Materials and Methods.

Experiment Number of complex Sweep Widths
points (t1 x t2 x t3), (Hz)
tl:C;e2: PN 'H Bc "N
t3: 'H.

1-77)apoMb
2D HSQC 512 x 2048 6600 - 1500
3D HNCA 80 x 36 x 2048 6600 3620 1500
3D HN(CO)CA 64 x 36 x 2048 6600 3620 1500
3D HNCACB 64 x 36 x 2048 6600 8450 1500
3D HNCO 80 x 36 x 2048 6600 1000 1500

(1-119)apoMb
2D HSQC 512 x 2048 6600 - 1500
3D HNCA 80 x 37 x 2048 6600 3620 1500
3D HN(CO)CA 64 x 36 x 2048 6600 3620 1500
3D HNCACB 68 x 36 x 2048 6600 8450 1500
3D HNCO 64 x 36 x 2048 6600 1000 1500

(1-153)apoMb
2D HSQC 512 x 2048 6600 - 1500
3D HNCA 80 x 38 x 2048 6600 3620 1500
3D HN(CO)CA 64 x 36 x 2048 6600 3620 1500
3D HNCACB 64 x 36 x 2048 6600 8450 1500
3D HNCO 64 x 36 x 2048 6600 1000 1500
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Figure 2-4. Far-UV CD spectra of (1-77), (1-119), and (1-153)apoMb at room

temperature and pH 2.5. Data are shown as (a) ellipticity per unit concentration

([6]/Conc.) and (b) mean residue ellipticity ([O]mre).
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Figure 2-5. 'H,""N-HSQC spectrum of (1-77)apoMb at pH 2.4 and 25°C with

annotated resonance assignments.
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Figure 2-8. (a) H" and (b) N secondary chemical shifts of (1-77), (1-119) and (1-

153)apoMb at pH 2.4 and 25°C. The helices of native full-length apoMb are mapped

above the graph as black bars.
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Figure 2-10. Estimated helical populations in the N-terminal region of acid-unfolded
(a) (1-77)apoMb, (b) (1-119)apoMb and (c) (1-153)apoMb expressed as percent
helicities for the A, B and C regions of the sequence. Percent helicities were estimated
from the assigned secondary chemical shifts, averaged over the pertinent portion of the
sequence, divided by the experimental chemical shift expected for a 100% helix. The
secondary chemical shifts corresponding to a 100% helix were taken to be 2.8 and 2.1
ppm for C* and C’, respectively [23]. Estimated percent helicities are shown for data
derived from C* (light blue) and C’ (blue) nuclei. Averages over the values derived from
C” and C’ secondary chemical shifts are shown in black. The percent helicity of the ABC
cluster was calculated by averaging over the secondary chemical shifts of all the cluster’s

residues, defined as amino acids 4-12 (A region), 20-35 (B region) and 46-52 (C region).
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Figure 2-11. Linewidth analysis, reported as full width at half height (FWHH), of
the °N resonances of (a) (1-77)apoMb, (b) (1-119)apoMb and (c) (1-153)apoMb at
pH 2.4 and 25°C. Dashed lines correspond to resonances broadened beyond detection.
The missing resonances correspond to either prolines or peaks whose FWHH could not

be reliably assessed due to spectral overlaps.
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3.1 Abstract

A fundamental understanding of protein folding in vivo is a gateway to protein
design and disease prevention. Several decades of research led to a fairly clear picture of
how purified proteins attain their functional structure when refolded in a test tube.
However, little is known about protein folding and unfolding in living cells. One of the
factors influencing folding in the cell is the ribosome, i.e., the protein-synthesizing
machinery. This chapter develops methodologies to study ribosome-bound protein
conformation at atomic resolution. Our model system includes a full length SecM-stalled
ribosome-bound apomyoglobin and its N-terminal incomplete chains. Ribosome-bound
nascent proteins (RNCs) are highly charged large complexes (~2.5 Mda) comprising both
proteins and RNAs. Nuclear magnetic resonance (NMR), a very attractive and powerful
solution-based atomic resolution technique, is desirable but not ideal for the direct
analysis of intact RNCs. Direct NMR detection on the ribosome is currently not possible
because the molecular weight of the ribosome exceeds the molecular weight limit of
NMR spectroscopy. Here, we develop an NMR-detectable H/D-exchange (HDX)
methodology for RNC protein folding studies that circumvents obstacles posed by the
direct NMR detection of RNCs. This memory-based approach provides amino acid-
specific information about RNCs by performing the NMR analysis after RNCs are
released from the ribosome. The two main goals of this chapter are to develop HDX to
render it suitable to study RNCs and to increase the RNC concentration to enable NMR
detection. This research sets the foundation for utilizing NMR spectroscopy to answer

questions about 1) the structure of RNC, 2) the interaction of the nascent chain with the
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ribosomal surface, and 3) the key differences between protein folding from denatured

states and protein folding on the ribosome.
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3.2 Hydrogen/deuterium exchange is a gateway to NMR studies of

ribosome-bound nascent proteins

The goal of this project is to develop a technique that will enable protein folding
studies of a ribosome-bound nascent protein chains (RNCs) at amino acid resolution.
RNCs are large macromolecular complexes (~2.5 Mda) comprising both proteins and
RNAs. Solution-based atomic resolution techniques such as NMR are not suitable for the
direct analysis of intact RNCs because the size of RNC (and the ribosome) exceeds NMR
molecular weight limit. We proposed using NMR-detectable hydrogen/deuterium
exchange (HDX) as a powerful tool to obtain structural information about each individual
amino acid in the protein. We hypothesized that hydrogen/deuterium exchange monitored
by nuclear magnetic resonance (NMR) spectroscopy allows us to obtain structural
information about each amino acid in an RNC and, thus, to investigate the folding of a
nascent protein at atomic resolution.

In this chapter, we explored three main areas. First, we rationalized how the
developed HDX procedure would allow one to identify the degree of structure of RNCs
derived from sperm whale apomyoglobin. Second, we determine optimal experimental
conditions for the quenching of HDX and the behavior of RNCs under these conditions.
We aimed at generating soluble ribosome-released nascent chains (NC) under quenching
conditions. Third, we explored ways to increase the RNC concentration to enable the
NMR detection. Utilization of Sec-M stalling approach promises high enough
concentrations of RNC to employ NMR detection [1].

Over the last half-century scientists have been striving to establish the basic rules

of protein folding [2-4]. These rules are required to (i) provide mechanistic understanding
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of protein structure formation in a given environment; (ii) determine protein function;
(ii1) explain the defects in protein folding such as misfolding, aggregation, and amyloid
formation; and, finally, (iv) create a foundation for devising strategies to combat diseases
related to protein misfolding and aggregation such as Parkinson’s, Alzheimer’s, and
amyloidosis. Many experiments showed how proteins fold and refold in vitro, i.e. in the
test tube, from denaturant or low pH. However, little is known about how proteins fold in
the living cell [5]. The molecular chaperones, the ribosome, and crowded cellular
environment are known to modulate kinetics and folding pathways in the cell [2, 6-8]. In
this Chapter, we are taking a step towards a more physiologically relevant system for
studying protein folding, specifically an RNC. Investigations of the ribosomal tunnel and
surface have already shown that the ribosome is indeed an interaction-rich machinery
influencing folding of a synthesized polypeptide [6, 9-12]. Chapter 1 of this thesis
highlights the scarce findings in this area [2]. The details of protein folding of RNCs can
only be revealed by high resolution tools, yet to be developed and optimized. Atomic
information provided by NMR is critical for the elucidation of the secondary and tertiary

structure of NC, their compaction, and interaction with other species.

3.3 Optimization of HDX to study RNCs in solution

3.3.1 HDX methodology

We have chosen HDX as a primary technique for probing the conformation of
RNCs. NMR-detected HDX enables the identification of buried and solvent-exposed
regions of the protein at atomic level [13]. Procedures for performing HDX experiments
on proteins are widely available in the literature and have been successfully used to study

protein folding in vitro [14]. The general scheme for HDX experiments is shown in
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Figure 3-1A. A native protein is exposed to D,O for a variable period of time, under the
conditions where folding/unfolding is faster than HDX. Solvent-exposed backbone amide
protons are exchanged to the deuterium. More detailed information about HDX
mechanisms can be found in a comprehensive review by Englander, S.W. et al. [15]. The
quenching of HDX is achieved by lowering pH to 2-3 because at this pH the rates of
exchange are minimal, i.e. a half-life time is more than 1 hour at 0 °C [15]. Such low
rates allow one to analyze the sample of the H/D-exchanged protein, for instance, to
detect NMR spectra (Figure 3-1B). From the spectroscopy data, one can obtain
information about the regions or residues that are protected or buried in the initial state at
pH 7. If a residue is exposed to the solvent, it is expected to exchange with D,O resulting
in the deuterated backbone nitrogen atoms and the absence of NMR signal. If a residue is
not solvent exposed, for example, if it is buried in a hydrophobic core or forms salt
bridges with other residues, then the backbone nitrogen atoms are expected to remain
protonated. As a result, they are detectable by NMR spectroscopy, for example, by the
'"H,">N-HSQC experiment. The detection of the H/D-exchanged protein can be also done
by mass spectrometry as shown in Figure 3-1. However, the interpretation of the mass
spectrometry analysis data for RNCs is undoubtedly very complex because, in addition to
the nascent chain, RNCs contain at least 55 ribosomal proteins [16] and possibly co-
translational chaperones [6, 7, 17]. In this Chapter, we developed methodology for

potential NMR detection of the HDXed nascent chain [16].
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Figure 3-1. Conventional Hydrogen/Deuterium Exchange (HDX). (A) The exchange

occurs in the protein solution at neutral pH and is followed by rapid quenching via

lowering the temperature and pH. (B) The exchange is detected by either direct or

indirect methods using atomic resolution techniques such as NMR or mass spectrometry.
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3.3.2 Salt concentration dependence of HDX

HDX is dependent on pH of solution [18], electrostatic properties of the medium,
and the nature of the target protein [19-21]. These dependences may have crucial effects
on HDX of the large, non-covalent, and highly charged RNC complexes. The most
important factor is the highly charged ribosomal surface. Pioneering studies on the
influence of charge on HDX showed that the change in salt concentration affects the rates
of backbone N-H HDX of charged amino acids and does not affect the rates of neutral
amino acids [20]. Kim et al. showed that amide proton exchange of poly(DL-alanine) is
independent on NaCl concentration in the range 0 — 2 mM. On the other hand, rates of
both acid- and base-catalyzed exchange (kex) in poly(DL-lysine) are sensitive to salt
concentrations because the increase in salt concentration increases counterion
competition (less H™ or OH surface concentration, local pH # bulk pH) and enhances
electrostatic screening (from reactive species like H™ and OH") at the surface of a
macromolecule [20]. Therefore, the neutral residues are good probes of the nascent chain
structure. We hypothesized that these residues have ke that do not depend on the salt
concentration in the solution.

