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Abstract 

The ribosome synthesizes proteins according to the sequence of the messenger RNA (mRNA) 

by progressively adding amino acids to the C-terminus of the nascent peptide. For a protein to 

become fully functional, it has to fold into a specific three-dimensional structure, called the 

native state. Experimental work on protein folding in solution has shown several possible 

models of protein folding. However, currently there is no unifying model for protein folding on 

the ribosome. Recent experimental work has shown that in the cell nascent polypeptides begin 

to fold during ongoing translation and in the constrained space of the ribosomal peptide exit 

tunnel. Here we propose to utilize two novel experimental techniques, force profile assay (FPA) 

and photoinduced electron transfer with fluorescence correlation spectroscopy (PET-FCS) to 

map the folding trajectory and obtain temporal information on rapid local structural fluctuations 

of dynamic cotranslational intermediates. We studied how a small α-helical domain, the N-

terminal domain of HemK, folds cotranslationally using a high-resolution force profile assay. 

FPA reveals that the protein starts to compact as soon as the N-terminal α-helical segments 

are synthesized. Compaction proceeds vectorially – as nascent chain grows, emerging helical 

segments dock onto the preceding structures and rearrangements continue after emergence 

out of the tunnel and near the ribosomal surface. PET-FCS shows that at each stage of 

translation the nascent peptide undergoes structural fluctuations on the µs time scale. As the 

domain grows in length and the complexity of tertiary interactions and moves away from the 

ribosome the fluctuations slow down. Native state destabilizing mutations have little effect on 

the folding pathway inside the ribosome exit tunnel, but disrupt the final domain stabilization. 

The results presented in this thesis show how FPA and PET-FCS method can be utilized in 

solving the trajectory of cotranslational protein folding and characterizing the dynamic 

properties of folding intermediates.  
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SECTION 1- General Introduction  

Proteins are a major class of essential biomolecules that carry out many functions in cells. 

Some perform enzymatic catalysis (kinases, phosphatases, lipases), transport (hemoglobin), 

storage (casein, ovalbumin), contract muscles (actin and myosin), provide structure (collagen, 

elastin and keratin), protect/defend the organism (thrombin, antibodies), regulate processes 

(hormones, transcription factors), and act as receptors (synaptic receptors). All proteins are 

synthesized within cells by creating a polymer from individual amino acid building blocks, using 

a messenger RNA (mRNA) as a template in a process called translation.  

Translation in bacteria  

Translation is performed by ribosomes, which are macromolecular machines that are 

conserved throughout the domains or life. A prokaryotic 70S ribosome (S – Svedberg unit) is 

comprised of two subunits consisting of ribosomal RNA (rRNA) and proteins. The large 

ribosomal subunit (50S) in bacteria is comprised of two rRNA molecules 23S and 5S as well 

as 34 different proteins. The small ribosomal subunit (30S) has one rRNA molecule 16S and 

21 proteins. When not engaged in translation the subunits exist independently, but during the 

first steps of translation these associate together to become a functional organelle. 

 

The ribosome has three tRNA binding sites - E, P and A. During translation the A site is where 

the aminocylated tRNAs (aa-tRNA) bind and the P site is where the tRNA with attached 

nascent chain resides. The E site is where deacylated tRNA is positioned before leaving the 

ribosome. The decoding center is located on the 30S subunit and this is where codon 

anticodon interactions are formed between the template mRNA and the incoming aa-tRNA. 

The catalytic center for peptide bond formation between amino acids is located in the 50S 

subunit and is called the peptidyl-transferase center, encompassing the 50S parts of the A and 

P sites (Figure 1). 
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Figure 1 Ribosome structure  

Figure adapted with permission from (Zhou et al., 2012). tRNA binding sites are denoted as E, P and A, 

the tRNA bound to these sites is in red, orange and yellow, respectively; rRNA is shown in shades of 

green, proteins in purple. 

Additional protein translation factors associate with the ribosome at various stages of 

translation to assist in maintaining fidelity and processivity, while the tRNA is acting as a 

delivery vehicle for amino acids. Prokaryotic translation occurs in several stages called 

initiation, elongation, nascent peptide release (termination) and ribosome recycling (Rodnina, 

2018). The eukaryotic translation has the same translation stages, however there are some 

differences. The Eukaryotic ribosomes are larger and contain additional rRNA and proteins 

(Ben-Shem et al., 2011). The initiation step involves more protein factors and is subject to 

multiple regulation mechanisms (Merrick and Pavitt, 2018). The eukaryotic mRNAs generally 

feature a modified guanine cap at the 5’ end, while the initiation is coordinated via specific 

initiation factors and the ribosome subunits recognizing and binding this modification (Merrick 

and Pavitt, 2018). The elongation cycle is the most conserved translation step across all 

kingdoms of life, however unique factors have evolved for specific requirements (Dever et al., 

2018). Translation termination and peptide release generally occurs via similar mechanisms in 

prokaryotes and eukaryotes, but the eukaryotic termination is intertwined with mRNA quality 

control mechanisms and in many cases post-termination ribosomes can be interrupted at 

various recycling steps, leading to diverse conditions for rapid translation re-initiation (Hellen, 

2018). The following chapters describe each of the prokaryotic translation steps.  
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Initiation 

The first step of translation is initiation, which is the selection of the correct starting position for 

peptide synthesis on a particular mRNA (Figure 2). 

 

 

 

 

 

Figure 2 Translation Initiation 

Scheme showing translation initiation in bacteria. 
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 Initiation factors (IF1, IF2 and IF3) associate with the 30S subunit forming a pre-initiation 

complex (PIC), while also recruiting the initiator tRNA fMet-tRNAfMet. The initiator tRNA is 

uniquely modified with a formyl group on the attached methionine. This serves to distinguish it 

from the Met-tRNAMet participating in the elongation steps of translation (Milon and Rodnina, 

2012). The joining of the mRNA to the PIC is not defined by the initiation factors and in many 

cases depends upon the interactions between small subunit rRNA and the mRNA itself (Figure 

2). The anticodon of the fMet-tRNAfMet recognizes the starting codon AUG positioned in the 

decoding site of the 30S ribosomal subunit. Most bacterial mRNAs have a Shine-Dalgarno 

(SD) sequence, which is located 6 to 10 nucleotides upstream of the translation start codon 

AUG. The SD sequence specifically interacts with the 16S rRNA of the 30S subunit, which 

helps to position the start codon in the P site. Establishing the codon-anticodon base pair 

interactions defines the open reading frame on the mRNA and indicates the formation of 30S 

initiation complex (30S IC) (Milon and Rodnina, 2012; Simonetti et al., 2009) (Figure 2).  

 

The docking of the 50S ribosomal subunit  to the 30S IC depends on the presence of initiation 

factors and the initiator tRNA (Goyal et al., 2015). Once IF2 hydrolyzes GTP and the fMet-

tRNAfMet goes through an accommodation step in the peptidyl-transferase center of the 50S 

subunit, the initiation factors leave the complex. The subsequent formation of intersubunit 

bridges between the 30S and 50S ultimately traps mRNA and establishes the final 70S 

initiation complex (Goyal et al., 2015; Goyal et al., 2017) (Figure 2). At each initiation step, the 

ribosome subunits and the associating factors undergo several conformational changes (Goyal 

et al., 2015; Rodnina, 2018) leading to the accurate positioning of the first tRNA on an mRNA, 

defining the open reading frame encoding a protein product and establishing the foundation 

for the translation elongation phase.  

 

Elongation 

During the elongation step sequential rounds of mRNA decoding, peptide bond formation and 

translocation produce a polypeptide (Figure 3). First, in the decoding step a codon exposed in 

the A site of the ribosome is matched with the anticodon of an incoming amino aa-tRNA (Figure 

3, Decoding). The aa-tRNA is delivered to the ribosome in a complex with elongation factor Tu 

(EF-Tu) which is a GTPase (Rodnina and Wintermeyer, 1995). The aa-tRNA-EF-Tu-GTP 

complex is called the ternary complex. At this stage the entire cellular pool of aa-tRNAs 

competes for the interaction with the A site codon. When a cognate ternary complex arrives to 

the ribosome, the match in codon-anticodon interactions between mRNA and tRNA triggers 

GTP hydrolysis in the EF-Tu-GTP-aa-tRNA complex (Rodnina, 2012; Rodnina and 

Wintermeyer, 2001a, b). The result of this is the dissociation of EF-Tu-GDP and the free 
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phosphate from the aa-tRNA. Once free, the aa-tRNA undergoes an accommodation step, 

which positions the 3’ CCA tail with the amino acid in the correct orientation at the 50S subunit 

A site. The aa-tRNA is then primed for peptide bond formation (Rodnina et al., 2017). 

Elongation factor Ts (EF-Ts) is a nucleotide exchange factor for EF-Tu and will exchange the 

GDP to GTP, preparing EF-Tu for the binding of next aa-tRNA and the next round of decoding 

(Rodnina and Wintermeyer, 1995). 

 

 

 

Figure 3 Elongation cycle  

Scheme of the bacterial elongation cycle. 

Second, during the peptide bond formation step a single amino acid is bound to a nascent 

peptide chain (Figure 3, peptide bond formation). The favorable conditions for peptide bond 

formation are created by the ribosome, where specific residues of the rRNA and the tRNAs 

are positioned in the correct reaction-favoring geometry. This allows a nucleophilic attack from 

the incoming α-amino group of the A site aa-tRNA on the carbonyl group of the P site peptidyl-

tRNA (Rodnina, 2013; Rodnina et al., 2006). Unlike protein enzymes, the ribosome contributes 

no catalytic groups, but rather provides electrostatic shielding, orders the water molecules in 

the PTC and orchestrates the intricate proton shuttling in the active site (Rodnina, 2018; 
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Sharma et al., 2005; Wallin and Aqvist, 2010). The result is that the nascent peptide is now 

attached to the A-site tRNA and the P-site tRNA is deacylated.  

 

The final step of the elongation cycle is translocation (Figure 3, Translocation). Translocation 

proceeds by disrupting interactions between the ribosome and the tRNA-mRNA thus allowing 

the forward movement of these elements through the ribosome (Rodnina, 2018). This step 

occurs through highly dynamic rearrangements of ribosomal subunits with respect to one 

another. The GTPase elongation factor G (EF-G) acts to provide directionality to the process 

by inserting itself into the A site of the ribosome (Belardinelli et al., 2016). The deacylated P 

site tRNA is positioned in the E site and free to dissociate, the A site peptidyl-tRNA enters the 

P site, and the A site is empty with a new codon present in the decoding center (Figure 3). The 

ribosome is ready for a subsequent round of elongation.  

 

The rate of elongation for a particular mRNA can vary with each codon, because the kinetics 

of decoding depend on the binding kinetics of each tRNA and in the cellular tRNA 

concentrations are not uniform. Specific features of translation kinetics can be utilized in 

translational recoding events such as frameshifting (Korniy et al., 2019) and are important in 

maintaining the quality of synthesis products – stable natively folded proteins (Buhr et al., 

2016).  

 

Peptide Release and Recycling 

Translation enters its final stage when the ribosome reaches a stop codon on the mRNA. Three 

codons signal translation termination in bacteria – UAG, UAA, and UGA. There are two release 

factors: RF1 and RF2, both of which recognize the UAA stop codon; the UAG is exclusively 

recognized by RF1 and UGA by RF2 (Klaholz, 2011) (Figure 4). An associated release factor 

RF3 participates in the RF1 and RF2 turnover after translation termination (Adio et al., 2018; 

Peske et al., 2014). RF1/RF2 recognize their respective stop codons via conserved residues 

forming protein-RNA interactions (Noller et al., 2011). Both of these proteins extend into the 

50S PTC positioning a universally conserved functional GGQ motif that helps the ribosome 

carry out the hydrolysis of the ester bond between the tRNA and the nascent peptide chain 

(Figure 4). The peptide is released from the ribosome and the ribosome itself is recycled for 

the subsequent round of translation.  
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Figure 4 Release and Recycling 

A scheme depicting translation termination and ribosome recycling.  

During the recycling step, the subunits have to be split and the mRNA and tRNA released from 

the ribosome to allow a new round of initiation (Figure 4). The subunit splitting is carried out by 

ribosome recycling factor (RRF) and EF-G working together (Gao et al., 2005; Peske et al., 

2005). The 30S subunit is then left with the tRNA and mRNA. Initiation factor IF3 displaces the 

tRNA from the 30S subunit, while the mRNA exchange occurs spontaneously (Fu et al., 2016; 

Peske et al., 2005; Rodnina, 2018). 

  

The purpose of translation is to express the genetic information encoded in the cellular DNA 

to active and intact cellular operatives – proteins. The capacity of resulting proteins to execute 

their functions depends not only on the fidelity of translation into the linear polypeptide, but 

also on the final three-dimensional structure that the protein can reach in the cellular 

environment. How the final three-dimensional structure is achieved and the type of 

phenomena that drive protein folding will be discussed in the following chapters.    
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Protein folding 

The protein structure hierarchy encompasses four levels. Primary structure is the linear amino 

acid polymer (Figure 5). This can be organized into secondary structure elements such as α-

helixes and β-sheets stabilized by hydrogen bonding between peptide backbone atoms. 

Different amino acid residues have different propensities for specific secondary structures 

(Griffiths-Jones et al., 1998; Swindells et al., 1995). Interactions between individual secondary 

structure elements form tertiary structures (Figure 5) which are stabilized by interactions 

between the amino acid side chains based on electrostatic and hydrophobic properties, van 

der Waals interactions between atoms, and disulfide bridges formed by cysteine residues. 

Interactions between tertiary structures are called quaternary structures that emerge when 

several proteins oligomerize to form a functional unit (Figure 5).  

 

 

Figure 5 Hierarchy of protein structure 

Dashed lines indicate hydrogen bonding between atoms of the polypeptide backbone. Quaternary 

structure – each shade is a separate polypeptide chain.  

 

If a simple 101 amino acid-long protein had to sample at least three conformations per residue, 

taking a 10-13 s at each conformation, then it would take 1027 years for that protein to reach its 

native conformation (Levinthal, 1969). In this time, a photon could travel the diameter of the 

known universe 1017 times (Bars and Terning, 2010). This seemingly infinite number of 

conformations accessible to a polypeptide is known as Levinthal’s paradox.  However, 

experiments with protein folding show that majority of proteins will complete their folding in 

seconds to minutes (Anfinsen et al., 1961; Garbuzynskiy et al., 2013). This means that there 

are additional phenomena that drive protein folding instead of a blind infinite search for the 

correct configuration on the level of individual amino acids. 

 

There are several experimentally verified nearly universal features of protein folding. First, for 

most proteins folding and unfolding is a reversible process (Anfinsen, 1973; Shakhnovich and 
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Gutin, 1990) and both of these can be observed at conditions when the unfolded (U) and folded 

native (N) states exist at an equilibrium and have equal stabilities (Fersht et al., 1999; 

Shakhnovich and Gutin, 1990). In cases of complex folding trajectories, during refolding a 

protein may be sequestered in partially folded stable states for extended periods, under 

experimental conditions this can lead to aggregation, however given enough time folding to 

native state remains possible (Finkelstein and Ptitsyn, 2016d). Second, the U state protein can 

exist in a variety of thermodynamic states with various properties but the transitions between 

these states are minor compared to any U state transition to the final N state (Ivankov and 

Finkelstein, 2020). Many complex large proteins and even some small and relatively simple 

proteins fold via intermediate states (I). The most characterized and studied intermediate state 

is the molten globule. It is defined by a loosely packed protein core that contains water 

molecules and has more conformational freedom when compared to the N state (Finkelstein 

and Ptitsyn, 2016c). Finally, the transition between the N and U/I states happens in all-or-

nothing mechanism – from inactive and unfolded to a native biologically functional protein 

(Privalov, 1979). This means that the energy difference between the ensemble U/I states and 

the N state has to be a sizeable barrier to ensure that the N state will be the most energetically 

favorable (Galzitskaya and Finkelstein, 1995; Sali et al., 1994; Shakhnovich, 2006; 

Shakhnovich and Gutin, 1990). Nonetheless, in the cell proteins exist in a generally shallow 

energy landscape, meaning that the lowest energy native state is more stable than the 

unfolded state or the nearest intermediate only by tens of kilojoules (Gruebele et al., 2016; 

Taverna and Goldstein, 2002).  

 

Several conceptual models exist (Figure 6) that describe how proteins can fold with high 

speeds, accuracy and why a time demanding exploration of each amino acid conformation is 

not necessary to reach the final structure.   