Figure 3-2 illustrates the kinetic behavior of the backbone NH groups under HDX
conditions. Based on these trends we concluded that HDX on RNC experiments should
be conducted in the following manner. First, the HDX experiments should be carried out
at a constant salt concentration and the protection factors (i.e., the ratio of Kex random coit/Kex,
nascent chain) Of neutral residues should be examined. Next, the salt concentration of the
medium should be increased (from 0 to 2 M NaCl) to detect the changes in the protection

factors. The changes should be detected on residues with neutral side chains because they
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are not affected by the increase of salt concentration according to Kim et al/ [20]. If
changes in protection factors are observed, they are most likely due to elimination of
ribosome-peptide interactions, but not due to the intra-peptide conformational changes.
These interactions, if significant, are expected to influence the structure and compaction

of the RNC that can be captured by the proposed HDX experiments.
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Figure 3-2. Kinetic behavior of peptide -NH- groups under HDX conditions. (A)
Dependence of the rate constant of exchange on the measured pD (i.e., -log[D"]). (B)
Comparison of predicted and experimental kinetic behavior of a model protein under
HDX conditions. (C and D) The change of the kinetic behavior based on the nature of

amino acid and its close neighbors.
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Back-exchange under quenching conditions is an inevitable complication
associated with the HDX method. Even at quenching conditions the rate of exchange is
catalyzed by water molecules (Ky.min ~ 10~ — 10”min™") [18]. The rate of back exchange
is residue specific and can be taken into account [22, 23]. The initial degree of protection
for most residues may be found from a series of 'H,'”’N-SOFAST-HMQC spectra. In
order to decrease the rate of back-exchange, the detection may be carried out in an
organic solvent, such as DMSO [22] or CH30H [23] to effectively lower the catalysts’

concentrations (i.e. [H'] and [OH]).

3.3.3 Model system

We chose to study RNCs formed from full-length sperm whale apomyoglobin
(apoMb), a 153-amino-acid-long protein (Figure 3-3). ApoMb was characterized at
atomic resolution at pH 2.3 [24], pH 4 [25-27], and pH 6 [28]. At low pH, apoMb
populates partial helical conformation for the amino acids corresponding to the A, D/E,
and H helices. Also, long-range interactions involving residues corresponding to the
native A and G-H helices and medium-range interactions within the A-B-C and G-H
regions were identified in paramagnetic spin-labeling experiments [29, 30]. ApoMb’s
shorter N-terminal fragments have also been characterized at atomic resolution at pH 2.4
[31]. In Chapter 2, we showed that the long-range interactions of N-terminus (A-region)
and C-terminus (H-region) induce additional secondary structure in the N-terminus.
Therefore, apomyoglobin is a promising nascent chain because its N-terminus does not
have a chance to interact with its C-terminus until after the chain is completely

synthesized and released from the ribosome.
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Recently, the dynamics of the ribosome-bound nascent chains of apomyoglobin
and its shorter N-terminal fragments were studied by dynamic fluorescence
depolarization [32]. This protein has an intermediate motion component while on the
ribosome [32], is soluble at quenching conditions of HDX (pH 2.5, 4°C) [31], and is
small enough (~17 kDa) to be analyzed by NMR spectroscopy. The Cavagnero group
expertise on the folding behavior of apomyoglobin [31] in solution sets a foundation for

discovering the role of the ribosome in the folding of emerging apoMb NC.
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3.3.4 Optimization of HDX conditions

3.3.4.1 Large size of RNC.

RNC is very large and complex. It contains NC, mRNA, tRNA, and two
ribosomal subunits 50S and 30S comprising 55 ribosomal proteins and 3 ribosomal
RNAs (Figure 3-3). This complex has a molecular mass of more than 2.5 Mda and is
intractable to study at atomic resolution in intact form by solution spectroscopic
techniques. Even the NC-tRNA covalent complex is too large (~55kDa) to be
successfully detected by NMR. We circumvented this problem using a two-step
approach. First, we selectively labeled the NC with a fluorescent dye and with ""N-
labeled amino acids to allow for the fluorescence and NMR detection, respectively.
Under these labeling conditions, 55 ribosomal proteins remain silent during spectroscopic
measurements. Second, we perform HDX followed by the acidic quenching as discussed
earlier in Figure 3-1. Acidic quenching does not break covalent bond between NC and
tRNA. Therefore, we cleaved this covalent bond by treating the quenched RNC solution
with Rnase A or Rnase T1 (Figure 3-4) [33, 34]. We showed that these highly active
enzymes Rnases are capable of digesting RNA in less than a minute at pH 2.5 (Figure 3-

3).

3.3.4.2 Highly charged ribosomal surface.

Upon HDX quenching conditions, a precipitate formed that contained NC. Even
after the Rnase A (or T1) cleavage step, NCs remained in the precipitate (Figure 3-5).
Based on highly electrostatic nature of the ribosome [35], we believe that this precipitate
is formed due to strong electrostatic interactions between positively charged proteins and

negatively charged RNAs. The majority of ribosomal proteins have high isoelectric
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points (pI ~ 9-11) [17] and apoMb’s NC has pl 8. Therefore, at pH 2.5 both ribosomal
and nascent proteins are highly positively charged, whereas ribosomal RNAs and tRNA
are highly negatively charged. We calculated that, at pH 2.5, there is still one negative
charge per four phosphodiester bonds in rRNA.

The resulting precipitation is undesirable for two reasons. First, the precipitate
may lead to isotope scrambling and local changes in pH. Local changes in pH may
increase the rates of HDX leading to the premature back-exchange and incorrect NMR
data interpretation. Second, the precipitate drastically reduces the NC concentration
available for the NMR detection. To circumvent the problems that may result from
RNCs’ precipitation, we developed HDX quenching conditions for RNC.

We found the conditions under which the ribosome-released NCs are soluble
under quenching conditions at pH 2.5. Our preliminary experiments showed that organic
solvents (such as methanol, acetone, acetonitrile, etc.), an increased salt concentration of
the solution, the competition effect by protamine sulfate [36], and the ionic denaturant
6M guanidinium chloride were not effective in improving the solubility of the released
NC. Our experiments showed that 8M urea is a reproducibly good candidate for
solubilization (Figure 3-6). However, the removal of 8M urea from the released NC

solution turned out to be very time consuming and impractical for HDX experiments.
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Figure 3-6. Denaturant effect on solubilization of RNCs at pH 2.5. The lanes titled

“elute 80%” correspond to the fractions of released RNCs that were purified from small

molecules and RNA fragments on the C18 spin column and eluted with aqueous solution

of 80% CH;CN and 0.1% TFA.
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Figure 3-7. PAGE detection (pH 5) of RnaseA-digested RNCs of apoMb at pH 2.5.

Several solubilizing agents were used to bring nascent apoMb back into solution. (A) Gel

stained with Coomassie blue. (B) Same gel analyzed by fluorescence with 512BP filter.
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We explored Hofmeister series (or lyotropic series) to find the best salting in
agent [37-39]. These series classify ions based on their ability to salt out or salt in
proteins. Anions appear to have a larger effect than cations, and are usually ordered as
follows:

F ~ 804" > HPO,” > CH;COO > CI'>NO; > Br > ClOy > > ClO4 > SCN,
where F~ and SO,> are the strongest kosmotropes (they salt out, stabilize proteins) and
SCN' is the strongest chaotrope (it salts in, destabilizes proteins).

The order of cations is the following:

NH;">K">Na">Li" > Mg*" > Ca’" > Guanidinium (Gdm)

Based on these series, we chose guanidinium thiocyanate (GdmSCN) as a solubilizing
agent because it consists of ions with the highest denaturing ability. Figure 3-7 shows that
even at 3M concentration it is effective at solubilizing almost all ribosomal proteins and
the NCs in contrast to 8.5M urea solution or ineffective GdmCI (data not shown). Even
though GdmSCN solubilizes all proteins, the fluorescent band from the supernatant
(Figure 3-7, highlighted in a red box) is faint. We ascribed it to the loss of the BODIPY-fl
fluorophore upon GdmSCN treatment manifesting in a bright spot on the gel. It is
unlikely that this fluorophore hydrolysis affects the released NC because NC’s band from
the supernatant fraction corresponds to the expected molecular weight of the released
NC.

We concluded that the treatment of the released NC with GdAmSCN at the HDX
quenching conditions is the solution for precipitation problem. The next issue we tackled
was the low concentration of RNC generated in the cell-free system. Based on our

experiments, this concentration is 300 times less than that required for the NMR
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experiments. Therefore, we chose the SecM-stalling approach to address this issue [40,

41].

3.3.5 SecM-stalled RNCs for achieving NMR-enabling concentrations.

NMR experiments for HDX detection have two requirements. First, the yield of
apoMb RNC must be at least 300 uM in 10 pL. Second, the RNC should be stable and
uniformly '""N-labeled. A SecM stalling approach for the large scale in vivo RNC
production and labeling is a very promising procedure both for generating NMR-required
concentrations of RNC and for their uniform labeling [1, 40-42]. This approach is based
on the ability of a specific C-terminal 17-amino-acid sequence to stall the translating
ribosomes (see Figure 3-8A). The stalling occurs when three conserved amino acids (Phe,
Trp, and Ile) in the 17-residue SecM stalling region interact tightly with two ribosomal
proteins, L22 and L4. These proteins protrude inside the ribosomal tunnel and, upon
interaction with the SecM region, change the conformation narrowing the tunnel [2, 42].

In order to produce the SecM-stalled RNC, we sub-cloned the apomyoglobin gene
into the pBat vector containing the SecM gene to create a construct shown on Figure 3-
8B. The pBat vector was kindly provided by Prof. Bukau [1, 43]. This construct has two
additional components necessary for RNC purification: a TEV cleavage site and a triple
Strep-tag region. The latter is critical for fast and easy purification of RNC via affinity
chromatography. This allows us to separate RNC from the empty ribosomes efficiently.
The former is needed to cleave purification tags from purified RNC. TEV protease
removes almost all residues attached to the apoMb RNC N-terminus, retaining only Ser

and Gly.
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We expressed and purified the full-length apoMb RNC. This procedure enabled
us to achieve 10 pM concentration of unlabeled and 1.2 uM of ’N-labeled RNC in 250
uL solution. The experimental data are presented in Figure 3-9. The concentration of
labeled RNC is not sufficient to prepare 300 pl of 10 pM NMR sample. In addition, the

production of labeled RNC was not reproducible. We decided to halt this project.
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Figure 3-8. SecM stalling approach. (A) The SecM stalling mechanism is based on the
tight binding of the three conserved residues in 17-residue SecM sequence to the L22 and
L4 proteins protruding into the ribosomal tunnel. Critical interactions are shown in the
enlarged area. The figure is reproduced with permission from the publication by Daria V.
Fedyukina and Silvia Cavagnero, Annual Reviews Biophysics, 2011, 40, 337-359 [2]. (B)
The construct for the large scale production of ApoMb RNCs in vivo. Numbers above the

sequence correspond to the amount of amino acids in each fragment.
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Figure 3-9. SecM-stalled RNC production. (A) Expression of °N-labeled RNC. Cells
were grown in LB media to optical density ~1.3. The cell culture (3 L) was centrifuged
and the cells were re-suspended in 1 L of M9 media with "NH,Cl. IPTG was added
immediately, rifampicin was added after 10 min. (B) Purification of "N-labeled RNC:
Strep-tactin column elution profile. Absorbance at 260 nm in each fraction. (C)
Purification of "°’N-labeled RNC: TEV cleavage of the N-terminal Strep3 tag. SDS-PAGE
of the indicated fractions after Rnase A treatment [1]. (D) Western Blotting of RNC
sample using Strep Tag monoclonal antibody as a primary antibody. Samples 2 and 3 are

tests for the stability of RNC over the period of more than 10 hours.
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3.4 Future Directions

We have not succeeded in achieving the reproducibility of the ’N-labeled RNC
production. Given that the HDX study requires a large number of highly reproducible
""N-labled RNC samples, we reconsidered our approach to study protein folding on the
ribosome at the atomic resolution. One of the future directions to be pursued in
Cavagnero research group is the use of Trp-, Tyr-, or Phe-auxotrophic cell strains to
selectively label RNC with "°C and/or "N at Trp, Tyr, or Phe positions. We have
received the corresponding cell strains from the Prof. Inoyue [44] that are suitable for the
in vivo RNC production. The detailed discussion of the proposed direction of the RNC

folding studies can be found in Chapter 5.
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Chapter 4 Electrostatic and Nonpolar Properties of

Ribosomal Proteins

The content of this chapter is being developed as a manuscript in preparation:
Daria V. Fedyukina and Silvia Cavagnero ‘Electrostatic properties of ribosomal proteins’,

in preparation (2013)
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4.1 Abstract

Ribosomes are large macromolecular complexes consisting of RNA and proteins.
This composition renders the ribosome a highly charged species. The aim of this study is
to investigate the electrostatic and nonpolar properties of ribosomal proteins. These
properties are important because they influence interactions with other proteins and
various co-solvents and ions in solutions, eventually contributing to ribosomal assembly
and protein folding on the ribosome. We examined 50S ribosomal subunits from ten
species, based upon structural and amino acid sequence data from the Protein Data Bank
and the UniProt Knowledgebase, respectively. We found a clear distinction between the
net charge of ribosomal proteins from halophilic and non-halophilic organisms.
Specifically, ca. 67% of ribosomal proteins from halophiles are negatively charged while
only up to ca. 15% of ribosomal proteins from non-halophiles share this property.
Conversely, hydrophobicity tends to be lower for ribosomal proteins from halophiles than
for the corresponding proteins from non-halophiles. The surface electrostatic potential of
ribosomal proteins has distinct positive and negative regions across all the examined
species. Hence, the majority of ribosomal proteins experiences a significant degree of
charge segregation under both low- and high-salt conditions. This important property is a
key feature that enables the ribosome to accommodate proteins regardless of their overall

net charge.
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4.2 Introduction

Several crystal structures of large and small ribosomal subunits became available
over the past decade [1-4]. This advancement has provided the opportunity to closely
examine the peculiar conformational features of ribosomal RNA and proteins. Reviews
on this topic are available, including the analysis of ribosomal components [5, 6], the
structural and functional [7, 8] features of ribosomal proteins and the mechanisms of
ribosomal assembly [9, 10].

The electrostatic properties of ribosomal proteins, however, have not been
explored in detail so far, despite their fundamental importance. These properties affect
how the ribosome macromolecular complex is assembled and stabilized, and how it
interacts with several biological cofactors (e.g., molecular chaperones), the newly
synthesized nascent chain during translation, and various ions [11-13].

This chapter focuses on the electrostatic properties of ribosomal proteins from ten
organisms: three from bacteria (E. coli, T. Uukaryotelles, D. radiodurans), two from
Clukaryote (S. cerevisiae, T. [lukaryotelle), two from non-halobacterial archaea (M.
thermautotrophicus, S. solfataricus), and three from the halobacteria class of the archaea
domain (H. marismortui, H. jeotgali, H. archaeon). The physiological environment of
ribosomes from the former three groups include moderate salt content (i.e. ca. 150 mM)
while the environment of archaeal ribosomes from halophilic organisms is characterized
by high salt concentrations, up to 2-5 M [14].

Due to the high-salt physiological environment, the isoelectric point (pI) of
proteins from halophiles is known to be generally lower [15, 16] than the pl of proteins

from non-halophilic organisms. This is because low pl proteins are rich in aspartate and
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glutamate residues that are abundant in proteins from halophiles [14]. Surprisingly, it is
not known whether this trend is also followed by the corresponding ribosomal proteins,
which serve the special task of interacting with the highly negatively charged rRNA. In
essence, it is not clear how a stable ribosomal assembly could result from the interaction
between highly negatively charged (i.e., ribosomal proteins and rRNA) particles. In
addition, it is generally not known what the electrostatic features of the ribosomal
proteins from all organisms are, and whether they share any common trends.

The motivation to pursue this study in the context of my thesis is threefold. First,
the investigation of protein folding on the ribosome (e.g., see Chapter 3) strongly depends
on understanding the ribosomal electrostatic properties. For instance, under hydrogen-
deuterium exchange (HDX) quenching conditions (i.e., pH 2.5), the ribosome can no
longer be treated as an inert macromolecular complex. The electrostatic properties of the
ribosome, its surface, and its proteins affect how the ribosome interacts with other
proteins and various co-solvents and ions in solutions [11, 12]. Second, electrostatic
properties of the ribosomal surface as a whole and of surfaces of ribosomal proteins may
help select appropriate nascent chains for co-translational protein folding studies. Third,
knowledge of the physical features of ribosomal proteins contributes to our understanding
of RNA-protein interactions.

We found that ribosomal proteins from halophilic bacteria follow the overall trend
of the parent organism and have a higher percent of low-pl, acidic proteins than
ribosomal proteins from non-halophilic organisms. We show that the majority of
ribosomal proteins from all studied organisms exhibits a large degree of intramolecular

charge segregation. This property supports tight binding to ribosomal RNA and ensures
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better hydration of the solvent-exposed sides of ribosomal proteins. Better hydration
results from the fact that condensed solvent-exposed negative charges are capable of
competing for water with RNA phosphate groups on the ribosomal surface [14, 17]. We
hypothesize that, overall, the ribosomal surface is characterized by a similar

microenvironment across all organisms.