 

 

Folding Model: Framework (diffusion collision)  

The framework folding model suggests a more hierarchical folding trajectory (Baldwin and 

Rose, 1999a, b). First, the fastest folding elements, i.e., the secondary structures α-helixes 

and β-sheets, would form. These would then be able to find the tertiary interaction partners 

through randomly diffusing and colliding to form interfaces (Figure 6, Framework). The final 

step is the expulsion of all water from the hydrophobic core to allow for the tight side-chain 

packing in native structures of globular proteins (Bashford et al., 1988; Karplus and Weaver, 

1976, 1994; Kim and Baldwin, 1982; Udgaonkar and Baldwin, 1988). This model of folding 

demands that a protein crosses several energy barriers. Additionally, there seems to be no 
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necessity for a set sequence of secondary structure docking, suggesting a multitude of 

pathways and various energy barriers for a protein to reach the native state (Karplus and 

Weaver, 1994). 

 

 

Figure 6 Protein folding models  

Adapted with permission from (Nickson and Clarke, 2010).  

Hydrophobic Collapse 

This model relies on early forming hydrophobic interactions among hydrophobic amino acids 

(Figure 6, Hydrophobic collapse). Folding begins with an initial clustering of hydrophobic 

residues that energetically favor a non-aqueous environment (Dolgikh et al., 1981). This initial 

step appears to have none or a very small energy barrier for formation (Gruebele, 2005; Sinha 

and Udgaonkar, 2007). The relative hydrophobicity of different amino acids is different (Figure 

7) (Finkelstein and Ptitsyn, 2016b) and so the strength of initial interaction would vary 

depending on the particular residues in the cluster. Once the initial and non-specific 

hydrophobic amino acid cluster is established, the conformational space for the remaining 

polypeptide is significantly reduced (Gutin et al., 1995; Robson and Pain, 1971; Sadqi et al., 

2003). This would lead to the formation of secondary structures that could then form tertiary 

interactions through local motions in this restricted conformational space. Ultimately, the 
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protein can undergo a final rearrangement that results in the native state (Agashe et al., 1995; 

Dill et al., 1995; Sinha and Udgaonkar, 2007).  

 

 

 

Figure 7 Amino acid hydrophobicity 

Amino acid hydrophobicity shown with the change in free energy plotted as a function of accessible 

surface area (Finkelstein and Ptitsyn, 2016b). The larger the amino acid surface area the higher the 

energetic cost of this amino acid being in an aqueous environment - green arrow indicates increasing 

hydrophobicity.  

Folding Model: Nucleation  

The nucleation model suggests that the folding initiates as a few key residues form a secondary 

structure nucleus (Figure 6, Nucleation, local interactions). This initial nucleation is the rate-

limiting step of folding and once it is established, the native structure grows around it 

(Wetlaufer, 1973). A variation of this model is the nucleation-condensation model (Figure 6, 

Nucleation, tertiary interactions). In the cases when individual secondary structures alone are 

unstable and cannot remain folded while the rest of the protein “grows” around it, tertiary 

interactions contribute to the stability of the folding nucleus. In this case, the folding nucleus is 

also more diffuse, meaning that the tertiary interactions and secondary structure formation are 

happening in a concerted manner (Daggett and Fersht, 2003; Fersht, 1995, 1997; Itzhaki et 

al., 1995). In both of these cases, a high energy transition state has to be traversed to establish 

a folding nucleus, which is in stark contrast to the energetically barrier-less formation of the 

first folding unit in the hydrophobic collapse model (Jha and Udgaonkar, 2010).  
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Energy Landscape Theory  

Energy landscapes are visualizations of a protein entropy (disorder) and its enthalpy (free 

energy) (Figure 8). It shows how the conformational space for a given protein changes, during 

the folding process. At the highest free energy state (the opening of the funnel), the entropy is 

very high, but as soon as secondary and tertiary structures start to form, the free energy 

decreases and the conformational space for a particular protein also decreases (Figure 8). 

However, the overall system disorder will grow, because fewer water molecules will be 

engaged in hydrogen bonding with the polypeptide (Finkelstein and Ptitsyn, 2016a). The 

movement down the folding funnel is the trajectory of protein folding, but for each protein, this 

landscape will be different due to different numbers and combination of amino acids in the 

polypeptide and different entropic properties. The energy landscape, however, does not 

account for the chemical properties of amino acids like hydrophobicity or charges, rather 

encompassing these effects under the “entropy” of the entire polypeptide. The energy 

landscape theory is often used to explain experimental observations, but cannot predict folding 

trajectories or rates (Jha and Udgaonkar, 2010). It also generally views folding as a downhill 

process, devoid of significant free energy barriers (Gruebele, 2005). It is able to visualize and 

distinguish two-state folding models, where no intermediate states can be detected, and three-

state folding models, where a distinguishable intermediate state is populated and can be 

detected (Morris and Searle, 2012) (Figure 8).  

 

 

Figure 8 Folding energy landscape 

A two-dimensional representation of a folding funnel energy landscape. On the left, protein folding in a 

two-state mechanism U to N without significant energy barriers is visualized. On the right, folding is via 

a three-state mechanism U to I to N, where I is a populated on-pathway intermediate. The diagram 

shows the changes in the free energy and entropy as a protein folds traversing the energy landscape.  
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In all of the discussed protein folding models, the polypeptide chain undergoes several 

structural rearrangements. These structural rearrangements involve breakage and formation 

of various intra- and inter-molecular interactions e.g. hydrogen bonding between amino acids 

and with water molecules, additionally hydrophobic packing of side chains, as well as 

electrostatic interactions between side chains and the van der Waals contacts might have to 

be disrupted and reestablished. Folding is driven by the thermodynamic requirement that the 

entire protein and solvent system must reach a minimum energy and maximum entropy state 

– any folding barriers will arise from the incomplete compensation of one or the other (Jha and 

Udgaonkar, 2010).  

 

Protein’s failure to fold, leaving large exposed hydrophobic patches, leads to aggregation. The 

shallow energy landscape in which proteins exist (Taverna and Goldstein, 2002) means that 

changes in temperature, pH, or amino acid incorporation mistakes during translation can result 

in changes of folding equilibrium, creating unfolded or aberrantly folded proteins (Gregersen 

et al., 2006). These proteins can form oligomers, amyloids or amorphous aggregates taxing 

the cellular machinery, triggering apoptotic cascades, causing disruptions in cellular functions 

and resulting in diseases (Powers et al., 2009; Santra et al., 2019). Understanding the 

fundamental aspects of protein folding helps to understand the key cellular events like aging, 

death, and pathologies of diseases.  

 

 

Methods used to study protein folding 

Many biophysical methods have been developed to probe and understand the thermodynamic 

and kinetic aspects of protein folding trajectories and how the folding barriers are traversed by 

different proteins. The most detailed structural information on the native state of a protein can 

be obtained using structural methods like X-ray crystallography, nuclear magnetic resonance 

(NMR) and more recently cryogenic electron microscopy (cryo-EM) ((Dobson, 2019) and 

references therein). Both cryo-EM and X-ray crystallography can provide atomic resolutions of 

static protein structures, whereas NMR is uniquely used to visualize macromolecular structures 

in their native environments and investigate the dynamic fluctuations of proteins (Dyson and 

Wright, 2004; Marion, 2013). These methods are mainly used to study the highly populated 

and stable native states of proteins.  

 

Spectroscopic techniques can be applied to investigate the transitions of proteins from 

unfolded to folded states. Typically, chemical, temperature, or pressure denaturation 

experiments are performed monitoring the protein in its native, fully denatured and 
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intermediate states at equilibrium to determine the differences in free energies and transition 

state barriers (Morris and Searle, 2012). Rapid denaturing perturbations followed by time-

resolved monitoring of the recovery of protein to its native state can be used to determine the 

kinetic folding parameters (Morris and Searle, 2012). 

 

Monitoring the intrinsic tryptophan fluorescence can report on the local tertiary structure around 

the residue (Royer, 2006). Far-UV and near-UV circular dichroism spectroscopy is often used 

to study the total secondary structure content and to what degree the tertiary structures form 

around the aromatic residues (phenylalanine, tyrosine ant tryptophan) (Greenfield, 2006a, b, 

c). Measuring the UV absorbance of aromatic residues in the polypeptide also allows 

investigating the local tertiary structure formations around a particular residue (Lange and 

Balny, 2002). Time-resolved and steady-state fluorescence anisotropy measurements can be 

used to understand the degree of immobilization or freedom for particular tryptophan residues 

in the polypeptide (Canet et al., 2001). This freedom changes at different states of protein 

folding: in largely unfolded structures, the tryptophan would have high anisotropy values, while 

in compact native states the tryptophan will have low anisotropy values (Beechem et al., 1995; 

Canet et al., 2001; Fa et al., 1995). The specific amount of rotational freedom and the changes 

in that freedom depends on the location of the tryptophan residue (Sridevi et al., 2000). Finally, 

infrared spectroscopy is used to investigate the amide groups in the backbone of the protein, 

thus mostly reporting on the secondary structure changed during global unfolding (Fabian and 

Naumann, 2004; Kong and Yu, 2007).  

 

Mutagenesis studies in combination with the outlined techniques can identify which particular 

amino acids contribute to the transition state structure during protein folding. The kinetic and 

thermodynamic parameters of the wt protein are compared to a protein with a point mutation. 

This comparison yields phi values, which indicate the energetic contribution of that particular 

residue to the folding transition state (Matouschek et al., 1989).  

 

It is now possible to map extremely short-lived intermediate structures that arise during protein 

folding. Hydrogen exchange pulse labeling targets the amides in the protein backbone, 

exchanging the hydrogen with a deuterium under various conditions (Krishna et al., 2004). 

Under specific destabilizing solvent conditions or at a specific folding time point different parts 

of the protein backbone are exposed and deuterium-labelled. To analyze which parts of the 

protein gain protection from the exchange at different points along the folding pathway NMR 

and/or mass-spectrometry techniques can be used (Englander and Mayne, 2014). This 

method provides information on protein folding trajectory allowing the identification of various 
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short-lived intermediates at nearly amino acid resolution (Englander and Mayne, 2014; Hu et 

al., 2013; Walters et al., 2013).  

Force spectroscopic methods, such as atomic force microscopy and optical tweezers, are 

utilized to study unfolding of single protein molecules at a time (Neuman and Nagy, 2008). In 

these experiments, the usual chemical, pH or temperature denaturants are replaced with 

mechanical forces and the unfolding forces are applied to the termini (N or C terminus) of a 

protein (Lenne et al., 2000; Rief et al., 1997; Yang et al., 2000) . These experiments provide 

information on how different folds of proteins respond to mechanical tensions; how much force 

is necessary to unfold entire proteins or protein subdomains; how robust are unfolding and 

refolding pathways for the same protein (Best and Clarke, 2002).  

 

To understand the heterogeneity of protein folding intermediates further, single-molecule 

fluorescence spectroscopy techniques can also be used. Fluorescent probes are extremely 

sensitive to the chemical environment and provide information that is detectable at a single 

molecule level (Eftink, 1994; Michalet et al., 2006). During different stage of folding the 

environment of the protein changes, e.g., hydrophobic residues are buried in the protein core, 

charged residues form electrostatic interactions, cysteines form disulfide bridges, etc., thereby 

creating changes in the fluorescence signals. Specific fluorophores can provide time 

information on the difficult to capture sparsely populated transition states (Chung et al., 2012), 

as well as information ranging from the very fast μs dynamics at the unfolded intermediate 

states to slow oligomerization of multiple folded proteins that takes hours (Schuler and 

Hofmann, 2013). Fluorescence resonance energy transfer (FRET) (Deniz et al., 2000; Zhuang 

et al., 2000) and photo-induced electron transfer (PET) reporters (Doose et al., 2009; Noe et 

al., 2011) can cover a range of distances on the nascent protein from hundreds to single 

Ångstroms (Schuler and Hofmann, 2013).  

 

Our understanding of the fundamental processes of protein folding has been forged from 

biophysical experiments on isolated proteins in vitro or in silico computer simulations (reviewed 

in detail (Gershenson et al., 2020; Huang et al., 2016; Kuhlman and Bradley, 2019; Scheraga 

et al., 2007; Snow et al., 2005)). The main reason for this is that in vivo folding begins during 

protein synthesis and the analysis of this process would require techniques that could 

specifically target the emerging nascent polypeptide chain and deconvolute the signal from the 

RNA and proteins that comprise the translation machinery. Only a subset of methods can 

achieve this (Komar, 2018), such as single molecule fluorescence methods with specifically 

labelled nascent proteins, force spectroscopy methods, and structural methods like cryo-EM 

and NMR. All of these require robust sample preparation of the nascent chains still associated 

with the ribosome, and in some cases the quantity of sample required can pose significant 
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challenges (NMR) (Komar, 2018). The recent work within the protein folding field during 

translation is discussed in the following section.  

 

A particularly promising tool to study the dynamic motions of cotranslationally arising 

intermediates is the fluorescence correlation spectroscopy (FCS) coupled with photoinduced 

electron transfer reporters (PET-FCS) (Figure 9). The resolution of a confocal FCS setup 

ranges from nanoseconds to milliseconds, and fluorescence fluctuations are monitored as a 

fluorophore or a fluorophore-labelled protein diffuses through the illuminated volume (Figure 

9) (Krichevsky and Bonnet, 2002).  

 

 

 

Figure 9 Fluorescence correlation spectroscopy 

A schematic of FCS workflow. The labelled molecules diffuse through the focus volume of a confocal 

microscope; fluorescence intensity fluctuations are recorded and transformed to autocorrelation curves 

for analysis (Sauer and Neuweiler, 2014).  

A PET reporter (Doose et al., 2009) can be utilized to monitor short-range structural 

fluctuations that occur during the molecule’s residence in the illuminated volume (Neuweiler et 

al., 2003b; Sauer and Neuweiler, 2014) . When fast structural fluctuations bring a fluorophore 

and a native tryptophan residue into van der Waals contacts, fluorescence quenching occurs. 

In contrast, a fluorescence signal appears if these residues are separated (Doose et al., 2009) 

(Figure 9). These fast fluorescence fluctuations report on structural fluctuations of a particular 

protein and once calculated using an autocorrelation function can provide information on the 

timescales of these motions (Neuweiler et al., 2003b; Sauer and Neuweiler, 2014). PET-FCS 

has been used to study the dynamic qualities of proteins in solution (Doose et al., 2007; Luitz 

et al., 2017; Lum et al., 2012b; Neuweiler et al., 2010a; Neuweiler et al., 2009). In principle, it  
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should be feasible to apply this technique to study the dynamics of nascent proteins associated 

with the ribosome. This would require the labelling of nascent chain with a fluorophore and the 

presence of a tryptophan quencher the accessibility of which would change during different 

stages of protein folding.   
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Abstract: Many proteins in the cell fold cotranslationally within the restricted space of the polypeptide
exit tunnel or at the surface of the ribosome. A growing body of evidence suggests that the ribosome
can alter the folding trajectory in many different ways. In this review, we summarize the recent
examples of how translation affects folding of single-domain, multiple-domain and oligomeric
proteins. The vectorial nature of translation, the spatial constraints of the exit tunnel, and the
electrostatic properties of the ribosome-nascent peptide complex define the onset of early folding
events. The ribosome can facilitate protein compaction, induce the formation of intermediates that are
not observed in solution, or delay the onset of folding. Examples of single-domain proteins suggest
that early compaction events can define the folding pathway for some types of domain structures.
Folding of multi-domain proteins proceeds in a domain-wise fashion, with each domain having its
role in stabilizing or destabilizing neighboring domains. Finally, the assembly of protein complexes
can also begin cotranslationally. In all these cases, the ribosome helps the nascent protein to attain a
native fold and avoid the kinetic traps of misfolding.

Keywords: cotranslational protein folding; ribosome; polypeptide exit tunnel; nascent polypeptides;
translation; protein synthesis

1. Introduction

Proteins are a key class of biological macromolecules that are essential in all cellular processes.
To execute their functions and maintain the cell viability, proteins have to fold into their specific
native three-dimensional structures. Misfolding disturbs the cellular proteostasis, which can result in
debilitating diseases [1–3]. Single amino-acid substitutions can disrupt a protein’s structure in the cell
to cause, for instance, cystic fibrosis [4], sickle cell anemia [5], cataract [6], Huntington’s disease [7],
or retinitis pigmentosa [8]. The molecular pathology of these diseases is a perturbation of the native
three-dimensional structure leading to a misfolded protein that can no longer execute its function
and is prone to aggregation and rapid degradation. Furthermore, mutations in natively disordered
proteins, such as α-synuclein, tau protein or amyloid β-peptide, can cause aggregopathies, such as
Parkinson’s and Alzheimer’s [2].