4.3 Results and Discussion

4.3.1 Role of net charge

We analyzed all available proteins from the large ribosomal subunit of the
ribosomes from E. coli, T. Uukaryotelles, D. radiodurans, S. cerevisiae, T.
Cukaryotelle, M. thermautotrophicus, S. solfataricus, H. marismortui, H. jeotgali, H.
archaeon in terms of their pl and average net charge per residue (MNC). Using UniProt
Knowledgebase [18] and online ProtParam software [19], we calculated pl values for all
studied 50S ribosomal proteins from ten different organisms listed above. MNC values
were calculated as described in Materials and Methods. These results are presented in
Table 4-1. Two clear trends emerged differentiating ribosomal proteins from non-
halophilic and halophilic organisms. First, ribosomal proteins from non-halophiles have a
large fraction of high-pl proteins (i.e., positively charged proteins at the physiological pH
7.4), ranging from 86 to 100% (see Table 4-1). This result is consistent with the
expectation that ribosomal proteins experience strong electrostatic interactions with the
highly negatively charged ribosomal RNA [6]. In contrast, the overall percentage of high-
pl proteins in the corresponding proteomes fluctuates between 27% and 60%, leaning

towards a higher abundance of acidic proteins. Second, ribosomal proteins from
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halophilic organisms have on average a much lower pl, i.e., they are much more acidic,
than ribosomal proteins from non-halophilic organisms. The ratio of low-pl to high-pl
ribosomal proteins is ~ 2:1. Average MNC values (i.e., MNC averaged over all studied
50S ribosomal proteins from each species) of ribosomal proteins in Table 4-1 are
consistent with the trends in pl described above across all studied species, i.e., these
values are positive for ribosomal proteins from non-halophiles and negative for those
from halophiles.

The low average pl of ribosomal proteins from halophiles is consistent with the
known general properties of proteins from halophilic organisms, given that even non-
ribosomal proteins from halophiles have, on average, low pl [15] (see Table 4-1). For this
class of proteins, it is known that the high degree of protein acidity arises as a natural
response to the high salt concentration of the physiological medium. Acidic proteins have
a larger fraction of negatively charged amino acids at the physiological pH of 7.4, i.e.
Asp (D) and Glu (E). Proteins with a high D and E content are more highly hydrated than
proteins from non-halophilic organisms, which have a lower D and E content [14].
Proteins from halophiles have to compete with the high salt content of the medium to
maintain an effective hydration shell. Proteins from other organisms that live in normal
salt conditions (i.e., 150 mM salt concentration) do not need to compete for water [14,
20-22].

The mere existence of some positively charged ribosomal proteins, ca. ~ 33%, in
high-salt environments is intriguing. This percent is considerably larger than the percent
of negatively charged proteins from the corresponding whole organism (close to 0 %)

[15]. To date, it is not yet understood how the high-pl proteins from halophiles could
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even be biosynthesized and survive in a high-salt medium, before being incorporated into
the ribosome. More research needs to be done to shed light on this topic. We suggest that
the 2:1 ratio of positively to negatively charged ribosomal proteins results from a balance
between the need to prevent protein destabilization at high salt concentration [23] and the

requirement to tightly bind to rRNA [6].
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Table 4-1. Mean net charge per residue (MNC) and pl of proteins from the large
ribosomal (Rb) subunits from ten organisms. MNC and pl are unitless parameters. The
average MNC is defined as the MNC averaged over all 50S ribosomal proteins of each

species studied in this work.

Species Fraction of low pI | Average MNC of | Fraction of low-pI
proteins in large | proteins in large proteins in
Rb subunits Rb subunits proteome|[15]
E. coliKi12 7% 0.08 64%
T. thermophilus 6% 0.12 ~58%
D. radiodurans 9% 0.10 ~65%
S. cerevisiae 11% 0.13 ~50%
T. thermophila 0% 0.15 ~40%
S. solfataricus 3% 0.12 ~43%
M. thermautotrophicus 14% 0.09 ~73%
H. marismortui 66% -0.04 ~93%
H. jeotgali 67% -0.03 N/A
H. archaeon DL31 70% -0.05 N/A
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4.3.2 Role of hydrophobicity

We plotted the mean hydrophobicity per residue (MH) as a function of pl for
ribosomal proteins from different types of organisms, as shown in Figure 4-1. Figure 4-1
illustrates the dramatic shift of the ribosomal proteins in halophiles towards low pl. The
figure also shows that, within each type of organism, the hydrophobicity of the positively
charged proteins is generally lower than that of negatively charged proteins. However,
ribosomal proteins from halophilic archaea are overall less hydrophobic than ribosomal
proteins from non-halophilic organisms.

We further explored the role of hydrophobicity by using MNC and MH data to
generate Uversky-type plots for ribosomal proteins from ten different species (Figure 4-
2) [24]. According to Uversky et al. [24], MH and MNC are excellent predictors of
protein folding status (ordered, partially ordered, or fully disordered). For instance,
disordered proteins tend to have high net charge, which leads to strong charge-charge
repulsion, and low hydrophobicity. This implies an insufficient driving force for
hydrophobic collapse, which is a requirement for autonomous folding. Chen et al.
suggested that numerous families of ribosomal proteins contain conserved regions of
predicted disorder [25]. In Figure 4-2, panels A-C show Uversky-type plots for ribosomal
proteins from seven non-halophilic organisms and panel D shows the corresponding plots
for proteins from halophilic species. The solid line represents the putative discriminating
edge between intrinsically disordered (IDPs, to the left) and independently folded (to the
right) proteins, based on prior work from Uversky ef al [24]. Regions enclosed within the
dashed lines correspond to sections of the graph indiscriminately hosting proteins from

both structural classes [26]. After careful examination of the trends of Figure 4-2, we
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calculated four hydrophobicity-related parameters to better characterize ribosomal
proteins from ten organisms. These data are summarized in Table 4-2.

First, according to the definition of intrinsically unfolded proteins [24], all
proteins with MH less than 0.37 are incapable of forming ordered structures
independently no matter how high their MNC. This is due to the fact that their
hydrophobicity is not sufficient for hydrophobic collapse. The fraction of proteins with
MH < 0.37 in Table 4-2 shows that ribosomes from halophiles H. marismortui and H.
Jjeotgali have the highest fraction of this type of proteins. We speculate that the very low
hydrophobicity of these proteins evolved in response to the need to penetrate and induce
order within the rRNA structure upon inter-molecular interactions during ribosomal
assembly [9, 17, 27, 28].

Second, the fraction of fully disordered proteins in Table 4-2 shows that all
ribosomes contain many (from 16.7% to 39.5%) IDPs, confirming the importance of
disorder in ribosomal assembly across all organisms [25]. Additionally, only IDPs from
halophiles are both comparably distributed between negatively and positively charged,
while ribosomal IDPs from non-halophiles are largely positively charged. This
observation supports the idea of a larger degree of order in negatively charged ribosomal
proteins and parallels the finding of positively charged disordered extensions and

negatively charged ordered parts of the H. marismortui ribosomal proteins [6, 17, 25].
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Figure 4-1. Hydrophobicity and pl of ribosomal proteins in the large subunit of the
ribosome from nine organisms. Red solid squares: 50S ribosomal proteins from
halophilic archaea H. marismortui, H. jeotgali, and H. archaeon. Blue solid circles:
eukaryotic 60S ribosomal proteins from S. cerevisiae and T. [ukaryotelle. Black open
circles: bacterial 50S ribosomal proteins from E. coli, T. [lukaryotelles, and D.
radiodurans. Orange crosses: 50S ribosomal proteins from non-halophilic archaea S.
solfataricus and M. thermautotrophicus. Hydrophobicity and pl are unitless parameters.

The vertical dotted line denotes the physiological pH of 7.4.
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Third, no ribosomal proteins from halophilic organisms are fully ordered. They
are either disordered or partially ordered. This trend is illustrated by the fraction of fully
ordered proteins. While for all non-halophilic species the fraction of fully folded
ribosomal proteins fluctuates between 4.3% (S. cerevisiae) and 20% (E. coli), there are
no proteins from halophiles with fully foldable sequences.

Fourth, we calculated the average MH of each of the studied species and showed
that it is indeed lower in halophilic species than in non-halophilic organisms (Table 4-2,
column five). This trend parallels the fact that the MH of the proteome of halophilic

organisms is lower than that of non-halophilic species [29].
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Figure 4-2. Uversky-style (i.e., MNC vs MH) plots [24] of proteins from the large

ribosomal subunits of individual bacteria (A), [Jukaryote (B), non-halophilic

archaea (C), and halophilic archaea (D). The solid line separates intrinsically

disordered proteins (IDPs, on the left) from independently folded proteins (on the right).

The regions on the left, right, and in-between the dashed lines host IDPs, folded, and

partially ordered proteins, respectively. Blue squares and red circles denote proteins with
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positive and negative mean net charges per residue, respectively. Calculations were

performed based on the UniProtKB sequence information (see Materials and Methods).
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Table 4-2. Hydrophobicity of proteins from the large ribosomal (Rb) subunits of ten

organisms.
Species Fraction of | Fraction of | Fraction of Average
proteins in fully fully ordered MH of
large Rb disordered proteins in proteins in
subunits with | proteins in large Rb large Rb
MH < 0.37 large Rb subunits subunits
(MNC - any) subunits
Non-halophiles
Prokaryotes
E. coliKI12 0.0% 17% 20% 0.46
T. thermophilus 6.1% 27% 15% 0.44
D. radiodurans 3.0% 21% 15% 0.44
Eukaryotes
S. cerevisiae 11% 26% 4.3% 0.43
T. thermophila 5.3% 40% 5.3% 0.43
Non-halophilic Archaea
S. solfataricus 0.0% 26% 14% 0.44
M. thermautotrophicus | 11% 31% 8.6% 0.43
Halophiles
H. marismortui 16% 28% 0.0% 0.41
H. jeotgali 15% 30% 0.0% 0.42
H. archaeon DL31 4.3% 26% 0.0% 0.42
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The above observations support our hypothesis that there is some charge
segregation within the majority of ribosomal proteins. To test this hypothesis, we
calculated and visualized the electrostatic surface potential of 193 50S ribosomal proteins
and six 50S ribosomal subunits using the Adaptive Poisson-Boltzmann Solver (APBS)
software package (see Materials and Methods). Figure 4-3 compares the ribosomal
electrostatic surfaces of E. coli (on the left) and H. marismortui (on the right) 50S
ribosomal subunits. Ribosomal proteins make up approximately 40% of the ribosomal
molecular weight [5]. In non-halophilic organisms, these proteins have pl ranging from 9
to 12. Thus, the surface of E. coli ribosomes is expected to be much more positively
charged than that of H. marismortui ribosomes. However, we did not observe striking
differences in surface charge (Figure 4-3). Therefore, we hypothesize that charge is
ubiquitously segregated in ribosomal proteins so that the bulk of the positive charge is
buried inside the ribosome upon assembly to optimize electrostatic interactions with the

rRNA phosphate groups (Figure 4-4).
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Figure 4-3. Exit tunnel view of the electrostatic potential mapped on the 50S
molecular surface of E. coli (left) and H. marismortui (right). Electrostatic potentials
are obtained upon solution of the Linearized Poisson-Boltzmann Equation (LPBE) at 150
mM KCI with a solute dielectric of 2.0 and solvent dielectric of 78.0 by using 3D
structures from 2AW4 [30] and 2QA4 [31] Protein Data Bank (PDB) entries for E. coli
and H. marismortui, respectively. A blue color indicates regions with positive potential
(> +3 kT/e) values and a red color indicates regions with negative potential (< -3 kT/e)
values, where kT — a unit of energy equal to 4.11x10' Joules at room temperature (k —

Boltzmann constant, T — temperature in Kelvin) and e — electric charge in Coulombs.
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Figure 4-4. Schematic representation of the charge segregation concept. The negative

charges enclosed in circles denote charges due to rRNA phosphate groups.



135

4.3.3 Amino acid composition of ribosomal proteins
We studied the specific amino acid composition of ribosomal proteins from
halophilic and non-halophilic organisms to better understand the origin of the
shifted MNC and MH. Figure 4-5 shows that the increased acidity of the
ribosomal proteins from halophiles is due an increase in aspartate (D) and
glutamate (E) residues, as well as the decrease in lysine (K) residues.
Interestingly, the fraction of arginine I residues remains approximately constant
(or even slightly increases). Fukuchi et al. showed that, in the proteome of
halophiles, negatively charged residues dominate on the protein surface (1.7 times
more frequent) in contrast to proteomes from non-halophiles, where the
composition of the proteins’ exterior and interior is very similar (1.1 times more
frequent) [29]. Leucine (L), isoleucine (I), and valine (V) contribute the most to
the overall hydrophobicity of a protein. Their fraction in ribosomal proteins is
lower than in non-ribosomal ones. The preferential decrease in K content (in
contrast to R content) is dictated by the higher hydrophobicity of the K side chain
than that of R [32]. Taking into account the process of ribosomal assembly [17,
33], we propose that the slight increase in the R content of ribosomal proteins
across halophilic and non-halophilic species supports chain flexibility, tight

binding to rRNA, and helps to prevent aggregation.
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4.3.4 Additional insights into the electrostatic surface potential and charge
segregation of ribosomal proteins

In general, it is not clear how ribosomal proteins interact with the highly
negatively charged rRNA. Proteomes from halophilic species are highly acidic, with low
pl proteins estimated to comprise more than dominating majority of the total protein
content (Table 4-1) [15]. Hence, this question is particularly compelling in the case of
proteins from halophiles. In halophiles, the 2:1 ratio of positively to negatively charged
ribosomal proteins appears to be optimal to prevent salting-out effects [23] and preserve
binding to rRNA [9]. The above question is rendered more intriguing by the fact that the
rRNA’s charge density is nearly identical across halophilic and non-halophilic organisms,
yet tfRNAs from both types of organisms are comparably effective at interacting with
ribosomal proteins of widely different electrostatic properties.

A possible answer to the above dilemma is that many, if not all, ribosomal
proteins may exhibit charge segregation to preserve effective binding to rRNA despite
their difference in overall net charge. For instance, it is known that some ribosomal
proteins of H. marismortui have long positively charged extensions penetrating deep into
the RNA during ribosomal assembly [17, 28]. We hypothesize that charge segregation is
a common feature of ribosomal proteins from all organisms.

First, to estimate the extent of charge segregation in large ribosomal subunits, we
visualized six available Protein Data Bank (PDB) structures looking for distinct patches
of positive and negative electrostatic potentials. The data are summarized in Table 4-3.
We noticed visible electrostatic surface potential segregation in ribosomal proteins from

both halophiles and non-halophiles. Figure 4-6 provides four examples of low pl and high
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pl proteins in halophilic (H. marismortui) and non-halophilic (E. coli) organisms. We
found that the majority (62 — 100%) of the proteins from large ribosomal subunits exhibit
charge segregation. This segregation is not limited to the nonglobular extensions, as had
been proposed by Klein et al. [17], but is also manifested in extensive negatively or
positively charged patches on the surface of globular ribosomal proteins. Even though
non-halophilic species do not usually have a statistically significant number of negatively
charged proteins, based on the data in Table 4-3, we conclude that negatively charged
proteins are more likely to exhibit charge segregation than positively charged ones.

In order to more quantitatively characterize charge segregation, we propose to
evaluate electrostatic potentials (Eps) from APBS calculations and corresponding
accessible surface areas (ASA) for each atom (see Materials and Methods). We selected
the L3 protein from the 50S ribosomal subunit to test the concept. In E. coli, this protein
corresponds to L3 [30], in H. marismortui — to L3p [31]. The choice of the protein is
dictated by a couple of its properties. First, it exhibits obvious charge segregation in both
species, as visualized by PyMOL (see Figure 4-6) [12, 34]. Second, it is has a negative
MNC in H. marismortui and a positive MNC in E. coli. The difference in MNCs is
critical to demonstrate the ubiquitous charge segregation of ribosomal proteins regardless
of their pl. As part of future research, we will expand the investigation to all ribosomal
proteins studied in this chapter.

We explored two characteristics of L3p and L3. First, for each of the two proteins,
we calculated the fraction of positively and negatively charged surfaces that are solvent-

exposed on the ribosome. Second, we visualized the charged groups of Lys, Arg, Asp,
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and Glu on 3D plots and computed the length of positive and negative regions of these

proteins.

4.3.4.1 Positively and negatively charged regions of L3

We identified negative and positive surface electrostatic potential (EP) values for
the L3 and L3p atoms by multiplying the fraction of accessible surface area (ASA) of
each atom by the corresponding EP (see Material and Methods). In order to calculate the
fraction of positive and negative EP exposed to the ribosomal surface, we calculated the
total surface EP of the entire L3 and L3p proteins out of the context of the ribosome (the
resulting values were denoted as “isolated”) and the surface EP of these proteins exposed
to the ribosomal surface (called “on Rb”). We then divided the former by the latter to
obtain the fraction of surface-exposed charge of each protein. All numerical values
illustrating the above calculations are summarized in Table 4-4. As expected, L3 (a
positively charge protein) has a smaller fraction (56%) of negative ASA, which is
solvent-exposed within the ribosome, than L3p (a negatively charged protein, 61%).
However, both of these proteins follow the predicted trend — i.e., they expose a larger
fraction of negative EP to the surface than the positive EP.

In Table 4-4, the EP data are obtained by solving Linearized Poisson-Boltzmann
Equation (LPBE). This equation is not valid for very highly charged systems like RNA
and ribosomes. It is possible to solve Nonlinear Poisson-Boltzmann Equation (NLPBE),
but the solution would be still incorrect because divalent cations like Mg®" and
putrescine® are present in high concentrations on the ribosomal surface and must be
taken into account. Therefore, we decided to focus on the ASA values of the charged

groups (-COO" in Asp and Glu, -NH'; in Lys, and -NH-C"(NH,), in Arg) to assess the
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degree of charge segregation. Table 4-5 shows the calculated fractions of positively and
negatively charged ASA solvent-exposed on the ribosomal surface for proteins from 50S
subunits of H. marismortui and D. radiodurans. 1t is clear that the fractions of negatively
charged ASA are much higher for both organisms (average values: 86% for H.
marismortui and 84% for D. radiodurans) than the fraction of positively charged ASA
(average values: 49% for H. marismortui and 57% for D. radiodurans). This difference is
especially pronounced in proteins from halophilic H. marismortui. This result confirms
our early hypothesis that the ribosomal proteins from halophiles exhibit a stronger degree

of charge segregation than ribosomal proteins from non-halophiles.
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Figure 4-6. Selected images of electrostatic potential mapped on molecular surfaces
of four 50S ribosomal proteins (L3p and L10e from H. marismortui, L7/1.L12 and L3
from E. coli). Shown are both sides of each protein. PDB structural data: L3p — chain B
in 2QA4 [31], L7/L12 — 1RQU [35], L10e — chain H in 2QA4, L3 — chain D in 2AW4

[30].
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Table 4-3. Fraction of proteins exhibiting charge segregation. This analysis is

performed upon inspection of the electrostatic surface of 193 ribosomal proteins. Note

that not all existing ribosomal proteins are present in the available crystal structures and

the corresponding PDB files [36]. (*) Note the small sample size. (**) PDB files for PO,

P1 alpha, and P2 beta are chains q, r, and s of 4B6A [37], respectively. Rb — ribosome.