Many proteins start to fold cotranslationally as they move through the peptide exit tunnel and
emerge from the ribosome (Figure 1). About one third of the E. coli proteome is estimated to fold
cotranslationally [9]. The average rate of protein synthesis is ~20 amino acids/s in E. coli [10] and ~6
amino acids/s in eukaryotic cells [11,12]. In comparison, experimentally measured rates of spontaneous
folding of single-domain globular proteins range from microseconds to hours [13]. In cases where
translation is slower than folding, cotranslational protein folding takes place at quasi-equilibrium
conditions [14]. The ribosome can destabilize nascent folds and delay folding until the entire domain
is exposed [15,16]. The vectorial nature of protein synthesis, as well as the restricted space and the
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physicochemical properties of the exit tunnel [17] can determine the onset of folding and define
the folding landscape, thereby guiding the folding trajectory away from kinetic traps and towards
stable productive conformations. The N-terminus of the emerging nascent peptide can interact
with ribosome-bound chaperones, protein biogenesis factors, cofactors or partners in multi-subunit
complexes, thereby ensuring correct protein localization, activity and preventing erroneous associations
with proteins in the crowded cellular environment [18] (Figure 1).
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Figure 1. Schematic of cotranslational protein folding. Folding begins early inside the polypeptide exit
tunnel. The nascent chain (NC) emerging from the ribosome can interact with chaperones, biogenesis
factors, or other proteins. Small and large ribosomal subunits are shown in light and dark gray,
respectively; the tRNA (green) with the nascent peptide (magenta) is shown as the ribosome moves
along the mRNA (red) and the growing nascent chain moves through the polypeptide exit tunnel (light
yellow). Protein partners interacting with the nascent peptide are depicted in blue.

Early in vitro protein refolding experiments have shown that the amino acid sequence carries all
information required for small globular proteins to fold into their correct native states [19]. However,
cotranslational protein folding can begin when only an N-terminal segment of the protein is available,
before the C-terminal part is synthesized [20] (Figure 1). This raises the question whether the folding
pathway is the same on and off the ribosome. Furthermore, large multi-domain proteins often fail
to refold correctly in solution, resulting in misfolded structures and aggregation. For such proteins,
domain-wise cotranslational folding may reduce the probability for off-pathway and aggregation-prone
conformations [21,22], accelerate folding into the native state or even alleviate the need for chaperone
assistance [20,23–25]. Many proteins are a part of multi-subunit complexes. These proteins not only
have to adopt their individual native structures, but also to find their interaction partners in the
crowded cellular environment. Cotranslational folding also plays an important role in coordinating
the biogenesis of oligomeric proteins [26] (Figure 1), underscoring the importance of cotranslational
events for biogenesis of different types of protein structures. A peptide emerging from the exit tunnel
is monitored by ribosome-associated chaperones and protein biogenesis factors, which control folding
and ensure the correct processing and cellular localization of proteins.

In this review, we summarize current concepts of cotranslational protein folding, focusing on
how the ribosome affects folding and how single-domain, multiple-domain, and oligomeric proteins
fold. Other aspects of co- and post-translational folding, such as the role of chaperones and protein
biogenesis factors, folding of membrane proteins, as well as the link between the rate of translation
and folding, are covered by recent comprehensive reviews [27–30].

2. The Environment of the Peptide Exit Tunnel

The peptide exit tunnel of the ribosome provides a confined space where the nascent chain begins
to fold. The tunnel starts at the peptidyl transferase center (PTC) and extends for ~100 Å through the
large ribosomal subunit before opening into the cytosol [31–34] (Figure 2). The tunnel is composed
mainly of the ribosomal RNA (23S rRNA in bacteria and 28S rRNA in eukaryotes). Two ribosomal
proteins, uL4 and uL22, of the large ribosomal subunit form a constriction of the tunnel ~30 Å away
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from the PTC, which is found in ribosomes from all domains of life. In addition, eukaryotic ribosomes
have a second constriction formed by the extended arm of uL4 protein in the lower part of the exit
tunnel [34] (Figure 2). The tunnel width varies between 10 and 20 Å and becomes wider ~50 Å away
from the PTC. The last 20 Å of the tunnel form the so-called vestibule, which is generally wider than
the rest of the tunnel and is shaped by proteins uL23 and uL24 in bacteria and additionally eL39 in
eukaryotes (Figure 2). Residues lining the exit tunnel are highly conserved in the zone proximal to the
PTC, whereas those in the vestibule have the most variation, with the tunnel in bacteria overall being
wider than in eukaryotes [34]. The tunnel shields about 30–40 amino acids of the nascent peptide in
the upper 80 Å of the tunnel from proteolytic digestion [35,36], although the length of the protected
nascent chain may depend on the extent of cotranslational folding inside the tunnel [37].

Biomolecules 2019, 9, x 3 of 15 

wider ~50 Å away from the PTC. The last 20 Å of the tunnel form the so-called vestibule, which is 
generally wider than the rest of the tunnel and is shaped by proteins uL23 and uL24 in bacteria and 
additionally eL39 in eukaryotes (Figure 2). Residues lining the exit tunnel are highly conserved in the 
zone proximal to the PTC, whereas those in the vestibule have the most variation, with the tunnel in 
bacteria overall being wider than in eukaryotes [34]. The tunnel shields about 30–40 amino acids of 
the nascent peptide in the upper 80 Å of the tunnel from proteolytic digestion [35,36], although the 
length of the protected nascent chain may depend on the extent of cotranslational folding inside the 
tunnel [37]. 

 
Figure 2. Dimensions of the peptide exit tunnel in ribosomes from prokaryotic and eukaryotic origin 
[34,38]. Color visualizes the electrostatic potential within the tunnel. 

Molecular dynamics simulations suggest that inside the exit tunnel the water is in a slowly-
diffusing and semi-structured state different from the bulk or tightly bound water [39]. The water 
properties inside the exit tunnel may slow down diffusion and favor specific conformations of the 
nascent chain [39]. For hydrophobic nascent chains, the layer of water molecules between the nascent 
chain and the hydrophilic tunnel walls may drive nascent-chain compaction. By contrast, a polar 
nascent chain in this same situation would experience a smaller drive to form helical structures, but 
would rather displace the ordered solvent molecules on the surface of the tunnel resulting in close 
contact between the nascent chain and the tunnel walls [39]. Biochemical and structural studies 
suggest that nascent chains may form helical structures in the upper regions of the tunnel, even 
though a peptide with the same amino acid sequence in solution does not form a stable helix 
[37,40,41].  

Aside from restricting the folding space, the peptide exit tunnel provides a characteristic 
electrostatic environment. Ribosomal proteins and rRNA that line the tunnel walls contribute to the 
global electrostatic potential of the tunnel. On average, the tunnel is more negatively charged than 
the cellular matrix [38]. The charge is unevenly distributed and varies from −8 mV to −22 mV along 
the length of the tunnel [38] (Figure 2). The lowest potential, −20 mV, is found at the constriction near 
the uL4 and uL22 proteins. The high degree of conservation of the rRNA sequence and of the charged 
amino acids lining the tunnel walls suggests that the electrostatic properties of the tunnel are 
functionally important [34]. In fact, experiments with ribosomal protein S6 as a model nascent chain 
suggest that changing the charge distribution along the nascent peptide sequence by introducing 
mutations affects the rate of cotranslational folding, and the more positive the net charge of the 
protein, the deeper in the exit tunnel it is folded [42]. The combination of the tunnel geometry and 
electrostatic potential imposes restrictions that define the size, the complexity, and the timing of 
folding intermediates. Perturbations in the shape of the tunnel caused by deleting tunnel-exposed 
loops of uL23 and uL24 shift the onset of cotranslational protein folding, for example of proteins 
ADR1, R16, and I27 [43].  

Nascent chains can interact with the peptide exit tunnel in specific ways that affect the rate of 
translation. Stretches of positively charged residues can slow down [44,45] or even stall [46] 

Figure 2. Dimensions of the peptide exit tunnel in ribosomes from prokaryotic and eukaryotic
origin [34,38]. Color visualizes the electrostatic potential within the tunnel.

Molecular dynamics simulations suggest that inside the exit tunnel the water is in a slowly-diffusing
and semi-structured state different from the bulk or tightly bound water [39]. The water properties
inside the exit tunnel may slow down diffusion and favor specific conformations of the nascent
chain [39]. For hydrophobic nascent chains, the layer of water molecules between the nascent chain
and the hydrophilic tunnel walls may drive nascent-chain compaction. By contrast, a polar nascent
chain in this same situation would experience a smaller drive to form helical structures, but would
rather displace the ordered solvent molecules on the surface of the tunnel resulting in close contact
between the nascent chain and the tunnel walls [39]. Biochemical and structural studies suggest that
nascent chains may form helical structures in the upper regions of the tunnel, even though a peptide
with the same amino acid sequence in solution does not form a stable helix [37,40,41].

Aside from restricting the folding space, the peptide exit tunnel provides a characteristic
electrostatic environment. Ribosomal proteins and rRNA that line the tunnel walls contribute
to the global electrostatic potential of the tunnel. On average, the tunnel is more negatively charged
than the cellular matrix [38]. The charge is unevenly distributed and varies from −8 mV to −22 mV
along the length of the tunnel [38] (Figure 2). The lowest potential, −20 mV, is found at the constriction
near the uL4 and uL22 proteins. The high degree of conservation of the rRNA sequence and of the
charged amino acids lining the tunnel walls suggests that the electrostatic properties of the tunnel
are functionally important [34]. In fact, experiments with ribosomal protein S6 as a model nascent
chain suggest that changing the charge distribution along the nascent peptide sequence by introducing
mutations affects the rate of cotranslational folding, and the more positive the net charge of the
protein, the deeper in the exit tunnel it is folded [42]. The combination of the tunnel geometry and
electrostatic potential imposes restrictions that define the size, the complexity, and the timing of folding
intermediates. Perturbations in the shape of the tunnel caused by deleting tunnel-exposed loops of
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uL23 and uL24 shift the onset of cotranslational protein folding, for example of proteins ADR1, R16,
and I27 [43].

Nascent chains can interact with the peptide exit tunnel in specific ways that affect the rate of
translation. Stretches of positively charged residues can slow down [44,45] or even stall [46] translation.
Changes in translation rates can affect the rate of folding and the conformation of the resulting
proteins [47,48]. Some peptides, such as those found in SecM, MifM, VemP, ErmCL, cause programmed
translation arrest, thereby regulating the expression of the respective downstream genes [49]. These
arrest peptides (AP) are usually ~20 amino acids long; they interact with the exit tunnel and distort
the optimal geometry of the PTC [49,50]. In some cases, stalling brings into the PTC a pair of slowly
reacting amino acids, such as proline and glycine that do not react with one another unless the active
conformation of the PTC is induced. The AP of SecM is of particular interest [51–53]. When fully
translated, the 17 amino acid SecM AP inhibits peptidyl transfer until an external force exerted on the
nascent peptide alleviates stalling, allowing the ribosome to resume translation [53]. Cotranslational
folding events can exert mechanical force of up to 8 pN) [54,55] and relieve AP stalling thereby allowing
translation to continue. This is utilized in force-profile assays (FPA) to identify cotranslational folding
events [51–53].

3. Folding Inside the Exit Tunnel

Early experiments using fluorescence resonance energy transfer (FRET) between labels attached at
different positions in the nascent peptide suggested that transmembrane segments can form α-helices
within the exit tunnel in the proximity of the PTC [40]. Biochemical assays based on site-specific
cysteine tagging (pegylation) of the nascent chain helped to establish that the secondary structure
formation can happen in a tunnel zone proximal to the PTC or at the distal end of the tunnel [56–59].
Visualization of nascent chains by cryo-electron microscopy (cryo-EM) shows that α-helices can form
in the upper and lower regions of the tunnel [51,60–62], whereas the space at the constriction is too
narrow to accommodate an α-helix (Figure 3). However, not every polypeptide chain that ultimately
adopts helical conformation starts folding inside the peptide exit tunnel. The overall hydrophobicity,
propensity to form an α-helix, and the element length are the major determinants of α-helix formation
within the tunnel [63]. Indeed, accessibility assays, FRET, and molecular dynamics simulations provide
evidence that transmembrane helices favor early compaction during translation to a much larger extent
than their soluble counterparts [40,63,64].

Nascent chains can also form tertiary interactions within the exit tunnel of the ribosome [59,65]
and molecular dynamics simulations predicted a number of domain structures that could fold in the
tunnel vestibule [66]. FPA reveals that small protein domains with a molecular weight <10 kDa (or ≤70
amino acid residues) of various topologies encompassing α-helices or β-sheets may fold within the first
80 Å of the exit tunnel [42,67]. FPA and cryo-EM show that an entire Zn-finger domain of ADR1 folds
into a native structure deep inside the exit tunnel of the ribosome [51] (Figure 4a). Also, the α-helical
N-terminal domain of HemK forms a compact intermediate deep within the exit tunnel, although
the native fold is attained only upon leaving the ribosome [37]. These examples also show that in
some cases the tertiary interactions formed inside the tunnel can be very similar to the native structure
of the isolated fully folded protein [51], whereas others are strictly cotranslational and not observed
during protein refolding in solution [37]. The onset and trajectory of folding may be determined by
the relative stability of the first accessible folding intermediate, rather than by the specific biophysical
properties of the isolated native protein [16] (Figure 4b).
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Figure 3. Examples of structures of nascent peptides in the polypeptide exit tunnel. Nascent peptides
can interact with the tunnel walls as shown for TnaC [68], MifM [69], SecM [70], and CMV [71],
or form α-helices in the upper and lower regions of the tunnel, as illustrated for VemP [62] and DNA
topoisomerase peptides [61]. An α-helical structure of dipeptidylaminopeptidase B (DPAP-B) and the
AAP peptide in the tunnel are also shown [60,71]. Structures shown on gray background are visualized
using the PDB coordinates (PDB ID left to right: 4UY8; 3J9W; 3JBU; 5NWY; 5NP6). The coordinates of
structures shown on white background are not available as PDB entries and are reproduced from the
respective journals, with permission.

4. Cotranslational Folding of Single Domain Proteins

The ribosome can define a unique folding trajectory of single-domain proteins by inducing
formation of simple folding units/intermediates early during translation. For example, a small globular
N-terminal domain of protein HemK that is a rapid two-state folder in solution undergoes gradual
compaction on the ribosome [37,72,73]. Likewise, spectrin domain, which is a two-state folder in
solution, begins to fold cotranslationally before the C-terminus becomes available and proceeds via an
ensemble of partially structured states [16,74] (Figure 4b). Fluorescent proteins GFP and RFP cannot
fold into the native state while the C-terminus is occluded by the ribosome, but the proteins remain in
a compact folding-competent non-native conformation [75]. The nucleotide binding domain of cystic
fibrosis transmembrane conductance regulator (CFTR) folds through a series of precisely timed and
controlled nascent chain compaction events that are different from its folding trajectory in solution,
which is facilitated by the ribosome through optimized translation kinetics [76]. The binding of its
ligand, ATP, to the N-terminal domain stabilizes an energetically favorable local conformation, thereby
contributing to the folding trajectory [77].

Somewhat surprisingly, alsoβ-stranded domains can initiate folding on the ribosome via pathways
that differ from those in solution. Upon cotranslational folding of the FLN5 filamin domain, the first
intermediate is formed deep inside the exit tunnel, as found by FPA [73], although nuclear magnetic
resonance (NMR) experiments suggest that this compaction is not identical to the final native fold
and the protein appears unfolded. The protein then undergoes a transition to the native state after
emerging from the exit tunnel [78,79] (Figure 4c,d). Proteins containing repeat motifs can also fold
sequentially. FPA reveals that a β-helix pentarepeat protein folds through at least four cotranslational
intermediates, which are attributed to the stepwise compaction of the first several coils, followed
by a compaction when the entire domain emerges from the exit tunnel [80]. In the cases where the
ribosome induces early cotranslational folding, rapid initial compaction of the N-terminal elements
of the nascent chain can form the nucleus for further cotranslational folding. For complex domain
topologies, the establishment of a stable folding nucleus on the ribosome ensures that a protein packs
into conformations that do not lead to misfolding or aggregation [81]. Destabilization of the native
domain in these cases does not change the onset of folding [16,81]. The folding trajectory is defined
by the stability of folded or partially folded states formed on the ribosome, whereas the stability
and folding rates of isolated native proteins are insufficient to predict the cotranslational folding
pathway [16].
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Figure 4. Tertiary structures of nascent peptides on the ribosome (adapted with permissions).
(a) Cryo-electron microscopy (cryoEM) structure of the Zn-finger domain of ARD1 deep inside
the exit tunnel of the ribosome. Figure adapted from [51]. (b) Cryo-EM structure of partially folded
states of the spectrin domain at the exit tunnel vestibule, adapted from [16]. Root-mean-square
deviation (RMSD) indicates the deviation of the native spectrin domain structure (PDB: 1AJ3) from the
cryo-EM density map (EMD-3451) of the domain conformation at the ribosome surface. (c) Nuclear
magnetic resonance (NMR) structures of the disordered FLN6 domain (cyan) and natively folded FLN5
(magenta), with representative conformations of FLN5 on the ribosome; figure adapted from [82].
(d) NMR structures of the native state (left) and an ensemble of intermediate states (right) for FLN5 on
the ribosome [78].