Species PDB Proteins in large Rb subunits
file Low pl High pI
Total Fraction of Total Fraction of
number proteins number proteins
of exhibiting of exhibiting charge
proteins charge proteins separation
separation
Non-halophiles
Bacteria
E. coli 2AW4 | 2 100%* 27 85%
T. 3181 2 100%* 29 90%
thermophilus
D. radiodurans | 2ZJR | 1 100%* 24 83%
Eukaryota
S. cerevisiae 3USE | 5%** 80% 37 70%
T. thermophila | 4A1D |0 N/A 39 62%
4A1E
Halophile, Archaeal
H. marismortui | 2QA4 | 18 100% 9 100%
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Table 4-4. Computed electrostatic parameters for the L3 (E. coli) and L3p (H.

marismortui) ribosomal proteins. Symbols are defined as follows: Rb — ribosome, pl —

isoelectric point, MNC — mean net charge, ASA - accessible surface area, EP —

electrostatic potential.

Calculated

parameters

L3

L3p

on Rb

isolated

on Rb

Isolated

pl

9.9

59

MNC

+0.05

-0.02

ASA of atoms with
positive EP, A*

0.77x10°

1.9x10°

0.65x10°

1.6x10°

Total positive

surface EP, kT/e

+753

+1,712

+911

+2,272

Positive EP per
ASA, kT/e/A?

+0.98

+14

+1.5

ASA of atoms with
negative EP, A’

1.1x10°

1.6x10°

1.6x10°

2.7x10°

Total negative

surface EP, kT/e

-6,836

-12,101

-12,859

-21,087

Negative EP per
ASA, kT/e/A’

-8.2

Fraction of ASA
with positive EP,
exposed on the

ribosomal surface

44%

40%

Fraction of ASA
with negative EP,
exposed on the

ribosomal surface

56%

61%
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4.3.4.2 Size of the negatively charged solvent-exposed regions of ribosomal proteins

In order to provide an additional characterization of the degree of charge
separation, we carried out the following preliminary work. We created 3D plots mapping
the charge distribution of the L3 and L3p proteins within the ribosome and in the isolated
forms (Figure 4-7). These plots focus on the surface-accessible atoms based on their
coordinates. The number of the spheres per unit volume is higher in panels C and D than
in panels A and B, respectively. Thus, this figure confirms that a high fraction of
negatively charged Glu and Asp is exposed to the ribosomal surface. It also allows us to
estimate the legths of the charged regions. We approximate that the stretch of negatively
charged surface is 30 A for L3p (H. marismortui) and 25 A for L3 (E. coli). These are
very significant values when compared with the diameter of the atoms in the charged
groups, ranging from 2.8 to 4 A. In future work we plan to more accurately assess the
degree of charge segregation so that the ribosomal proteins can be classified into

strongly-, poorly-, and non-charge-segregated.
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Table 4-5. Fractions of negatively and positively charged accessible surface area

(ASA) solvent-exposed on the ribosomal surface. Rb — ribosome.

Fraction of

Fraction of

Fraction of

Fraction of

Ribosomal positively negatively Ribosomal hg?“:ié A nfﬁ:ii\;e;y
proteins charged ASA | charged ASA | proteins from ¢ %e ¢ ASgA
from 50S D. solvent- solvent- 50S H. XSO Veg -n Ivent-
radiodurans exposed on | exposed on the | marismortui cxposec o sotve
. . the ribosome | exposed on
the ribosome ribosome .
the ribosome
L2 58% 67% L2p 44% 76%
L3 45% 86% L3p 36% 86%
L4 53% 93% L4p 34% 87%
L5 75% 86% L5p 55% 79%
L6 75% 100% Lé6p 63% 94%
L1l 84% 99% L7Ae 74% 90%
L13 52% 82% L10e 54% 90%
L14 64% 70% Lllp 92% 96%
L15 49% 83% L13p 49% 89%
L16 55% 60% L14p 56% 85%
L17 43% 81% L15e 30% 73%
L18 64% 93% L16e 34% 86%
L19 57% 73% L18p 39% 93%
L20 40% 60% L19e 39% 89%
L21 37% 91% L2le 43% 87%
L22 50% 79% L22p 54% 92%
L23 58% 90% L23p 46% 87%
L24 69% 100% L24e 66% 75%
L25 74% 96% L24p 37% 84%
L27 56% 58% L29% 51% 89%
L28 55% 100% L30p 45% 88%
L29 74% 85% L3le 57% 91%
L30 64% 98% L32e 36% 91%
L32 32% 77% L37Ae 68% 96%
L36 41% 90% L37e 29% 74%
Average 57% 84% L39e 39% 52%
L44e 60% 94%
Average 49% 86%
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Figure 4-7. 3D plots mapping the spatial distribution of the charged groups of
amino acids Lys, Arg, Asp, and Glu. Red spheres: Glu and Asp, blue spheres: Lys and
Arg. (A) Solvent-exposed charged groups in the isolated L3p protein (H. marismortui).
(B) Solvent-exposed charged groups in the isolated L3 protein (E. coli). (C) Solvent-
exposed charged groups in the L3p protein within the ribosome. (D) Solvent-exposed
charged groups in the L3 protein within the ribosome. The area of the blue and red
spheres is proportional to the average accessible surface area (ASA) of charged groups of
given amino acids. The ratio of blue and red areas is defined as follows: 1.2:1 (A), 1.5:1

(B), 0.89:1 (C), and 1.4:1 (D).
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4.3.5 How does the ribosome cope with the highly negative charge density of its
surface (contributed by both rRNA and ribosomal proteins)?

The literature shows that high salt environments lead to an increase in the pKa of
aspartate and glutamate from ~3 and ~4 at 5 mM NaCl to 4.9 and 5.3 at 5 M NaCl,
respectively [38, 39]. Two scenarios are possible: the ribosome has a counterion layer
whose features either (1) depend or (2) do not depend on the bulk salt concentration.
According to scenario one, the negative charge on the ribosomal surface should be more
shielded in the high-salt environment of halophiles than in the low-salt environment of
non-halophiles. According to scenario two, the extent of negative charge shielding should
be similar for both halophiles and non-halophiles.

The pKa is usually affected by the proximity of an acid to a charged surface.
Assuming that the ribosomal surface is fully negatively charged due to the dominating
presence of RNA phosphates, one can reason that the pKa of acidic and basic residues
may increase due to RNA-protein proximity [40]. This prediction leads to an expected
decrease of the negative charge of aspartates and glutamates and increasing positive
charge of lysines and arginines.

Lastly, it was shown that the high local concentration of counterions near the
polyion surface of DNA is relatively insensitive to changes in salt concentration in
solution [41]. Therefore, it is possible that ribosomes from non-halophilic organisms have
layers of counterions of similar composition as ribosomes form halophiles. Thus, we
propose that, regardless of the bulk salt content (within values typical for halophiles and

non-halophiles), the ribosome maintains its own microenvironment (i.e., a similar degree
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of charge shielding) to sustain protein-RNA interactions. This view is illustrated in

Figure 4-8.
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Figure 4-8. Schematic representations of ribosomal models in two different
environments. (A) Ribosome from a halophile in 4 M KCI. (B) Ribosome from a non-
halophile in 150 mM KCI. The dashed lines around the ribosomal surfaces enclose

counterion layers and emphasize postulated similarities between these layers in halophilic

and non-halophilic organisms.
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In Chapter 3 of this dissertation, we discovered that 3 M guanidinium thiocyanate
(GdmSCN) provides the optimal solubilizing condition for ribosomal proteins and the
nascent chain under HDX quenching. No other highly charged co-solvents were
successful in solubilizing the nascent chain. For example, protamine sulfate, a polycation
capable of disrupting protein-DNA interactions at low pH [42], has no solubilizing effect
on aggregated ribosomes at pH 2.5. Our findings in this Chapter 4 may explain these
experimental observations. First, it is well known that the sulfate ion is a strong salting
out agent [43], thus, protamine sulfate should contribute to precipitation and structure
stabilization of ribosomal proteins and the nascent chain [44]. Second, even though
protein-RNA interactions in ribosomes are primarily electrostatic, high salt
concentrations are not always able to disrupt and outcompete these interactions. Proteins
from halophilic organisms are able to maintain active conformations in high salt
environments as long as these salts are not chaotropes [45]. Destabilization of protein
conformations is achieved when chaotropes are present in solutions, with GAmSCN being
the strongest one [43, 46, 47]. Third, to prevent aggregation, ribosomal proteins must be
well hydrated. According to halophilic adaptation, negatively charged groups are solvent
exposed to compete for water with other macromolecules and, particularly, with salt ions.
Under HDX quenching conditions at pH 2.5, hydration is not efficient for the following
reasons. Side chains of Glu and Asp are protonated and lose negatively charged —COO
groups. Additionally, Glu and Asp are more efficient at hydration than Lys and Arg
because they attract 8 molecules of water per residue, while Lys and Arg attract only 5
and 3, respectively [20]. Therefore, at HDX quenching conditions, ribosomal proteins

together with the nascent chain experience massive dehydration, and, consequently,
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aggregation. GdAmSCN, a strong chaotrope, is capable of salting in most of these proteins

[48].

4.4 Conclusions

The findings of this chapter can be summarized as follows.

(1) Among the ribosomal proteins studied here, those from halophilic organisms are
overall more negatively charged and less hydrophobic than those from non-
halophiles. In other words, overall, MNC and MH values are lower for proteins from
halophiles than from non-halophiles. These trends parallel the reported pl and
hydrophobicity trends of the corresponding proteomes [15, 29]. Thus, we have
established that ribosomal proteins follow trends similar to those of their parent
organisms.

(2) Ribosomes from the halophiles studied here have no fully ordered proteins, while
ribosomes from non-halophiles have 4 - 20% fully ordered proteins.

(3) Within any single organism, high pl proteins tend to be more disordered than low pl
proteins. However, across organisms, 50S ribosomal proteins from halophiles are
more disordered than those from non-halophiles.

(4) Regardless of the dominant fraction of high-pl proteins in the ribosomes from non-
halophilic organisms studied here, the solvent-exposed surfaces of the ribosomal
proteins from halophiles and non-halophiles have highly negative electrostatic surface
potential.

(5) The ribosome copes with the above trends via charge segregation. The ribosomal

proteins studied here have positively charged regions that interact with rRNA and
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negatively charged regions that are exposed to the solvent. By electrostatic surface
calculations followed by the inspection of all studied ribosomal proteins, we found
that halophiles have a slightly higher fraction of charge-segregated proteins than non-
halophiles. Interestingly, all studied organisms have more than half of their ribosomal
proteins charge-segregated.

(6) Based on preliminary calculations of solvent-exposed ASA of proteins from H.
marismortui and D. radiodurans, charge segregation in the ribosomal proteins is
more pronounced in halophiles.

(7) Based on calculations from Anderson and Record [41] on DNA, it is possible that the
counterion layer density on the ribosomal surface is indeed very similar across
environments with very different bulk salt concentrations, i.e., across halophilic and
non-halophilic organisms. This concept is consistent with recent experimental

findings on nascent-chain properties from the Cavagnero group [13].

4.5 Materials and Methods

4.5.1 Organisms studied in this work

Several organisms were chosen for the analysis of ribosomal proteins. Table 4-4
below summarizes database resources used in this work. Protein sequences were obtained
from the UniProt Knowledgebase (protein database) [18]. Protein structures and
coordinate files were obtained from the Protein Data Bank (PDB) database [36]. We
chose indicated ribosomal PDB files because they had the largest set of proteins with
more than 90% atoms to allow for further electrostatic potential calculations (see below).

Strains in UniProtKB were matched to the PDB files available.
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4.5.2 Charge and hydrophobicity calculations

(i) Charge. We obtained pl values of each ribosomal protein using the ProtParam
tool [19]. Percent of negatively charged (i.e., low pl) proteins in various proteomes were
estimated based on the plots of bimodal distribution of pl [15] for all species except E.
coli. Fraction of negatively charged proteins in E. coli proteome was calculated from the
“pI bias” value equal to -27% [15]. The relationship between pl bias and percent of

negatively charged proteins is as follows:

100%—pl! bias

% negatively charged proteins = S

(1)

A mean net charge per residue (MNC) is calculated as an average of all charges in
a protein sequence. Charges of Arg, Lys, Asp, and Glu are assigned to +1, +1, -1, and -1,
respectively. Charges of all other amino acid residues are considered negligible at

physiological pH of 7.4.
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Table 4-6. List of organisms and corresponding ribosomal data files studied in this

work.
Domain Name Strain UniProt PDB files [Reference]
Escherichia coli | K12 ECOLI 50S - 2AW4 [30];
30S —2AVY [30];
L7/L12 - 1RQU [35];
o L9 - 1DIV [49]
{Ej Thermus HB8/ATCC27634/DSM579 THET8 50S — 3181 [50]
3
M thermophilus 30S — 3I8H [50]
Deinococcus ATCC13939/DSM20539/JCM16 | DEIRA 50S — 2ZJR and 2ZJQ (with
radiodurans 871/LMG4051/NBRC15346/NCI L7/L12) [51]
MB9279/R1/VKMB-1422
Saccharomyces | ATCC204508/S288c YEAST 60S — 3USE (proteins) and
cerevisiae 3US5D (RNA) [52];
40S — 3US5C (proteins) and
s 3USB (RNA) [52];
% PO — chain q in 4B6A;
E‘ Plalpha — chain r in 4B6A;
P2beta — chain s in 4B6A [37]
Tetrahymena SB210 TETTS 60S —4A1D and 4A1E [53];
thermophila 40S — 2X7ZM [54]
Methanothermo | ATCC29096/DSM1053/JCM100 | METTH N/A
- -bacteria 44/NBRC100330/DeltaH
% thermauto-
; trophicus
g Sulfolobus ATCC35092/DSM1617/JCM113 | SULSO N/A
§ solfataricus 22/P2
<
é’ 3 Haloarcula ATCC43049/DSM3752/JCM896 | HALMA | 50S —2QA4 [31];
5 marismortui 6/VKMB-1809 30S - N/A
E Halalkalicoccus | DSM18796/CECT7217/JCM145 | HALJB N/A
;; Jjeotgali 84/KCTC4019/B3
% [ Halophilic DL31 9ARCH | N/A
° archaeon
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(ii) MNC and MH Plots. According to V. Uversky at el. [24], proteins can be
grouped into “natively folded” (NF) and “natively unfolded” (NU) by plotting the
dependence of MNC of a protein on its mean hydrophobicity (MH). The line that
separates NFs from NUs has the following equation:

IMNC| = 2.785xMH — 1.151 (2)
To allow for existence partially ordered proteins, the authors suggest adding an MH
cushion of 0.045 that results in two additional equations:

IMNC| = 2.785xMH — 1.026 3)

IMNC| = 2.785XMH — 1.276 4)
Equation 3 separates NU proteins from partially ordered proteins and Equation 4
separates partially ordered proteins from NF proteins. Equations 3 and 4 correspond to
dashed lines on all Uversky-style plots.

In order to calculate MH and MNC, I used a Python script, called ProtAnalyst,
written by Rudy Clausen (Cavagnero lab, unpublished). The hydrophobicities of
individual residues were taken from Kyte & Doolittle [55] (determined using water-vapor
transfer free energies and the interior-exterior distribution of amino acid side chains) and
normalized to a scale of 0 to 1 in our calculations. MH is defined as the sum of the
normalized hydrophobicities of all residues divided by the number of residues in the
polypeptide. MNC is calculated as explained above. Values for both MNC and MH are

rounded to two decimal places.

4.5.3 Amino acid composition
Figure 4-3 shows change in amino acid composition. This change is calculated as

follows:
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% AA in halophilic species—% AA in nonhalophilic species

change in AA = x100% (5

% AA in nonhalophilic species
where A4 is an amino acid. The calculations were performed separately for ribosomal
proteins and for cellular proteins. The data for cellular proteins were taken from the work

of Rao et al. [22]

4.5.4 Electrostatic potential calculations

PDB files were converted to PQR files using PDB2PQR software [56, 57]. PQR
files have a necessary format for electrostatic potential calculations using Adaptive
Poisson-Boltzmann Solver (APBS) software package developed by Baker et al. [12]. The
calculations of ribosomal subunits and their proteins were performed by solving the
Linearized Poisson-Boltzmann Equation (LPBE) [40]. The ribosome is treated as a
dielectric continuum with dielectric constant 2.0 embedded in the solvent of dielectric
constant 78.0. All calculations use 150 mM salt concentration of the solvent. Surfaces of
all proteins and ribosomes are colored. A blue color indicates regions with positive
potential values (> +1 kT/e, unless otherwise specified) and a red color indicates regions
with negative potential values (< -1 kT/e, unless otherwise specified). kT is a unit of
energy equal to 4.11x10”" Joules at room temperature (k — Boltzmann constant in
Joule/Kelvin, T — temperature in Kelvin) and e is an electric charge in Coulombs. Table
4-5 lists parameters of electrostatic calculations.

To view electrostatic surface potential, we used PyMOL visualization software

[34] equipped with APBS plug-in.
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Table 4-7. Parameters used in the electrostatic calculations employing the Adaptive

Poisson-Boltzmann Solver (APBS) software package.

Parameter Value
Resolution ~05A
Dielectric constant of species 2.0
Dielectric constant of solvent 78.0
Ion concentration in solvent 150 mM
Number of grid points PDB file-specific
Solvent radius 14 A
Temperature 310.0 K
Vacuum sphere density (grid points per A®) 10.0
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4.5.5 Charge segregation calculations
To gather numerical values for the surface electrostatic potential of each protein,
we identified surface atoms in the APBS output files containing atomic Cartesian
coordinates and values of electrostatic potential. Accessible surface area (ASA) of each
atom in a protein was calculated using NACCESS 2.1.1 software package [58]. Simple
Python codes were written to eliminate incompatibility of APBS and NACCESS output
files. NACCESS’s algorithm uses Lee’s & Richards’ “rolling a ball” approach to
calculate ASA [59]. In order to calculate surface electrostatic potential of an entire
molecule (a ribosomal protein or an entire 50S ribosomal subunit), we determined
percent of ASA (see Equation 7) for each atom in a PDB file and multiplied it by a
corresponding electrostatic potential value. Thus, buried atoms did not contribute to the
value of surface electrostatic potential because their ASA is zero.
Total SA = 4 * T * (Tatom + Tprove)® (6)

ASA(output)
Total SA

%ASA = x* 100% (7)

where radius of the “ball” is 7,05, = 1.4 A.
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5.1 Protein folding on the ribosome

To take the proposed in this dissertation research to the next level, several future
efforts pertinent to the protein folding on the ribosome research (Chapter 3) may be
focused on secondary structure analysis of the N-terminal region of the apomyoglobin
ribosome-bound nascent chain (RNC). This may enable a solid understanding of how the
ribosome modulates NC’s secondary structure formation and may inform mechanisms of

protein folding in vivo.