There are also examples where the ribosome prevents folding until a large part of the domain
emerges in the cytoplasm. Some small globular proteins that can rapidly refold from unfolded to native
state in solution remain unfolded during translation and adopt their native-like assembly only when
most of the peptide has emerged from the exit tunnel [83]. NMR studies of truncated SH3 peptides of
various length show that on the ribosome they remain flexible and unstructured, but once the entire
domain sequence emerges out of the tunnel, it folds into a compact, native-like β-sheet assembly [83].
Phi-value analysis [84], which allows one to estimate the contribution of each amino acid residue
to the rate-limiting transition state on the protein folding pathway, suggests that the ribosome does
not change the key contacts required for the transition towards the native structure of all β-sheet Ig
domains of titin I27 [85] or SH3 domain [86]. In some cases the ribosome has no effect on folding.
For example, the intrinsically disordered protein α-synuclein is not perturbed on the ribosome, despite
the interactions established between nascent protein and ribosome [82].

Cotranslational folding intermediates may have biological roles on their own. A structurally unique
cotranslational intermediate of FtsY determines its targeting to the membrane [87]. During translation,
a specific FtsY domain forms an extended helix that reorganizes into the final three-helix bundle only
after the fully translated nascent chain is released from the ribosome. The extended conformation does
not exist in the fully folded native protein, but is thought to facilitate the cotranslational localization of
FtsY [87].



Biomolecules 2020, 10, 97 7 of 15

Coarse grained molecular dynamics simulations of co-translational folding for 5 different globular
proteins suggest that the cooperativity of folding decreases on the ribosome due to the appearance
of partially folded N-terminal intermediates that are not populated in solution. The ribosome
decreases the diversity of the folding routes and increases the probability of folding beginning from
the N-terminus [88]. Monte Carlo simulations of cotranslational folding processes suggest that during
elongation the ribosome may support the progressive establishment of structures that are dominated
by local interactions, whereas protein structures that are governed by more distal interactions do
not fold until the nascent chain is released into solution [89]. Interestingly, there is some structural
evidence that shows that truncated forms of a β-sheet protein in isolation may adopt an α-helical
conformation and undergo a conformational transition to the antiparallel β-sheet topology only when
a sufficient length of the peptide chain is synthesized [90]. Although the latter work was carried out
with protein fragments in solution, rather than with translating ribosomes, it points towards the idea
that short-range interaction may be favored in early cotranslational intermediates, but as the peptide
grows, the structure rearranges to establish the final long-range contacts. Interestingly, interaction
with the translating ribosome may even coordinate the formation of the knot in the so-called knotted
proteins [91,92]. Course grain simulations suggest that the nascent twisted loop sticks to the ribosome
surface and is threated by the C-terminal part of the chain being pushed out of the ribosome, with the
creation of the knot [91].

5. Multidomain Protein Folding

About 30–40% of proteins in prokaryotic and up to 75% in eukaryotic cells are multidomain
proteins [93]. During refolding experiments in solution, multidomain proteins tend to misfold and
form insoluble aggregates [94–96]. In the cell, the ribosome and the chaperones ensure the correct
folding trajectory [97]. Systematic studies of protein coding sequences show that slowly translating
codon clusters frequently occur at domain boundaries [30,48] suggesting that individual domains
might be folding at least partly independently of one another starting from the N-terminal domain
and proceeding in a vectorial fashion as each subsequent domain is synthesized. For example,
the N-terminal domains of HemK and CFTR fold largely independently of the C-terminal part of the
protein [37,98]. Similarly, in mammalian cells folding of multidomain fusion protein rapamycin binding
protein (FRB)-GFP occurs co-translationally and strongly favors a domain-wise folding pathway [99].

There are only a few examples of multidomain proteins for which the cotranslational folding
pathway is known. The only rigorously studied case is EF-G, a five domain translation factor that
binds GTP. In isolation, EF-G refolds very inefficiently, both on the level of individual domains and
of a complete protein, suggesting that the domains can form non-native off-pathway intermediates
that preclude refolding to the native structure [100]. In contrast, in vivo EF-G folds all five of its
domains into a functional conformation. On the ribosome, the N-terminal G domain of EF-G folds
autonomously, but the nascent domain structure remains unstable [100], delaying folding until sufficient
sequence information is available, or the subsequent domain/interaction partner becomes available for
interaction. The folding of the G domain must occur before the folding of the next domain (domain II
of EF-G). The ribosome can either accelerate or decelerate the folding of the G domain, compared to
the rate of folding in solution, depending on how much amino acid sequence has been synthesized.
The maximum folding rate of the nascent G domain is achieved when the nascent chain comprises 386
amino acids; at shorter peptide lengths the ribosome decelerates G domain folding, while for longer
peptides the rates of folding on the ribosome are higher than in solution. The timing of the individual
domain folding is crucial, because the interaction between the folded and unfolded domains in EF-G
can result in unfolding of parts of the structure on the ribosome, thereby further complicating the
cotranslational folding landscape [100,101]. In this case, the ribosome, together with trigger factor
(TF), a cotranslationally acting chaperone, aids early folding steps to establish the correct path for
folding [101]. Notably, in vivo folding of the eukaryotic homolog of EF-G, eEF2, requires the help of
chaperones [102,103]. Interestingly, recent work on the cotranslational folding of domain III of EF-G
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shows that this domain is not stabilized by its N-terminal neighbors (domain G and domain II) and
requires interactions with the C-terminal domains (domains IV and V) to adopt a stable structure [104].
This is probably related to the fact that domains G+II and III+IV+V form the two superdomains of
EF-G that move relative to each other during its function in translocation. These data also imply
that about halfway through synthesizing EF-G, the folding pathway shifts from cotranslational to
post-translational. The high degree of flexibility in domain III is required for EF-G to execute its
function, but this feature leads to an increase in the number of unfolded domains during synthesis
on the ribosome. This illustrates how different biological requirements have to be reconciled during
protein biogenesis [104].

6. The Ribosome Has a Destabilizing Effect on the Nascent Chain

In addition to promoting correct protein folding, the ribosome prevents premature or incorrect
folding. The surface of the ribosome destabilizes the nascent protein packing even after the proteins
have fully emerged from the exit tunnel (Figure 1). The examples of the ribosome acting as a holdase are
during the synthesis of FLN5 [82], RnaseH [105], T4 lysozyme [15], GFP and RFP [75]. Optical-tweezer
experiments on the cotranslational folding of T4 lysozyme show that the nascent protein interacting
with the ribosome surface has a different rate of folding than in solution. Changing the ionic strength
of the buffer affects the protein folding rate on the ribosome, suggesting that electrostatic interactions
between the peptide and the negatively charged ribosome surface are responsible for this effect [15].
In other cases, the ribosome can delay the formation of cotranslational intermediates at the emerging
N-terminus, disfavor the formation of misfolded intermediates and increase the rate of their unfolding
in order to maintain a folding-competent nascent polypeptide [106]. Delaying the compaction of
nascent chains could be advantageous in ensuring that folding into stable conformations does not
occur before the entire sequence is fully accessible. The fine-tuning of the folding window could
be of particular importance for cotranslational folding of multidomain proteins, where interactions
between unstable folding intermediates can derail folding of the entire protein [100,101]. The highly
negative electrostatic charge of the ribosome surface may help in achieving these destabilizing effects.
Modulating the net charge of an intrinsically disordered protein alters the population distribution of
the dynamic nascent chain species on the ribosome: the higher the net negative charge of the nascent
chain, the larger the fraction of the more dynamic population of the nascent chain on the ribosome [107].
Coarse-grained molecular dynamics simulations of several globular proteins attached to the ribosome
by a linker of different length suggest that at the ribosome surface the entropy of the unfolded state
increases and that of the native state decreases, causing destabilization of the nascent protein structure.
The unfolding rates decrease and the folding rates increase linearly with the increasing linker length,
which explains why native folds are stabilized as the protein moves away from the ribosome [88].

7. Cotranslational Subunits Assembly

Prokaryotic genomes are organized in operons where a single mRNA encodes multiple protein
products. The individual subunits of protein complexes tend to be encoded within the same operon,
and the order of genes in an operon is non-random and under selective evolutionary pressure [108].
Recent studies suggest that this may be maintained in part because the assembly of multisubunit
proteins can begin cotranslationally. An elegant study employing the bacterial luciferase LuxAB shows
that when both subunits are synthesized from a single bicistronic mRNA, LuxA binds to the nascent
LuxB before the latter is released from the ribosome [109]. The extensive heterodimer interface between
the two subunits is established as soon as the entire dimerization surface of LuxB emerges from the
exit tunnel. Cotranslational assembly of multisubunit complexes is one of the most effective ways to
ensure rapid and efficient recruitment of partner proteins in the crowded environment of the cell.

A significant fraction of eukaryotic proteins form large protein complexes [110]. mRNAs encoding
the protein subunits of an oligomeric complex in eukaryotic cells are often colocalized [111], possibly
to bring together interacting protein partners. However, even high local protein concentration cannot
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explain the high efficiency of protein complex assembly. Indeed some proteins are by themselves toxic
to the cell [112] or unstable, intrinsically disordered and prone to aggregation [2,113]. Recent studies
suggest that several mammalian nuclear transcription complexes assemble cotranslationally [114].
A systematic study of eukaryotic subunit assembly during translation by selective ribosome profiling
shows that out of 12 hetero-oligomeric complexes studied, nine assembled cotranslationally and
the remainder assembled with chaperone assistance [26]. In most cases, the uni-directionality
of cotranslational assembly is evolutionarily preserved from prokaryotes to eukaryotes and the
onset of subunit interaction coincides with the emergence of the interaction domain of the nascent
peptide. Cotranslational association is favored in those cases where subunits are especially
aggregation-prone [26]. Also yeast protein complexes, such as histone-modifying complexes
methyl-transferase (SET1C) [115] and acetyltransferase (SAGA) assemble cotranslationally [116],
as do cyclin protein complexes [117]. The ribosome may modulate the assembly of protein complexes
by stabilizing individual protein domains or subunits [100] or adjusting the speed of translation [47]
downstream of interaction domain boundaries [30]. This may help to find the optimal time window
for interactions between the protein subunits. The electrostatic charge of the ribosomal surface can
also act in regulating cotranslational subunit assembly. For example, intrinsically disordered proteins
of opposite charge, ACTR and NCBD, form a complex on the ribosome cotranslationally, but only with
ACTR as the nascent chain and NCBD free in solution, and not vice versa. The negatively charged
nascent ACTR is repelled from the negatively charged ribosome surface and thus remains available
for productive binding of its positively charged partner [118]. The repulsion of negatively-charged
nascent chains is consistent with previous observation of increased dynamics of negatively charged
nascent chains on the ribosome [107]. A picture emerges where cotranslational assembly of subunits
depends on multiple features of proteins, ribosome and the cellular environment; it could thus be
subject to regulation on multiple levels to maintain the proteostasis in the cell.

8. Future Perspectives

Recent work has shed new light on the mechanism and relevance of the cotranslational folding
of nascent proteins. The major conclusion is that folding of many proteins is governed by the
ribosome depending on the intrinsic properties of the nascent peptide, such as its type of fold, size,
thermodynamic stability, surface charge, and function. Understanding the physico-chemical rules that
govern cotranslational folding is one of the future challenges towards solving the folding problem.
Because protein synthesis is an energetically costly process, the optimal interplay between translation
kinetics and cotranslational folding can ensure efficient protein production. This makes the ribosome
a key player in maintaining protein homeostasis in the cell, but also raises questions concerning the
links between translation and folding. For example, folding has been suggested to affect the rate of
translation, but experimental evidence for this is scarce. It is known that translation is a non-uniform
process, but the reasons for ribosome pauses, the interaction between adjacent ribosomes in polysomes,
and the understanding of the role of these translational events for protein folding has just started
to emerge. To be able to make generalizations, we need more examples of how multidomain and
oligomeric proteins fold. One puzzling question is how the ribosomes synthesizing the subunits of a
multidomain complex colocalize to start the cotranslational assembly. Growing evidence suggests
that the ribosome acts as a holdase for nascent proteins. However, it is unclear how the interactions
of the downstream effectors, such as chaperones and protein biogenesis factors, shape the nascent
protein-folding trajectory. One can expect that this will be among the major future questions for the
years to come.
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Scope and aims of thesis 

The aim of this thesis was to investigate the folding trajectory and the conformational dynamics 

of nascent chains as they emerge from the ribosome during translation.  

 

Our model system was the α-helical N-terminal domain (NTD) of an E. coli (N5)-glutamine 

methyltransferase protein HemK on the ribosome. We have chosen the NTD as a model 

protein because in solution it folds independently of the CTD and its folding on the ribosome 

differs dramatically from the two-state concerted folding of the free protein in solution 

(Holtkamp et al., 2015; Kemp et al., 2019; Mercier and Rodnina, 2018). The cotranslational 

folding pathway of HemK NTD is not known in detail.  

 

o We applied the force profile assay to investigate the full cotranslational folding pathway of 

HemK NTD – from the formation of the first α-helix deep inside the peptide exit tunnel, until 

the entire domain leaves the ribosomal exit tunnel.  We performed this using the wild-type 

(wt) NTD and a variant of destabilized hydrophobic core (4xA) (Holtkamp et al., 2015).  

 

o We generated a series of ribosome nascent chain complexes with HemK NTD at various 

folding steps along its cotranslational folding trajectory, as well as nascent chain variants 

of diminishing stability. We employed PET-FCS and kinetic modelling to uncover the rates 

of conformational fluctuations of cotranslational folding intermediates, and were able to 

define the contribution of the ribosome in maintaining the stability of these compact 

structures. 

 

The results presented here show the first detailed cotranslational folding pathway for a protein 

beginning from the N-terminus until the formation of the complete domain. We identify a 

number of cotranslational intermediates and provide a tool to investigate the dynamic 

fluctuations of these cotranslational intermediates in the confined peptide exit tunnel as well 

as at the surface of the ribosome. This is the first insight into the dynamics of cotranslational 

intermediates. The methods outlined here can be employed to study folding pathways and 

dynamics of any protein on the ribosome.  
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SECTION 3 – Results 

Sequential folding of HemK NTD on the ribosome. 

Native folded HemK NTD (72 amino acids (aa)) consists of five α-helices (H1 to H5) 

arranged into a globular domain, identical to the NTD conformation in the full HemK protein 

(Yang et al., 2004) (Figure 10a). To map the cotranslational folding pathway, we performed 

high-resolution FPA covering aa 22 to 101 of HemK. We generated a construct that encodes 

aa 1 to 101 of HemK, which includes the NTD (aa 1-73) and part of the interdomain linker 

connecting the NTD to the C-terminal domain, followed by 17 codons for the SecM arrest 

peptide, and an additional sequence encoding 20 aa of protein CspA; the latter served as a 

reporter for high-tension events in the nascent chain. With the HemK101 construct, the 

resulting nascent chain (including the SecM peptide; 118 aa in total) is long enough for the 

entire NTD to emerge from the ribosome. At low force, the ribosome is stalled by the SecM 

arrest peptide, generating an arrested translation product (AR) (Nilsson et al., 2015). If folding 

of HemK exerts force, translation arrest is alleviated, resulting in a longer peptide, which we 

denote as full-length (FL) (Figure 10b). We then constructed a series of mRNAs where the 

HemK sequence is trimmed in steps of one or two codons from the 3’ end of the HemK mRNA. 

We translated these mRNAs in a fully reconstituted in vitro translation system from E. coli. In 

this system, the ribosomes are synchronized at the translation initiation step and start 

translation simultaneously after mixing with elongation factors and aa-tRNAs. The 

experimental setup allows for a single round of translation on a given mRNA, thereby avoiding 

the potential desynchronization due to re-initiation. The translation products, AR and FL, are 

separated by SDS-PAGE. By analyzing the fraction of FL product formed, we identify high-

tension folding events (Figure 10c).  
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Figure 10 Co-translational folding of HemK NTD revealed by high-resolution FPA 

a. Schematic representation of the FPA sensor. HemK NTD helices (H) 1-5, the C-terminal linker 

(orange), SecM arrest peptide (red), and CspA (green) (left) and crystal structure of HemK NTD 

(PDB ID: 1T43) (right). The mutations introduced in the 4xA variant (L27A, L28A, L55A, L58A) are 

shown in gray and the N-terminal fluorophore position is shown in lilac. 

b. SDS-PAGE of in vitro translation products for the FPA construct of wt HemK. The length of the 

nascent chain from the N-terminus to SecM AP is indicated (#aa). FL, full-length product; AR, 

arrested peptide. 

c. Force profile of HemK NTD folding. fFL is the fraction of the full-length product formed during in 

vitro translation. Black, HemK wt; blue, HemK 4xA mutant; error bars indicate standard error of 
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mean calculated from three independent biological replicates (N=3).The schematic underneath 

shows the potential secondary structure of HemK at the indicated aa chain length. 

d. Schematic diagram of HemK NTD compaction events during translation; color code as in (a). The 

constriction site is indicated by a white band. 

e. Schematic overlay of the HemK H1-H3 crystal structure (pink) (PDB ID: 1T43) and ADR1 Zn finger 

domain crystal structure (green) inside the peptide exit tunnel, 60-80 Å from the PTC (Nilsson et 

al., 2015) (PDB ID: 2ADR; EM map: EMD-3079). 