5.1.1 Secondary structure

To identify the degree of secondary structure in RNC, one may collect secondary
chemical shift (SCS) data for “C* and "“C(O) of tryptophan (Trp) residues in
apomyoglobin RNC as a function of chain elongation. There are three reasons for this.
First, SCS of C* and ">C(0) are known to be reliable reporters of secondary structure in
proteins (see Chapter 2). Second, both Trp residues (Trp7 and Trpl4) are present in the
N-terminus of apomyoglobin (A-helical region in the natively folded protein, Figure 5-1).
Therefore, one will not need to assign the '°C resonances to be able to collect SCS and
identify the degree of secondary structure in the A region. Third, the chain elongation
approach is useful for determining when long-range interactions are contributing to the
formation of secondary structure in the A region. As we have demonstrated in Chapter 2,
the only interactions that induce a significant amount of secondary structure in the A
region are the long-range interactions between the A and H regions (N-terminal and C-
terminal regions, respectively). 1D ?C NMR experiments on RNC may be carried out,

using ’C-Trp-labeled RNC.
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5.1.1.1 Sample preparation

According to Chapter 3, the most efficient way to obtain stable and labeled RNC is
to use SecM stalling and overexpression of RNC in vivo [1]. For the selective Trp
labeling, one may use Trp-auxotrophic cell strains. These BL21(DE3)Atrp::kan cells are
widely used in the literature [2] and available in our laboratory. The RNC expression in
the auxotrophic cells is carried out in minimal M9 medium supplemented with unlabeled

Trp before IPTG induction. *C-labeled Trp is added concomitantly with IPTG.
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Figure 5-1. Structure of sperm whale apomyoglobin highlighting tryptophan
residues. The environment of each tryptophan is shown in the zoomed areas. The Protein

Data Bank (PDB) file: 2W6W [3], UniProt Knowledgebase (KB) file: P02185.
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5.1.1.2 NMR Data Collection and interpretation

The data collection is designed to accommodate the following RNC features:

1. Large size of the E. coli ribosome, i.e. ~ 2.4 MDa;

2. Presence of 55 ribosomal proteins in the solution in addition to the nascent chain

(NC) of interest;

3. Burial of ~35-40 C-terminal amino acids of NC at each chain length.

Large size of the ribosome

C NMR experiments may be set up to detect produced *C-labeled RNC (Figure 5-
2). Given the low concentration of RNC (~ 10 uM), 1D spectra promise better sensitivity
than 2D and 3D. C NMR experiments allows one to collect C* chemical shifts that are
very selective reporters of secondary structure. Alternatively, carbonyl carbons could be
labeled and detected by NMR.

Presence of 55 ribosomal proteins

Exclusive Trp labeling may help eliminate spectral interference of 55 ribosomal
proteins. Trp residues are not present in the most flexible E. coli ribosomal protein,
L7/12, known to give resonances in HSQC spectra of the ribosomes and RNCs [4]. These
resonances overlap with the NC resonances and impede assignments. It is very likely that
the only resonances that appear in the °C spectrum will correspond to Trp residues of
apomyoglobin NC. To test this hypothesis, one needs to prepare and perform NMR
experiments on the ribosomes grown under the identical conditions as *C-labeled RNC
with the exception of IPTG induction.

Burial of C-terminal amino acids and chain elongation on the ribosome.
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To answer the questions 1) at what length of NC does apomyoglobin start to form the
secondary structure in the A region on the ribosome? and 2) to what extent is this
structure formed when the chain is fully synthesized?, one may monitor the change of
these Trp chemical shifts upon chain elongation. The chain elongation approach is
demonstrated in Chapter 2. To generate NCs of different lengths corresponding to WT,
Mu5, and Mu3 in Chapter 2, one should insert 33-amino-acid SecM fragment right after

the C terminus of WT (existing plasmid, see Chapter 3), Mu5, and Mu3.
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Intensity

5 58 57  13C,ppm

Figure 5-2. Elongation strategy coupled with *C selective labeling and *C NMR
detection. (A) Chain elongation of RNC "“C-labeled at Trp7 and Trpl4. (B) General
trend expected on 1D >C NMR spectra as RNC elongates. The *C* chemical shifts move
from 57.3 ppm (random coil) to higher ppm (within ~ 3 ppm range) as Trp7 and Trpl14

attain ¢, v angles corresponding to the helical structure of the A region.
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5.1.1.3 Potential pitfalls and proposed solutions

The ability to detect NMR signals from RNC depends on many factors including
the interactions of the NC with

1) the ribosomal surface and

2) co-translational chaperones.

First, based on the insights from Chapter 4, the surface of the ribosome is highly
negatively charged. It is wise to use a nascent chain that has negative mean net charge per
residue (MNC) and will repulse from the ribosomal surface. This repulsion may promise
sharp resonances in NMR spectra due to faster tumbling in solution as was demonstrated
in case of low pl ribosomal protein L7/12 [4]. Apomyoglobin RNCs have MNC < 0 at
lengths of 138 and shorter (see Figure 5-3A). The studied in Chapter 2 Mu3 (apoMb1-77)
has MNC = -0.013, Mu5 (apoMbl1-119) has MNC = 0.017, and WT (the full-length
apoMb1-153) has MNC = 0.013. Both Mu5 and the full-length apoMb may not be
amenable to NMR spectroscopy due to the potential electrostatic attraction to the
ribosomal surface. Mu5 may be modified to have 126 residues to reach MNC = 0 while
still lacking region H, as desired (see Chapter 2). If Mu5 and WT, nevertheless, remain
unsuitable for NMR investigations, one may carry out the RNC folding study on folding-
competent low-pI NC. An example of a protein-folding-relevant low pl protein is human
alpha synuclein (UniProtKB 37840) with pl 4.67 (closest to 4.60 of E. coli ribosomal
protein L7/12) and molecular weight of 14.5 kDa (similar to 17kDa for apomyoglobin,
UniProtKB P02185) [5]. As shown in Figure 5-3B, synuclein has MNC < 0 at the length
of 115 and higher, which allows one to design several neutral or negatively charged

mutants for the chain elongation approach. This protein has no Trp; therefore, it will
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require Phe-auxotrophic (Phe positions are 3 and 93) and/or Tyr-auxotrophic (Tyr
positions are 38, 124, 132, 135) cell strains for the NMR studies. Additionally, the
biological role of synuclein in Parkinson’s disease renders it a very attractive model to
gain insights into protein folding/misfolding on the ribosome.

Second, the removal of the co-translational chaperones can be achieved in two ways
[6]. DnaK can be removed by adding the GrpE chaperone and ATP to the RNC solution
followed by dialysis. Trigger Factor can be eliminated either by using cell strains
depleted from TF gene tig (Atig strain) or by extensive salt washes and dialysis of the

RNC solution [6].
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Figure 5-3. Elongation plots for sperm whale apomyoglobin (A) and human alpha-
synuclein (B). The plots show how mean net charge per residue (MNC) and mean
hydrophobicity per residue (MH) changes as protein chains elongate [7]. Each black dot
corresponds to a new combination of MNC and MH values upon addition of one more
residue to a growing chain. The solid grey line separates intrinsically disordered proteins
(IDP, above the line) from ordered ones (below the line). The dashed black line separates

negatively charge chains (below) from positively charged chains (above).
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5.2 Electrostatics of ribosomal proteins

In an effort to prepare the findings in Chapter 4 for publishing in a peer reviewed
journal, I propose to enhance the research in the following ways:
(1) Apply the calculations of fraction of Lys, Arg, Glu, and Asp that are solvent-
exposed in the isolated forms of the ribosomal proteins and within the ribosome
to the entire set of 193 ribosomal proteins structures studied in Chapter 4.
(2) Define the degree of charge segregation and classify 193 studied proteins
according to this degree.

(3) Explore the hydrophobicity of positively charged and negatively charged regions.

5.2.1 Fraction of ASA of Lys, Arg, Glu, and Asp

I will to expand the calculations in Table 4-5 to all 193 proteins studied in
Chapter 4. This will allow me to find out how many ribosomal proteins expose higher
percentage of charged Lys, Arg, Asp, Glu side chains within the ribosome than in the
isolated forms. Based on the findings in Chapter 4, my hypothesis is that all the
ribosomal proteins that exhibit charge segregation expose higher fraction of charged

groups within the ribosome than in their isolated forms.

5.2.2 Definition of charge segregation

I propose to define the degree of charge segregation (DCS) and use this parameter
to classify the ribosomal proteins as strongly-, poorly-, and non-charge-segregated. First,
I suggest to evaluate DCS using values of ASA for each atom in charge groups of Lys,
Arg, Glu, and Asp (see Chapter 4’s Materials and Methods). I propose to define DCS as

follows:
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Xpnegative or positive patch area in A2

DCS = 2P (1)

Surface area of the protein in square A2

where p — the number of patches/regions with negative or positive charges, 4 —
Angstrom. This may allow me to identify an average surface area of each patch, to
normalize it to the total surface area of each protein, and to make sure that the size of the
protein is taken into account. An alternative algorithm could use a radius of gyration as a

measurement of DCS.

5.2.3 Hydrophobicity of positively and negatively charged regions in ribosomal

proteins

In Chapter 4, we found that, within a single organism, negatively charged proteins
have higher hydrophobicity than positively charged proteins. I suggest to evaluate
hydrophobicity in positively and negatively charged regions of proteins exhibiting charge
segregation and classified as strongly segregated. The hypothesis being tested is that the
regions corresponding to the negatively charged surface area have higher hydrophobicity
than the regions corresponding to the positively charged surface area. This hypothesis is
in line with the finding of Klein et. al. [8] that hydrophobicity is lower in the positively
charged extensions and higher in the negatively charged globular regions of

H. marismortui 50S ribosomal proteins.
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