 

The detailed force profile of the HemK NTD reveals several distinct force-generating folding 

events starting early inside the exit tunnel until the entire NTD emerges from the ribosome 

(Figure 10c,d). The early high-tension regions are observed at nascent chain lengths of aa 22-

24 (I), 33-39 (II) and 42-52 (III) with a transient force relief at aa 48. At these chain lengths, the 

nascent peptide is likely to reside in the exit tunnel, as it is protected from protease digestion 

(Holtkamp et al., 2015). At 22-24 aa, the nascent peptide entails H1 and the subsequent loop 

region that moved past the constriction; hence, folding of H1 on its own or together with the 

first helical turn of H2 produce enough force to alleviate SecM stalling. This very early 

cotranslational intermediate of HemK folding deep inside the exit tunnel was not observed so 

far. The force level decreases as more of H2 emerges and H1 moves further down the exit 

tunnel, and then increases again before the complete helix H3 is synthesized. It is likely that 

once H1 and H2 move towards the more open space of the vestibule, they begin to form tertiary 

interactions, thereby generating tension.  

 

Region III at aa 42–52 (Figure 10c,d) broadly coincides with the compacted intermediate 

identified by FRET and FPA studies (Holtkamp et al., 2015; Kemp et al., 2019; Mercier and 

Rodnina, 2018), except for the tension relief at 48 aa, which has not been observed before. 

The tension increases as the entire H3 emerges below the constriction and most likely 

corresponds to the formation of H3 and its docking onto the preceding two-helix structure. The 

transient tension relief at 48 amino acids may separate the helix formation and docking events. 

The H1-H3 intermediate structure is expected to reside approximately 50-60 Å away from the 

PTC in the region within the exit tunnel that is known to accommodate a folded small zinc-

finger domain protein (ADR1) (Nilsson et al., 2015). To validate the feasibility of the HemK 

intermediate forming in this region of the tunnel we have superimposed the HemK H1-H3 onto 

the structure of the ADR1 domain in the tunnel (Nilsson et al., 2015). The two domains are of 

similar size (Figure 10e), and even if the HemK H1-H3 occupies a slightly larger volume than 

ADR1, it is very likely that the folding intermediate of H1-H3 can be accommodated in this 

region of the tunnel. The analysis of the folding regions I-III provides the first example of 

multiple cotranslational folding intermediates being resolved at such high precision inside the 

exit tunnel.  



SECTION 3 – Results 

 

47 

As HemK becomes longer than 53 aa, the tension decreases to intermediate values, but still 

remains above the baseline tension level (~0.2) (Figure 10c, region IV). Protease protection 

experiments suggest that when the nascent chain reaches the total length of 84 aa, position 

34 (fluorescently labeled in those experiments) is no longer protected by the ribosome 

(Holtkamp et al., 2015). In the FPA experiments, this total chain length corresponds to 67 aa 

of HemK, of which at least 34 aa must be exposed to the solvent. At the HemK NTD length of 

72 aa (99 aa total), part or all of H4 may emerge from the vestibule and be ready to initiate the 

formation of further hydrophobic interactions in the HemK NTD (Figure 10d). The next high-

tension intermediate at aa 72-78 (region V) forms when H5 and part of the following 

interdomain linker move past the constriction and H4 is further displaced towards the vestibule. 

A stable folding of H4 within the exit tunnel may form hydrophobic interactions with the H1-H3 

structure, which generates the high-tension peak because the structure is closer to a narrow 

part of the vestibule. As the nascent chain grows, the H1-H4 intermediate again moves away 

from the exit port, which results in further structural rearrangements reflected in the decrease 

of tension interrupted by short force spikes at aa 80 and 83 (region VI).  

 

The final high-tension compaction (step VII) occurs when the length of the HemK NTD exceeds 

86 aa, placing the entire NTD, H1 through H5, outside of the confines of the exit tunnel (Figure 

10c,d). When NTD length is >95 aa (112 aa total peptide length), we observe only basal tension 

levels, indicating that the final cotranslational folding to a near-native conformation of the NTD 

occurred at step VII, consistent with the final steps of NTD cotranslational folding suggested 

previously (Holtkamp et al., 2015; Mercier and Rodnina, 2018).  

 

In addition to the wt HemK NTD, we examined cotranslational folding of the destabilized HemK 

NTD variant (4xA), where four conserved Leu residues of the hydrophobic core (Leu 27 and 

28 in H2, and 55 and 58 in H4) were mutated to Ala (Figure 10a) (Holtkamp et al., 2015). The 

force profile inside the exit tunnel is identical for the wt and the 4xA variant (folding steps I-III), 

but as the peptide begins to emerge at the vestibule, the force profiles start to deviate (Figure 

10c, Figure 11). As more of H4 becomes accessible for docking to the H1-H3 structure, Leu-

specific interactions within the hydrophobic core start to matter. For the 4xA variant, we 

observe a drop in tension at a total length of 73 aa (56 aa of HemK NTD), and the appearance 

of a high-force intermediate at a chain length where the tension in the wt HemK NTD gradually 

decreases (aa 62-64) (Figure 10c, region IV). The change in folding at region IV could result 

from a delay (of 4 aa) in folding for the 4xA variant compared to the wt. This could be because 

in the absence of the key Leu residues in the hydrophobic core a longer peptide is required to 

stabilize the packing, whereas the wt variant folds continuously as more of the nascent chain 
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becomes available. Alternatively, it is possible that this peak indicates an intermediate state 

unique to 4xA.  

 

 

 

Figure 11 Representative SDS PAGE of FPA for HemK 4xA variant.  

FL – full-length peptide, AP – arrested peptide, #aa length of HemK 4xA construct in amino acids.  

 

The two following cotranslational folding steps V and VII are similar in duration and amplitude 

for 4xA and wt, suggesting that these rearrangements are independent of the hydrophobic 

core packing. In contrast, in regions VI and VIII, the 4xA variant generates consistently higher 

tension than the wt NTD. This agrees with the notion that the 4xA variant adopts an expanded 

conformation; the timing of the discrete rearrangements that occur at step IV appears similar 

for 4xA and wt NTD, but each time when a more bulky 4xA peptide moves towards the 

ribosome surface, the tension increases. This difference in tension may indicate that the non-

native 4xA fold occupies a larger volume has a more dynamic structure, or there are changes 

in domain stability (Leininger et al., 2019).  

 

Nascent chain dynamics monitored with PET-FCS. 

Next, we monitored the dynamics or ribosome-bound nascent chains by PET-FCS. We utilized 

the native Trp6 residue (W6) in HemK that could quench an N-terminal ATTO655 fluorophore 

(Figure 10a) upon coming into van der Waals distance (Doose et al., 2009). The dynamic 

motions of the nascent chain define the frequency of these quenching interactions, and the 

resulting fluorescence intensity fluctuations can be used to track the internal dynamics of the 

nascent chain (Neuweiler et al., 2003a).  
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First, we studied the dynamics of the HemK NTD in solution. We prepared a 70 aa-long NTD 

wt or 4xA by in vitro translation using an ATTO655-labeled initiator Met-tRNAfMet, purified the 

complexes, and then chemically released the nascent chains from the ribosome (Methods). As 

a control for the PET signal, we also prepared NTD variants where Trp6 is replaced with non-

quenching Phe (W6F). FCS measurements of the isolated NTD showed a stable and highly 

reproducible diffusion time of the peptide (td1 ≈ 6x10-5
 s) (Table 1). However, no PET signal 

was observed, as the autocorrelation functions (ACF) with W6 and W6F proteins are identical 

for wt and 4xA constructs (Figure 12a). This result indicates that there are no dynamic 

fluctuations at the N-terminus of the HemK NTD in solution. To test this notion, we performed 

control measurements with a short HemK peptide of 14 aa, which should be unstructured in 

solution (Holtkamp et al., 2015) (Figure 12b). After testing different conditions, we were able 

to observe fast dynamics due to PET with a quenching relaxation time of ~ 5x10-7 s in the 

presence of glycerol (Figure 12b, Table 1). However, when the experiments with HemK NTD 

wt or 4xA are repeated at the same conditions, we observe only an increase in the diffusion 

time (td1 = ~ 30x10-5
 s), but no PET signal corresponding to structural fluctuations (Figure 12c, 

Table 1). Thus, in solution, HemK NTD, as well as its destabilized 4xA variant, folds into a 

domain where W6 is not accessible for interaction with the N-terminal dye.  

 

 

Figure 12 Monitoring dynamics of HemK constructs in solution by PET-FCS 

a. ACF of the HemK NTD free in solution. Black, wt variant with Trp at position 6 (W6); red, 

destabilized 4xA HemK W6 variant; green, HemK wt with no Trp in the nascent chain (W6F); 

blue, 4xA HemK W6F variant; each curve is derived from two separate release experiments 

and each experiment consists of at least 4 technical replicates (N≥8). 

b. Autocorrelation curves of HemK14 peptide in solution. Black, W6 variant at low solvent 

viscosity; red, W6 at high viscosity in the presence of 50% glycerol (Glyc); green, W6F variant 

at low viscosity; blue, W6F variant at high viscosity. Shown are representative curves of at least 

two experimental repeats, each consisting of at least 4 technical replicates (N≥8). 

c. Autocorrelation curves of HemK NTD released from the ribosome at high viscosity conditions 

(50% glycerol). Black, wt W6; red, 4xA W6; green, wt W6F; blue, 4xA W6F. Each curve is 

derived from two separate release experiments and each experiment consists of at least 4 

technical replicates (N≥8). 



SECTION 3 – Results 

 

50 

Table 1 ACF fits of HemK constructs in solution. 

Each ACF comprised of average of N≥8. All fit errors are calculated as standard error of the mean 

and are <10%. Rates k1 and kd are in s-1. 1 and d1 are relaxation times of the respective exponents, 

in s, =1/k. 

HemK c1 1 x10-7 k1 x106 N d1 x10-5 kd x103 

0% glycerol       

70 W6    0.83 5.16 19.38 

70 W6F    0.83 5.42 18.43 

70 4xA W6    0.85 5.78 17.30 

70 4xA W6F    0.83 5.59 17.89 

14 W6    0.84 5.88 17.00 

14 W6F    0.86 6.61 15.13 

50% glycerol       

70 W6    0.94 30.78 3.25 

70 W6F    0.95 33.87 2.95 

70 4xA W6    0.95 30.40 3.29 

70 4xA W6F    0.95 29.10 3.44 

14 W6 0.15 5.13 1.95 0.97 45.09 2.22 

14 W6F    0.97 60.31 1.66 

 

 

We next applied PET-FCS to study dynamics of nascent peptides. We generated RNCs at 

three stages of translation based on the FRET and PET measurements (Mercier and Rodnina, 

2018) (Figure 13a). To monitor the nascent chain dynamics during the compaction of H1-H3 

within the exit tunnel, we used RNC with a 70 aa-long nascent chain (HemK 70), which shows 

a high FRET signal and maps roughly between FPA regions III and IV, given slight uncertainty 

in the positioning of the C-terminal 17 aa of native HemK compared to SecM (Figure 10c,d). 

An RNC with the 102 aa-long nascent chain (HemK 102) should expose H1-H4 at the ribosome 

surface and maps onto the end of FPA region VI; earlier PET measurements indicate a folding 

transition around this chain length (Mercier and Rodnina, 2018). To monitor the fully emerged 

domain, we used an RNC with a 112 aa-long nascent chain (FPA region VIII; Figure 10c,d).  

 

To understand how destabilization of the hydrophobic core of the NTD affects the nascent-

chain dynamics, we also used the respective 4xA variants. One complication of the PET-FCS 

experiments with ribosome complexes is that the Trp residues in ribosomal proteins and 

guanines of the rRNA also quench the N-terminal fluorophore (Doose et al., 2009). To account 

for these interactions of the nascent peptide with the ribosome surface, we compare the W6 

and the respective W6F control constructs (Figure 13b-d).  
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Figure 13 Dynamics of HemK on the ribosome monitored by PET-FCS 

a. SDS PAGE of nascent chains produced by in vitro translation visualized after RNC purification 

using the fluorescence of ATTO655. The aa length of HemK wt constructs is indicated.  

b. Autocorrelation curves for HemK 70-RNC. Black, wt W6; red, 4xA W6; green, wt W6F; blue, 

4xA W6F. Each curve is derived from at least two separate RNC preparations and each 

experiment consists of at least 4 technical replicates (N≥8). 

c. Autocorrelation curves for HemK 102-RNC. Black, wt W6, green, wt W6F; grey, W6F variant 

with loop extension between helix 3 and helix 4. Each curve is derived from at least two 

separate RNC preparations and each experiment consists of at least 4 technical replicates 

(N≥8). 

d. Autocorrelation curves for HemK 112-RNC. Black, wt W6; red, 4xA W6; green, wt W6F; blue, 

4xA W6F; grey, W6F variant with a loop extension between helix 3 and helix 4. Each curve is 

derived from a minimum of two separate RNC preparations and each experiment consists of 

at least 4 technical replicates (N≥8). 

 

Previous published work showed that HemK W6F variants are translated with the same 

average translation rate and undergo similar compaction events on the ribosome when 

comparing to HemK wt (Holtkamp et al., 2015). Even though the purified W6F has a lower 

melting temperature compared to the wt, at 37°C this variant is still fully folded. Using FPA 

assay we additionally confirmed that the cotranslational folding trajectory of HemK W6F is 

identical compared to the wt (Figure 14).  
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Figure 14 FPA of HemK W6F 

a. A representative gel with selected force profile constructs #aa – length of HemK nascent 

chain in number of amino acids;  

b. Graph shows the fraction of full-length product generated at each construct length in green 

W6F, in grey wt. Approximate RNC 70, 102 and 112 positions are indicated on the profile.  

 

For all RNCs tested, PET-FCS experiments yield multiphasic ACFs spanning the timescale 

from ms to ns. The diffusion time of the RNC is in the ms time range (Samelson et al., 2016). 

Initial exponential fitting reveals at least three fast dynamic components in the ns to μs time 

range (Figure 13, Table 2). One of the components could reflect the triplet state pumping and 

relaxation of the ATTO655 dye in the complex with the ribosome. We measured the same RNC 

with increasing laser power to determine whether any of the exponents originate from the triplet 

relaxation (Figure 15a). We found that the third exponent amplitude changed depending on 

the laser power (Figure 15b), indicating that the ATTO655 triplet state relaxation time on the 

ribosome is 40 µs. This is somewhat larger than that measured with a model peptide, which is 

in the range of 2 µs (Luitz et al., 2017). The increase of the triplet state lifetime on the ribosome 

is most likely due to a more restricted conformational space on the ribosome rather than for a 

peptide diffusing in solution. The ribosome can lock the dye in a particular orientation and 

chemical environment extending the triplet lifetime (Saviotti and Galley, 1974).  
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Figure 15 ATTO 655 triplet state in RNC 

a. Autocorrelation curves of HemK 102 wt RNC measurements with increasing laser power 

(LP); each curve is an average N≥8. 

b. Amplitude of the triplet state relaxation time. 

 

We then fitted the ACF curves (Figure 13b-d) using a combination of two exponential decays, 

the triplet state correction, and the diffusion term (Methods). The two lifetimes (τ = 1/k) as 

estimated by fitting, one in the tens of µs and the other in the µs time range, were observed in 

all tested complexes, regardless of the presence of the W6 residue that causes intra-chain 

PET (Table 2). However, the τ1 and τ2 values are different for the respective W6 and W6F 

constructs, indicating that part of the effect is due to intra-chain PET. Taking into account the 

known timescales of peptide dynamics in solution (Luitz et al., 2017; Lum et al., 2012a; 

Neuweiler et al., 2010b), the shorter relaxation time τ1 most likely reflects the quenching 

interactions of the fluorophore with the internal Trp or the quencher at the ribosome surface. 

The slower relaxation time τ2 is usually attributed to the dynamics of conformational 

intermediates. To challenge this assignment, we designed two additional RNCs where we 

changed the dynamics of peptide chain rearrangements. Because long and unstructured loops 

are known to enhance conformational fluctuations through increased entropy of the folded 

state (Dagan et al., 2013), we extended a loop between H3 and H4 by five additional Gly 

residues and generated two RNCs with different lengths of this construct, called 102 loop and 

112 loop, respectively. Both τ1 and τ2 values are affected by the loop mutations (Table 2).  
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Table 2 Results of analytical fits of PET-FCS ACF for RNCs 

Each ACF was an average of N≥8. All errors are calculated as standard error of the mean and are 

indicated in the table. Rates (kx) are in s-1. 1, 2, f and d are relaxation time constants of the 

respective exponents, in s, =1/k. 

Construct c1 
k1 

x106 
1 

x10-7 
c2 

k2 

x105 

2 

x10-

6 

F 
kf 

x104 
f 

x10-5 
N 

kd 
x103 

d 

70 W6 
0.17 

± 
0.01 

2.58 
± 

0.21 
3.87 

0.68 
± 

0.01 

4.55 
± 

0.09 
2.20 

0.18 
± 

0.003 

2.29 
± 

0.09 
4.38 

0.93 
± 

0.003 

1.05 
± 

0.008 
0.001 

70 W6F 
0.14 

± 
0.01 

2.29 
± 

0.19 
4.36 

0.62 
± 

0.01 

4.59 
± 

0.09 
2.18 

0.13 
± 

0.002 

2.45 
± 

0.10 
4.09 

0.93 
± 

0.002 

0.95 
± 

0.005 
0.001 

70 4xA W6 
0.18 

± 
0.01 

2.67 
± 

0.16 
3.74 

0.69 
± 

0.01 

4.51 
± 

0.07 
2.22 

0.16 
± 

0.002 

2.45 
± 

0.09 
4.08 

0.93 
± 

0.002 

0.99 
± 

0.006 
0.001 

70 4xA W6F 
0.13 

± 
0.01 

2.61 
± 

0.23 
3.84 

0.61 
± 

0.01 

4.68 
± 

0.09 
2.13 

0.12 
± 

0.002 

2.86 
± 

0.14 
3.49 

0.92 
± 

0.002 

0.93 
± 

0.005 
0.001 

102 W6 
0.20 

±  
0.01 

3.30 
± 

0.19 
3.03 

0.61 
± 

0.01 

4.29 
± 

0.07 
2.33 

0.18 
± 

0.002 

2.36 
± 

0.09 
4.23 

0.94 
± 

0.002 

0.95 
± 

0.007 
0.001 

102 W6F 
0.14 

±  
0.01 

2.91 
± 

0.23 
3.43 

0.56 
± 

0.01 

4.66 
± 

0.09 
2.15 

0.13 
± 

0.002 

2.54 
± 

0.11 
3.94 

0.93 
± 

0.002 

0.93 
± 

0.005 
0.001 

102 loop 
0.13 

± 
0.01 

2.89 
± 

0.24 
3.46 

0.57 
± 

0.01 

4.33 
± 

0.08 
2.31 

0.14 
± 

0.002 

2.54 
± 

0.12 
3.93 

0.93 
± 

0.002 

0.86 
± 

0.005 
0.001 

112 loop 
0.14 

± 
0.01 

2.72 
± 

0.21 
3.68 

0.54 
± 

0.01 

4.24 
± 

0.08 
2.36 

0.13 
± 

0.002 

2.47 
± 

0.11 
4.05 

0.93 
± 

0.002 

0.88 
± 

0.005 
0.001 

112 W6 
0.19 

± 
0.01 

3.61 
± 

0.19 
2.77 

0.48 
± 

0.01 

4.41 
± 

0.08 
2.27 

0.10 
± 

0.002 

2.79 
± 

0.16 
3.59 

0.93 
± 

0.002 

0.84 
± 

0.004 
0.001 

112 W6F 
0.14 

± 
0.01 

2.94 
± 

0.22 
3.40 

0.52 
± 

0.01 

4.45 
± 

0.09 
2.25 

0.11 
± 

0.002 

2.51 
± 

0.13 
3.98 

0.93 
± 

0.002 

0.91 
± 

0.005 
0.001 

112 4xA W6 
0.20 

± 
0.01 

2.16 
± 

0.13 
4.63 

0.59 
± 

0.01 

3.73 
± 

0.08 
2.68 

0.21 
± 

0.003 

1.76 
± 

0.06 
5.68 

0.95 
± 

0.003 

1.00 
± 

0.008 
0.001 

112 4xA W6F 
0.12 

± 
0.01 

2.52 
± 

0.23 
3.97 

0.43 
± 

0.01 

3.94 
± 

0.97 
2.54 

0.11 
± 

0.002 

2.30 
± 

0.13 
4.35 

0.93 
± 

0.002 

0.86 
± 

0.005 
0.001 
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Because τ1 and τ2 are apparent values that have no biological meaning as such, in the following 

we develop a kinetic modeling approach to determine the elemental rates of nascent chain 

dynamics. To be able to use commercial software for global fitting, we extract the dynamic 

component from the raw ACF curves by subtracting from each experimental ACF the 

diffusional and triplet state components using parameters of the analytical fit (Equation 1; Table 

2). This results in time courses with two exponential decays (Figure 16b). 

 

Kinetic model for the dynamics of nascent chains. 

To fit the ACF data, we built several kinetic models to determine the minimal model that could 

best fit the recorded data. First, we tried the simplest two equilibria model - Model 1. This 

presents three possible states of the nascent chain: State C – nascent chain on the ribosome, 

with unquenched ATTO655 dye; R – nascent chain interacting with the ribosome and the dye 

quenched by guanines of the ribosome; W – dye quenched by the intrachain tryptophan Trp6 

(Figure 16a). The fitting resulted in poorly defined rates and high residual values (Figure 16b).  

 

Next, we performed a fitting to a three equilibria model – Model 2. Here we introduced an 

additional equilibrium that could characterize the conformational fluctuations of the nascent 

chain on the ribosome; however, we maintained that only one of these states could undergo 

interactions with the ribosome and intrachain tryptophan that would result in fluorescence 

quenching (Figure 17a). This model was unable to sufficiently fit the data, again resulting in 

poorly defined rates and comparing the fit to the recorded data we observed high residual 

values (Figure 17b).  
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Figure 16 Kinetic model 1 of conformational dynamics of HemK RNCs 

a. The kinetic model: state C is the nascent chain on the ribosome, W –Trp-quenched state; R – 

ribosome-quenched state.  

b. Results of global fitting of autocorrelation data to the kinetic model. Black – measured data, red 

– kinetic model simulation curve, both plotted on the left-hand y axis; open circles – residual 

values plotted on right-hand y axis (Res.); Cartoons indicate the presumed position of the 

nascent chains on the ribosome, with the wt nascent chains shown in magenta, without and 

with an extra loop, and the 4xA variant shown in blue. 
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Figure 17 Kinetic model 2 of conformational dynamics of HemK RNCs 

a. The kinetic model: State C and D are the nascent chain conformations on the ribosome, W –

Trp-quenched state; R – ribosome-quenched state.  

b. Results of global fitting of autocorrelation data to the kinetic model (Labeling as in Figure 16). 

 

 

In kinetic model 3 to account for the exponential term on the µs time scale, we assume that 

nascent chains can undergo a conformational change from state C to state D (C↔D) (Figure 

18a), and that in each of these states the N-terminal dye can interact with the internal Trp6. 

The resulting quenched state is denoted as W, leading to the equilibria C↔W and D↔W. By 

analogy, a quencher on the ribosome surface can quench the fluorescence of C or D, yielding 

a non-fluorescent state R and the equilibria C↔R and D↔R (Figure 18a). This is the minimal 

model that could reliably fit the ACF data (Figure 18b).  
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Figure 18 Kinetic model 3 of conformational dynamics of HemK RNCs  

Shown are results of global fitting of autocorrelation data to the kinetic model (panel a) C and D are 

two peptide conformations; W –Trp-quenched state; R – ribosome-quenched state. b - Black – 

measured data; red – kinetic model simulation curve, open circles - residuals. Cartoons indicate 

the presumed position of the nascent chains on the ribosome (color-coding same as Figure 16).  

 

We perform a global fit of the entire dataset in order to determine the elemental rates of the 

outlined interactions. Because there is no solution to calculate elemental rates from the two 

apparent rate constants, we additionally measured ACF of RNC 70 W6F and RNC 102 W6F 

at different free Trp concentrations (Figure 19, Table 3).  

 

 



SECTION 3 – Results 

 

59 

 

Figure 19 Global fitting of HemK W6F RNC ACFs with increasing free Trp concentration 

Free Trp concentration is indicated on the right of each graph.  

a. HemK 70 W6F RNC 

b. HemK 102 W6F RNC 

c. Global fit kinetic model. R – Ribosome quenched state, W – tryptophan quenched state,  
State C and state D - conformational states of the nascent peptide, T – free tryptophan.  

 

Table 3 Results of global fitting of the free Trp titration dataset 

Rates that were linked during global fitting are shown in the same cell shade. Rates are in μs⁻¹, 

except the W kon rates that are in mM⁻¹ μs⁻¹. A covariance matrix derived using nonlinear regression 

algorithms is used to estimate the standard errors by the Kintek Explorer software. 

 

 

Global fit of the Trp titration data yielded the ATTP655–Trp dequenching rate (Methods), 

2.0±0.1 μs-1 (Table 3), which was fixed during global fitting of the main dataset (Figure 18, 

Figure 20, Table 4) and allowed us to obtain statistically significant values for rate constants 

describing nascent chain dynamics of each HemK NTD variant on the ribosome (Figure 20, 

Table 4 and Table 8 in Methods). The only parameters that were poorly defined are those 

where the rate constants were extremely low and therefore significantly slower than the RNC 

diffusion through the confocal volume. This is expected, as reliable FCS measurements 

become increasingly difficult when the relaxation times exceed 1 s (Elson, 2018; Meseth et al., 

1999).  

 

Construct k D ↔ R C ↔ R D ↔ W C ↔ W D ↔ C 

70 W6F 
on 83 ± 17 0.5 ± 0.06 0.006 ± 0.003 (8.0±0.5)x10-7 9.6 ± 12.1 

off 0.0002 ± 0.002 0.01 ± 0.06 2 ± 0.1 2 ± 0.1 0.001 ± 0.1 

102 W6F 
on 85 ± 15 0.5 ± 0.05 0.007 ± 0.003 (8.0±0.5)x10-7 3 ± 10.4 

off 0.0002 ± 0.002 0.01 ± 0.06 2 ± 0.1 2 ± 0.1 0.0004 ± 0.1 
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Figure 20 Rates of the conformational dynamics of HemK RNCs 

All color-coding and cartoons consistent with figure 16. Errors of rates displayed in Table 4. 

 

Table 4 Results of global fitting of HemK RNCs 

Rates that were linked during global fit are shown in the same cell shade; locked rates are in red. 

Rates are in μs⁻¹. A covariance matrix derived using nonlinear regression algorithms is used to 

estimate the standard errors by the Kintek Explorer software. 

Construct k D ↔ R C ↔ R D ↔ W C ↔ W D ↔ C 

70 wt on 22 ± 3.3 0.37 ± 0.02 4.2 ± 3 0.07 ± 0.03 0.975 ± 0.3 

off 0.3 ± 0.02 0.3 ± 0.02 2 2 0.0167 ± 0.02 

70 4xA on 22 ± 3.3 0.37 ± 0.02 4.2 ± 3 0.07 ± 0.03 0.975 ± 0.3 

off 0.3 ± 0.02 0.3 ± 0.02 2 2 0.0167 ± 0.02 

102 wt on 25 ± 1.2 0.37 ± 0.02 4.8 ± 1 0.07 ± 0.03 0.13 ± 0.3 

off 0.3 ± 0.02 0.3 ± 0.02 2 2 0.002 ± 0.02 

102 loop on 25 ± 1.2 0.37 ± 0.02   4.39 ± 0.5 

off 0.3 ± 0.02 0.3 ± 0.02   0.0653 ± 0.03 

112 loop on 29 ± 1.3 0.37 ± 0.02   3.44 ± 0.5 

off 0.3 ± 0.02 0.3 ± 0.02   0.0442 ± 0.03 

112 wt on 29 ± 1.3 0.37 ± 0.02 5.6 ± 1 0.07 ± 0.03 0.0002 ± 0.3 

off 0.3 ± 0.02 0.3 ± 0.02 2 2 0.000002 ± 0.02 

112 4xA on 24 ± 8.2 0.35 ± 0.02 4.7 ± 8 0.07 ± 0.01 1.62 ± 0.4 

off 0.3 ± 0.02 0.3 ± 0.02 2 2 0.0232 ± 0.1 
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Comparison of the rate constants for different complexes reveals, first, that the two structural 

states of the nascent chain, C and D, are very different with respect to their dynamics (Figure 

20, Table 4). The rate constants of ATTO655 quenching by the ribosome is 60–80-fold slower 

in C compared to D in different RNCs. Likewise, quenching by intramolecular Trp is 60–100-

fold slower in C than in D. We attribute this to lower dynamics of state C and thus denote it as 

compact, compared to state D, which we call dynamic. Thus, we identify two global 

conformational ensembles of ribosome-bound HemK NTD.  

 

The second observation is that for a given conformational state C or D, the rates of interaction 

with Trp or the ribosome are almost insensitive to the extent of folding or the position of the N-

terminus on the ribosome, as the kon value for Trp quenching is about 0.07 µs-1 for state C and 

4–6 µs-1 for state D of all constructs (Figure 20). The low quenching rate constant in the 

compact states suggests that Trp is confined in the stable hydrophobic core of the respective 

intermediates. In contrast, the dynamic state presents a less compact structure wherein the 

more exposed native Trp interacts more frequently with the N-terminal dye. It is possible that 

the position of the N-terminus is defined at early stages of folding, which explains why it does 

not change with the peptide length over 70 aa. More surprisingly, the kon for ribosome 

quenching is not strongly dependent on the position of the nascent chain with respect to the 

ribosome, with kon = 0.37 µs-1 for state C and ranging from 22 μs⁻¹ to 29 μs⁻¹ for state D. The 

dequenching rate of the ATTO655–ribosome complex is 0.3 μs⁻¹. 

 

The largest difference related to the stage of nascent peptide folding and its position on the 

ribosome pertains to the equilibrium between states C and D. The compact state C is favored 

in all complexes, but the rate constants of the C↔D transitions differ dramatically, both 

decreasing with increasing protein length and its emergence outside the ribosome (Figure 20). 

Disruption of the hydrophobic core by 4xA mutations does not alter the equilibrium between 

the C and D states in HemK70, but strongly destabilizes the NTD when it emerges from the 

ribosome (HemK112). Furthermore, extension of a loop by 6 aa dramatically increases the 

rates of transitions in both HemK102 and HemK112 (Table 4). Thus, as predicted (Dagan et 

al., 2013), the loop extensions increase the helix dynamics of the nascent chain, but do not 

alter the interaction with Trp or the ribosome surface. 

 

Comparison of the free energy of the transition state (ΔG‡) barrier between the compact and 

dynamic states at different nascent chain lengths shows that as the nascent chain grows, 

transition state free energy increases from 38 kJ mol⁻¹ for HemK70 to 43 kJ mol⁻¹ for HemK102 

and to 59 kJ mol⁻¹ for HemK112 (Figure 21b, Table 5). 
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Figure 21 Free energy barriers between different chain conformations 

D-dynamic state; C – compact state; ‡ - transition state. Error bars represent propagated errors 

from elemental rates derived from the kinetic fits. 

a. Schematic diagram of cotranslational folding steps of HemK NTD with a visualization of nascent 

chain dynamics.  

b. HemK wt constructs of increasing length, 70 aa (blue), 102 (green), and 112 (black). 

c. HemK wt and 4xA variants, 70 wt (blue) 70 4xA (lilac), 112 (black), and 112 4xA (red). 

d. HemK wt and loop variants, 102 wt (green), 112 wt (black), 102 loop (orange), and 112 loop 

(yellow).  

 

 

Table 5 Free energy calculations for HemK RNC constructs 

Elemental rate errors from the kinetic fits are propagated through        Equation 2 (Methods).   

Construct ΔG°D–ΔG‡, kJ mol-1 ΔG°C–ΔG‡, kJ mol-1 ΔG°D–ΔG°C, kJ mol-1 

70 wt 38.4 ± 0.0003 48.4 ± 0.001 10.0 ± 0.001 

70 4xA 38.4 ± 0.0003 48.4 ± 0.0000 10.0 ± 0.0003 

102 wt 43.3 ± 0.002 53.6 ± 0.01 10.3 ± 0.01 

102 loop 34.7 ± 0.0001 45.0 ± 0.0005 10.3 ± 0.0005 

112 loop  35.3 ± 0.0001 46.0 ± 0.0007 10.7 ± 0.0007 

112 wt  59.2 ± 1.5 70.5 ± 10 11.3 ± 10.1 

112 4xA 37.2 ± 0.0002 47.6 ± 0.004 10.4 ± 0.004 
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SECTION 4 – Discussion  

In this work, we combined FPA and PET-FCS to reconstruct the trajectory of cotranslational 

folding and to evaluate the stability of the folding intermediates of HemK NTD. The high-

resolution FPA data show that nascent chains undergo sequential force-generating 

rearrangements that start inside the exit tunnel as soon as individual α-helices pass the 

constriction site. The earliest detected force-generating folding intermediate entails as little as 

a single helix (H1) of the HemK NTD. Upon continued synthesis, emerging helices begin to 

interact with one another forming tertiary intermediates inside the peptide exit tunnel (Figure 

10d). Our results combined with previous data (Kemp et al., 2019; Mercier and Rodnina, 2018) 

show that folding of HemK NTD is sequential and that there are several tension-generating 

steps corresponding to folding intermediates inside and outside of the ribosome. The formation 

of individual α-helices and tertiary interactions between α-helical elements within the exit tunnel 

are well documented (Bhushan et al., 2010; Farias-Rico et al., 2018; Lu and Deutsch, 2005; 

Nilsson et al., 2015; Nissley and O'Brien, 2018). FPA studies also demonstrate that the 

growing nascent chain continues to undergo structural adjustments after emerging from the 

exit tunnel; some, but not all, of these rearrangements are sensitive to the packing of the 

protein’s hydrophobic core. In contrast, folding of the HemK NTD in solution is concerted, with 

only two discernible states, native and unfolded (Holtkamp et al., 2015). Thus, translation rate 

and sequential addition of amino acids during translation affects nascent-protein folding not 

only inside the exit tunnel, but also at the surface of the ribosome and results in a complex 

folding pathway with multiple folding intermediates. Cotranslational folding is under combined 

thermodynamic and kinetic control. The kinetics of translation can change the states that the 

nascent chain can access on the ribosome, while different conditions in the surrounding solvent 

or effects from the ribosome itself as well as the properties of amino acids in a nascent chain 

segment determine the free energy landscape for the particular conformation (Baker and 

Agard, 1994; Varela et al., 2019). There is an implicit assumption in folding studies that the 

final native state is the most thermodynamically stable state, however this might be true only 

in the context of kinetically accessible states (Baker and Agard, 1994). The purpose of 

kinetically optimized sequential cotranslational folding may be to ensure that only the 

productive on-pathway states are accessible to the nascent chain.  

Rapid sequential cotranslational folding observed here for HemK NTD can be rationalized 

using the concept of folding via cooperative folding units, foldons, which was suggested for 

several proteins based on a combination of NMR, mass spectrometry, and hydrogen-exchange 

pulse-labeling experiments (Bai et al., 1995; Hu et al., 2013; Walters et al., 2013). The 

emerging view is that the foldons, comprised of one to two secondary structure elements, form 

rapidly (e.g. at a rate of 2000 s-1 in RNaseH (Hu et al., 2013)), and once a foldon is formed, 
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the protein undergoes a series of fast folding steps, with native-like foldons added rapidly at 

each step. The trajectory of how a particular protein folds is determined by the nature of foldon 

units, because each preceding unit guides and stabilizes the incoming foldons in a 

thermodynamically downhill energy landscape (Englander and Mayne, 2014). The vectorial 

emergence of nascent peptide into the constrained space of the exit tunnel may allow 

nucleation of such folding units and restrict the number of potential interactions/conformations 

at a given chain length, thereby guiding folding through a relatively narrow energy landscape. 

This would also explain why folding of the HemK NTD on the ribosome is sequential, guided 

by the vectorial appearance of foldons during translation. In solution, folding is concerted 

because formation of local folding units defines the rate of the concerted collapse into the 

native structure.  

 

The PET-FCS experiments show that nascent peptides are dynamic and undergo internal 

conformational rearrangements on a µs time scale. We identify two subpopulations of folded 

nascent chains corresponding to the predominant compact and dynamic states, which differ in 

their ability to interact with the local environment. The local dynamics of the N-terminus as 

monitored by intramolecular PET between the N-terminal ATTO655 and Trp6 is relatively slow 

for the compact state (0.07 µs-1). The dynamic state has quenching (4-6 µs-1) and dequenching 

(2 µs-1) rates similar to those reported for the dynamic motion of proteins (Luitz et al., 2017; 

Lum et al., 2012a; Neuweiler et al., 2010b; Neuweiler et al., 2009; Stanley et al., 2014). The 

quenching interaction with the ribosome is also slow for the compact (0.3-0.4 µs-1) and fast for 

the dynamic (20-30 µs-1) state; the dequenching rate is 0.3 µs-1. The latter rates differ from the 

dequenching of the ATTO655–Trp complex and most probably reflect the interactions of 

ATTO655 with guanine residues in rRNA. This is the first time these interactions have been 

characterized in a context of an RNA-containing macromolecule.  

During folding in solution, the rates of fluctuations slow down several-fold as proteins advance 

from unfolded towards more compact conformations (Nettels et al., 2007; Waldauer et al., 

2010). On the ribosome, the rates of fluctuations between the compact and dynamic states 

decrease as the nascent chain moves down the exit tunnel and emerges from the ribosome 

(Figure 21a). The large increase in ΔG‡ as the NTD moves away from the ribosome 

demonstrates how the proximity of the ribosome alters the dynamics of the nascent protein 

domain. Consistently with these results, isolated HemK NTD did not show any PET dynamics. 

Although the protein can unfold in solution (at a rate of 1 s-1 at 37°C), such dynamics is probably 

too slow for the FCS and the unfolded state is too rare to be detected due to rapid folding (2000 

s-1) (Holtkamp et al., 2015). The rates of the free HemK NTD protein folding in solution 

(Holtkamp et al., 2015) are within the range of rates of conformational fluctuations C↔D of 

HemK112 on the ribosome, suggesting that the dynamic conformation of HemK112 is similar 
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to the unfolded state in solution. These data provide further support to the notion that the 

stability of protein domains increases with the distance to the ribosome (Alexander et al., 2019; 

Cabrita et al., 2016; Kaiser et al., 2011; Liu et al., 2017; Samelson et al., 2016) and provide 

estimations for the rates of rapid conformational fluctuations of nascent proteins at different 

stages of folding. 

 

The 4xA mutations destabilize the native hydrophobic packing of the domain and have a 

significant effect on native tertiary interactions (Holtkamp et al., 2015). The FPA results show 

that nascent wt and 4xA NTDs form very similar compact intermediates inside the exit tunnel. 

PET-FCS analysis indicates that the dynamic fluctuations between compact and dynamic 

states have identical transition state barriers (ΔG‡ = 38.4 kJ mol⁻¹) for wt and 4xA HemK70 

(Figure 21c) and, in both cases, the respective intermediates are highly dynamic. In contrast, 

outside the tunnel, mutations in the hydrophobic core or loop extensions increase dynamic 

fluctuations of the nascent chains (Figure 21c,d; Table 5). In particular for the stably folded 

HemK112, the effect of the mutations is very large, decreasing the ΔG‡ value by 22-25 kJ mol⁻¹ 

(Figure 21 c,d). The free-energy landscapes of protein folding in solution are generally shallow, 

i.e. the differences between the highs (barriers) and lows (energy minima) are in the tens of kJ 

mol⁻¹ rather than hundreds (Gruebele et al., 2016). For example, the differences between 

partially unfolded high-energy states and the native states of proteins are between 17-54 kJ 

mol⁻¹ (Englander and Mayne, 2014). In the case of the HemK NTD, the folding free energy of 

this isolated domain is 20.8 kJ mol⁻¹ (Holtkamp et al., 2015). This suggests that the 4xA and 

loop extension variants of the NTD on the ribosome are energetically analogous to the unfolded 

isolated domain in solution.  

 

In summary, the present work shows how a small α-helical protein domain folds co-

translationally. It starts folding as soon as the first helical elements pass the constriction of the 

exit tunnel of the ribosome. With growing nascent chain, the emerging helical segments dock 

onto each other sequentially. The folding pathway entails numerous intermediates that 

continue to rearrange even when the domain emerges from the ribosome. Inside the nascent 

tunnel or in the proximity of the ribosome the nascent peptide is highly dynamic, undergoing 

structural fluctuations on the µs time scale. The fluctuations slow down as the domain moves 

away (or is released) from the ribosome. Destabilizing mutations have little effect on folding 

within the exit tunnel, but abolish the domain stabilization after its separation from the 

ribosome. The results show the power of FPA and PET-FCS in solving the trajectory of 

cotranslational protein folding and in characterizing the dynamic properties of folding 

intermediates. 
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One consistent aspect of cotranslational folding seems to be that during translation the 

cotranslational intermediates formed in the vicinity of the ribosome surface are destabilized. 

We show this destabilizing effect for an α-helical protein HemK NTD, but it was also previously 

shown for an α-helical T4 lysozyme (Kaiser et al., 2011), and a predominantly β-sheet  proteins 

GFP, RFP (Kelkar et al., 2012) and FLN5 (Deckert et al., 2016) proteins, as well as a complex 

α/β fold RnaseH (Samelson et al., 2016). The fact that this phenomena has been observed in 

many cases and on many diverse folds suggests that the destabilization of structures in the 

vicinity of the ribosome is the rule rather than exception during cotranslational folding.  

 

The nearly perfect vectorial folding as helixes emerge sequentially from the constriction site at 

this time has only been observed for HemK NTD. Therefore, it is still unclear whether the case 

of HemK is an exception or indication of a previously overlooked phenomenon. The force 

profile assay has previously indicated potential folding intermediates (i.e., multiple high-tension 

peaks) for all α-helical proteins villin and  λ-repressor (Marino et al., 2016) as well as an all β-

sheet protein FLN5 (Kemp et al., 2019). In all these cases, the folding was investigated with 

an aid of a linker sequence, and possible high-tension intermediates formed inside the exit 

tunnel have not been investigated. It would be very interesting to investigate a large number 

of different folds to study the prevalence of true vectorial folding for single domain proteins.  

 

There are several studies that have attempted to estimate the evolutionary age of different 

protein folds (reviewed in (Ma et al., 2008)). It has been suggested that folds where only one 

of the secondary structures dominates is a relatively recent evolutionary invention, whereas 

α/β containing folds (Choi and Kim, 2006) like the P-loop containing nucleoside triphosphate 

hydrolases or the TIM α/β-barrel folds are significantly older (Choi and Kim, 2006; Ma et al., 

2008). A systematic investigation of cotranslational folding for different folds that represent 

potentially different evolutionary ages could aid in the understanding of the timing of sequential 

folding emergence, unless sequential folding is an imperative of cotranslational folding. It is 

important to note that these types of studies of protein age may disproportionately favor 

catalytically active proteins and can be relatively blind to regulatory proteins (Jain et al., 2019). 

Therefore, in such a systematic study a variety of functional as well as fold classes should be 

included. Force profile assay would be an excellent method for such an undertaking, as it has 

capacity for detecting highly dynamic folding intermediates that would be invisible to structural 

methods like NMR or cryo-EM.  

 

The PET-FCS together with a kinetic analysis of traces that we presented in this thesis 

provides a tool to study the essential feature of cotranslational folding that remained obscure 

so far – the dynamics of cotranslational intermediates. The relatively broad accessibility to the 
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optical setup and modest sample requirements means that a relatively high number of different 

ribosome nascent chain complexes can be measured. This creates conditions for studying a 

number of various folds and folding intermediates to ascertain the range of kinetically 

accessible states at each folding event. The combination of PET-FCS together with FPA 

methods each use a single fluorophore that can be easily introduced at the N-terminus of every 

protein. The minimally invasive reporter could be used with proteins where structure is 

unknown and it would provide information on the changes in dynamics during translation.  

 

The relatively recent advances in cotranslational folding and relatively few examples of 

proteins folding on the ribosome means that a unifying theory of cotranslational folding is 

absent. In such a situation every experimental finding must be interrogated on whether this is 

a unique feature for a particular protein or whether a finding is a systematic feature of this 

biological process. Future studies will have to focus on ways to study cotranslational folding 

more systematically to disentangle unique protein folding features from the underpinning 

principles of cotranslational folding. Building a comprehensive cotranslational folding model 

will allow us to interrogate what kind of deviations from this model result in folding aberrations, 

protein aggregation and diseases (Powers et al., 2009; Santra et al., 2019).  The combined 

PET-FCS and FPA approaches presented in this thesis will serve to continue to investigate 

these questions.   
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SECTION 5 – Materials and Methods 

HemK constructs for PET and FPA 

The HemK (methyl transferase HemK) coding sequence (ECBD_2409, 834 p, 277aa) was 

derived from the pET-24a vector(Holtkamp et al., 2015). For PET measurements, Trp at 

position 78 and – where indicated – Trp6 were mutated to Phe either in the wt or the 4xA HemK 

NTD sequence (Table 6).  The looped construct was generated using Gibson assembly 

reaction protocol (Gibson et al., 2010; Gibson et al., 2009) introducing five additional glycines 

in the loop between helix 3 and helix 4, before the wt Gly at position 43 (Table 6). Primers used 

to generate the glycine insert:    

forward 5’-CTCGCCTTTGGCGGCGGC  

reverse 5’-GCGTTTCACCGCCGCCGCC  

primers used to linearize the vector:   

forward 5’-GGCGGCGGCGGCGGCGGTGAAACGCAGCT  

reverse 5’-AAAGGCGAGGATAAAAGTACGCCCTTTGCC.  

mRNA transcription templates were generated for all lengths using universal commercially 

available T7 forward primer (Eurofins Genomics, Ebersberg) and three unique reverse primers 

for the required constructs:  

70 (5’-ATGAGCAATGGGTTCACCATCG),  

102 (5’-TGCCTGCTCCACCAGACACTCC),  

112 (5’-ACGGCAAGGTTGTTCAGGCA) (Eurofins Genomics, Ebersberg). 

Table 6 PET-FCS constructs 

Amino acid sequences N to C terminus  

HemK N- to C-terminus 112aa constructs 

wt 
MEFQHWLREA  ISQLQASESP  RRDAEILLEH VTGKGRTFIL  AFGETQLTDE  
QCQQLDALLT  RRRDGEPIAH  LTGVREFFSL  PLFVSPATLI  PRPDTECLVE  
QALARLPEQP  CR 

wt 
W6F 

MEFQHFLREA  ISQLQASESP  RRDAEILLEH  VTGKGRTFIL  AFGETQLTDE  
QCQQLDALLT  RRRDGEPIAH  LTGVREFFSL  PLFVSPATLI  PRPDTECLVE  
QALARLPEQP  CR 

looped 
MEFQHFLREA  ISQLQASESP  RRDAEILLEH  VTGKGRTFIL  AFGGGGGGET  
QLTDEQCQQL  DALLTRRRDG  EPIAHLTGVR  EFFSLPLFVS  PATLIPRPDT  
ECLVEQALAR  LPEQPCR 

4xA 
MEFQHWLREA  ISQLQASESP  RRDAEIAAEH VTGKGRTFIL  AFGETQLTDE  
QCQQADAALT  RRRDGEPIAH  LTGVREFFSL  PLFVSPATLI  PRPDTECLVE  
QALARLPEQP  CR 

4xA 
W6F 

MEFQHFLREA  ISQLQASESP  RRDAEIAAEH VTGKGRTFIL  AFGETQLTDE  
QCQQADAALT  RRRDGEPIAH  LTGVREFFSL  PLFVSPATLI  PRPDTECLVE  
QALARLPEQP  CR 
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The FPA reporters contained a fragments of wt or 4xA HemK (aa 1-101) followed by the 17 aa 

SecM stalling peptide (Nakatogawa and Ito, 2002), and a fragment (aa 1-20) of cold shock 

protein A (CspA) (UniProt ID: P0A9X9), all truncations shown in Table 7. The full-length 

plasmids were synthesized by Eurofins Genomics (Ebersberg, Germany) using a pEX-A128 

vector carrying a kanamycin resistance cassette. C-terminal HemK truncations were 

performed via a cloning protocol that involved vector linearization during PCR (all primer 

sequences available upon request). All generated constructs were verified by Sanger 

sequencing (Microsynth AG, Göttingen, Germany). mRNA transcription templates were 

generated for all FPA constructs using universal T7 forward and CspA reverse primer (5’-

AGGAGTGATGAAGCCGAAGCCT) (Eurofins Genomics, Ebersberg). 

 

Table 7 Force profile constructs of full-length wt HemK  

Amino acid sequence from N- to C-terminus, superscript numbers indicate construct truncations in 

HemK length.  

HemK SecM CspA 

MEYQHWLREA  ISQLQASESP RR22 DA24 EI26 LL28 
EH30  VT32 GK34 GR36 TF38 IL40 AF42 GE44 TQ46 LT48 
DE50  QC52 QQ54 LD56 AL58 LT RR62 RD64 GE66 PI68 AH  
L71 TG73 VR75 E76 F77 W78 S79 L80  P81 L82 F83 V84 S85 P86 
A87 T88 L89 I90  P91 RP93 DT95 EC97 LV99 E  Q101  

FSTPVWIS 
QAQGIRAGP 

MSGKMTGIVK 
WFNADKGFGFITP 

 

All mRNAs lacked a stop codon and were transcribed in vitro in buffer (40 mM Tris-HCl, pH 

7.5, 15 mM MgCl2, 2 mM spermidine, 10 mM NaCl, 10 mM DTT, 5 mM GMP). The DNA 

template (10% (v/v)) was incubated with 3 mM each of GTP, ATP, CTP and UTP, 

pyrophosphatase (5 u/ml), RiboLock RNase inhibitor (1.5 % (v/v), Fermentas), and T7 RNA-

polymerase (1.6 u/μL), for 4h at 37°C. The mRNA was purified by anion exchange 

chromatography on a HiTrap Q HP column (GE Healthcare) operated on Äkta FPLC system 

in buffer 30 mM Bis-Tris pH 6, 1 mM EDTA, 300 mM NaCl. mRNA was eluted using a linear 

gradient from 300 mM to 1.5 M NaCl over 20 column volumes. The mRNA-containing fractions 

were pooled, the mRNAs precipitated with ethanol and the mRNAs pelleted by centrifugation 

at 4000 g for 1h at 4°C. The mRNA pellets were resuspended in RNase- and DNase-free water 

and the concentration was measured using Nanodrop 2000c (Thermo Scientific). 8 M urea 

10% polyacrylamide gel electrophoresis was used for mRNA quality control.  

 

In vitro translation 

Translation components, including 70S ribosomes, initiation factors, elongation factors (EF-G 

and EF-Tu) and total aminoacyl-tRNAs (aa-tRNAs) were prepared as described (Doerfel et al., 
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2013; Holtkamp et al., 2015; Milon et al., 2007; Mittelstaet et al., 2013; Rodnina and 

Wintermeyer, 1995). Initiation complexes were formed in buffer A (50 mM HEPES pH 7.5, 70 

mM NH4Cl, 30 mM KCl, 7 mM MgCl2, with 2 mM DTT, and 2 mM GTP). Ribosomes (0.5 μM) 

were incubated with initiation factors (IF1, IF2, and IF3; 2.25 μM each), mRNA (1.5 μM), and 

ATTO655-[3H]Met-tRNAfMet (1 µM; for PET-FCS) or BodipyFL-[3H]Met-tRNAfMet (1 µM; for 

arrest peptide assay) for 45 min at 37°C. Fluorescence-labeled tRNAs were prepared as 

described (Mittelstaet et al., 2013). EF-Tu–GTP was prepared in buffer A by incubating EF-

Tu–GDP (120 μM) with phosphoenol pyruvate (3 mM) pyruvate kinase (0.05 mg/mL) for 15 

min at 37°C. The ternary complex EF-Tu–GTP–aa-tRNA was formed by adding total 

aminoacyl-tRNA (200 μM) to EF-Tu–GTP followed by a 1 min incubation at 37°C.  

 

All in vitro translation reactions were performed in buffer B (50 mM HEPES pH 7.5, 70 mM 

NH4Cl, 30 mM KCl, 3.5 mM MgCl2, 1 mM DTT, 0.5 mM spermidine and 8 mM putrescine). 

Initiation complexes (40 nM) were mixed with EF-Tu–GTP–aa-tRNA (50 μM) and EF-G (1 μM), 

and incubated for 5 min at 37°C. All mRNAs lacked the final stop codon and produced RNCs 

stalled with a peptidyl-tRNA in the P site. For PET-FCS, the RNCs were purified from 

translation factors and unbound fluorescence-labeled tRNA by sucrose cushion centrifugation 

using 2.2 M sucrose in buffer B. The ribosomes were pelleted using the TLA-100 rotor 

(Beckman Coulter) at 68,000 rpm for 40 min at 4°C. The pellet containing RNC was 

resuspended in buffer B, and the RNC concentration was determined by liquid-liquid 

radioactivity counting of 3H-labeled Met. The complexes were flash frozen in liquid nitrogen 

and stored in - 80°C until use. Translation efficiency was monitored on Tris-tricine SDS PAGE.  

 

All translation samples were prepared for Tris-tricine SDS PAGE as follows. The nascent 

chains were released from the ribosome by adding 1.5 M hydroxylamine and incubating the 

samples for 1h at 37°C. The samples were then diluted with gel loading buffer (50 mM Tris-

HCl pH 6.8, 4% w/v SDS, 2% v/v 2-mercaptoethanol and 12% w/v glycerol) and translation 

products were separated using Tris-Tricine SDS-PAGE (Schagger, 2006). A 16.5% separating 

gel (49.5% T, 6% C), 10% spacer gel and 4% stacking gel were used. The in vitro translation 

products were visualized by detecting the N-terminal dye using a Fujifilm FLA-9000 

fluorescence scanner equipped with a laser of 488 nm wavelength to detect Bodipy FL, or the 

680 nm laser to detect ATTO-655. The band intensities on the gel were quantified and 

analyzed using LI-COR Biosciences GmbH Image Studio version 5.2.5. The fraction of full-

length product was calculated by dividing the full-length band intensity by the sum of the full-

length and arrested band intensities.   
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To produce free peptide, nascent chains were released from the ribosome with hydroxylamine. 

RNC was incubated with hydroxylamine (5% w/v; pH ≤ 8) for 1h at 37°C. This was followed by 

a sucrose cushion centrifugation as above. The supernatant containing the released nascent 

chains was collected for PET-FCS measurements.  

 

Fluorescence correlation spectroscopy 

Fluorescence correlation measurements were performed using the MicroTime 200 system 

(PicoQuant, Berlin, Germany), which is based on a modified Olympus IX 73 confocal 

microscope and equipped with a water objective lens with 60x magnification and 1.2 N.A. 

(Olympus UPlanSApo). For excitation, a collimated laser (LDH-D-C-640, PicoQuant GmbH) 

beam with 636.5 nm wavelength (operated in continuous wave mode) with large diameter was 

focused through the objective into the sample solution. The laser power was set to ~40 µW to 

minimize Atto655 triplet state formation and to avoid photobleaching. Fluorescence signals 

were collected using the same objective (epifluorescence configuration) and separated from 

the excitation light by a dichroic mirror. After that, the collected fluorescence light was focused 

through a 50 µm pinhole to eliminate fluorescence coming from axial positions away from the 

focal plane (confocal detection). A 50/50 beam splitter was used to split the fluorescence signal 

into two channels, where light was focused onto two single-photon avalanche photodiodes 

(SPAD) after passing through a band pass filter (690/70 nm). The signals of two SPADs were 

cross-correlated to eliminate SPAD after-pulsing effects.  

 

Purified RNCs were measured at ~4 nM in buffer B, and sample concentration was adjusted 

in such a way as to yield an average of one molecule within the confocal detection volume for 

all measurements. For the Trp titrations, ACFs were recorded for purified RNCs of HemK 70 

W6F and HemK 102 W6F at different concentrations of added Trp. A solution of 70 mM Trp 

was prepared in buffer B, and final free Trp concentrations ranged from 1.8 mM to 45 mM. The 

recorded ACFs were then fitted (Equation 1), and the parameters obtained were processed as 

described below. Measurements were performed at ambient temperature (22C). For each 

RNC solution, single-photon fluorescence detection events were recorded for at least four 

consecutive time intervals of 10 min. The auto-correlation functions (ACF) were computed 

using the SymPhoTime 64 software (PicoQuant). After normalization, these ACFs were 

compared to confirm that the RNCs were stable throughout the duration of the measurement, 

and the technical replicates were averaged. The experiments were repeated a minimum of 2-

3 times for the same class of RNCs from different preparations. 
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The microscope is setup with a detection volume where the lateral dimension is much larger 

than the horizontal dimension, therefore fitting of initial ACFs was carried out using a model 

for 2D single species diffusion with two relaxation rate constants, a triplet rate constant, and a 

diffusion rate constant, 

𝑮(𝝉) = (𝟏 + 𝒄𝟏𝒆−𝒌𝟏𝒕 + 𝒄𝟐𝒆−𝒌𝟐𝒕) (
𝟏−𝑭+𝑭 𝒆

−𝒌𝒇𝒕

𝟏−𝑭
) (

𝟏

𝑵
) (𝟏 + 𝒌𝒅𝒕)−𝟏      Equation 1 

 

where k1   and k2 are apparent relaxation rate constants with respective amplitudes c1 and c2, 

N is the average number of molecules in the confocal volume, F is the amplitude for the triplet 

component with rate constant kf, and kd is the inverse diffusion time. 

 

Kinetic modeling 

To fit the ACFs of the PET-FCS measurements in the commercial KinTek software, the 

diffusion and triplet state components were subtracted from each curve using the respective 

fitted parameters (Equation 1; Table 2). The software KinTek Global Kinetic Explorer V 6.3 

was used for kinetic modelling (Johnson et al., 2009a, b). In all cases, the exponential decays 

of different PET quenching curves were simulated by the KinTek software as a sum of species 

C, D, R, and W (see text) for a given HemK construct, multiplied by a species-specific 

amplitude coefficient. The amplitude coefficients were assumed to be identical for all simulated 

traces in a particular dataset.  

 

The dominant Trp quenching mechanism for ATTO655 is through static quenching due to 

stacking interactions in the fluorophore–quencher pair; the dissociation rate of the quenched 

complex is defined by the specific properties of these stacking interactions (Limpouchova and 

Prochazka, 2016; Sharma et al., 2017). Therefore, the dissociation rate (dequenching) 

constant of the ATTO655–Trp complex is expected to be independent of the source of Trp or 

the structure of the RNC. To estimate the koff for the ATTO655–Trp complex, we measured 

ACFs for HemK70 W6F and HemK102 W6F RNCs with increasing concentrations of free Trp 

in solution (Figure 15). Each RNC construct contained 7 ACFs for each tryptophan 

concentration of [Trp] = 0, 1.8, 4.5, 9, 18, 27, 45 mM (dataset A), and each of these data curves 

contained the average of two independent replicates. The amplitudes of reactions in the ns 

and μs time domain increased with free Trp concentrations. 

 

To determine the dequenching constant, we globally fit the titration dataset A to the kinetic 

model (Figure 15) after introducing a term that is concentration-dependent (Trp binding to 

ATTO655), while all other rate constants remained concentration-independent and constant in 
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all of these experiments. Global fitting of the data yielded a 2.0±0.1 μs-1 dequenching rate 

constant of the ATTO655–Trp pair (Table 3). Other rates were not sufficiently constrained by 

the Trp titration dataset, as evident from large standard errors (Table 3), and were not used in 

the following fitting.  

 

In the second step, we locked the ATTO655–Trp dissociation rate at 2 μs⁻¹ and globally fit the 

experimental dataset for different RNCs: 70, 102, 112 aa long HemK wt with Trp (W6) and 

without Trp (W6F), the 70 and 112 HemK 4xA W6 and W6F, HemK 102 loop W6F and HemK 

112 loop W6F curves (dataset B) ( Figure 18). There were 16 unlinked independent rates. The 

W state dequenching koff value was locked at 2 μs⁻¹. The koff rate from state R were coupled 

across all constructs, as this rate also depend on the properties of the dye-quenching pair, 

which should be uniform across the different complexes. In the case of HemK112 4xA, all rates 

were separated from other constructs except the koff of R state. The rates of each step were 

linked between HemK70 wt and 4xA. The loop construct R state kon rates were coupled to the 

corresponding wt construct R state kon rates. For all constructs (except 112 4xA), state C to R 

and state C to W kon were also linked, due to similarity. All standard errors reported in Table 3 

and Table 4 were calculated using a covariance matrix derived using nonlinear regression 

algorithms (Johnson et al., 2009b). Using the Kintek Explorer software the fit quality of the 

entire dataset was subject to a confidence contour analysis to evaluate the numerical space 

over which the parameters could vary and still provide high quality fit (Johnson et al., 2009a). 

The analysis is based on measuring the dependence of the sum square error on a pair of given 

parameters while the remaining parameters are left free to vary while producing the best fit 

(Table 8) (Johnson et al., 2009a).  

 

Calculations of the transition state energy barrier 

Transition state theory (Fersht et al., 1999) was used to calculate the energy barrier between 

the conformational state ensembles of different HemK constructs. The kon and rates of 

conformational fluctuations between states that were obtained from the kinetic modelling were 

used to solve for the transition state (ΔG‡) energy barrier between the states (Baryshnikova et 

al., 2005; Fersht et al., 1999)  

 𝒌𝒐𝒏 = 𝐤𝐁
𝐓

𝐡
𝛋 ∙ 𝐞𝐱𝐩 (

−𝚫𝐆‡−𝐃

𝐑𝐓
)       Equation 2 

 

where R is the gas constant 8.3145 J mol⁻¹; T is temperature (295°K); κ is transmission 

coefficient (approximated to 1.0 in transition state theory) (Fersht et al., 1999); kB is 

Boltzmann’s constant 1.38 ×10−23 J K⁻¹ ; and h is Planck‘s constant 6.6 ×10-34 m2 kg s⁻¹.  
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Table 8 Upper and lower boundaries of the kinetic fit 

Boundaries at minChi2/Chi2 threshold 0.8333, cells coded in the same shade were linked during 

fitting, values in red were locked.  

Construct Elemental Rate Best-fit Value Lower Boundary Upper Boundary 

70wt kon (D ↔ R) 21.8 17.4 28.9 

 kon (C ↔ R) 0.372 0.354 0.389 

 koff (D/C ↔ R) 0.309 0.247 0.458 

 kon (D ↔ W) 4.24 2.64 6.29 

 kon (C ↔ W) 0.0725 0.0441 0.102 

 koff (D/C ↔ W) 2 n/a n/a 

 kon (D ↔ C) 0.976 0.45 2.83 

 koff (D ↔ C) 0.0167 0.00846 0.0391 

     

70 4xA kon (D ↔ R) 21.8 17.4 28.9 

 kon (C ↔ R) 0.372 0.354 0.389 

 koff (D/C ↔ R) 0.309 0.247 0.458 

 kon (D ↔ W) 4.24 2.64 6.29 

 kon (C ↔ W) 0.0725 0.0441 0.102 

 koff (D/C ↔ W) 2 n/a n/a 

 kon (D ↔ C) 0.976 0.45 2.83 

 koff (D ↔ C) 0.0167 0.00846 0.0391 

     

102 wt  kon (D ↔ R) 25 20 35.2 

 kon (C ↔ R) 0.372 0.354 0.389 

 koff (D/C ↔ R) 0.309 0.247 0.458 

 kon (D ↔ W)    

 kon (C ↔ W) 0.0725 0.0441 0.102 

 koff (D/C ↔ W) 2 n/a n/a 

 kon (D ↔ C) 0.133 7.71e-007 1.84 

 koff (D ↔ C) 0.00198 1.3e-008 0.0245 

     

102 loop kon (D ↔ R) 25 20 35.2 

 kon (C ↔ R) 0.372 0.354 0.389 

 koff (D/C ↔ R) 0.309 0.247 0.458 

 kon (D ↔ C) 4.4 3.52 7.73 

 koff (D ↔ C) 0.0653 0.0555 0.0885 
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112 loop kon (D ↔ R) 29 23.2 40.7 

 kon (C ↔ R) 0.372 0.354 0.389 

 koff (D/C ↔ R) 0.309 0.247 0.458 

 kon (D ↔ C) 3.44 2.75 6 

 koff (D ↔ C) 0.0442 0.0376 0.0659 

     

112 wt kon (D ↔ R) 29 23.2 40.7 

 kon (C ↔ R) 0.372 0.354 0.389 

 koff (D/C ↔ R) 0.309 0.247 0.458 

 kon (D ↔ W) 5.64 3.41 8.82 

 kon (C ↔ W) 0.0725 0.0441 0.102 

 koff (D/C ↔ W) 2 n/a n/a 

 kon (D ↔ C) 0.000179 1.78e-008 1.6 

 koff (D ↔ C) 2.29e-006 2.29e-010 0.0182 

     

112 4xA kon (D ↔ R) 24.1 17.4 40 

 kon (C ↔ R) 0.346 0.329 0.361 

 koff (D/C ↔ R) 0.309 0.247 0.458 

 kon (D ↔ W) 4.7 2.9 8.26 

 kon (C ↔ W) 0.0674 0.041 0.0948 

 koff (D/C ↔ W) 2 n/a n/a 

 kon (D ↔ C) 1.61 0.661 4.68 

 koff (D ↔ C) 0.0231 0.0116 0.0454 
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DNA sequence 5’ to 3’ of HemK wt FPA constructs.   

HemK AP - FL 

ATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGT

TTAACTTTAAGAAGGAGATATACATATGGAATATCAACACTGGTTACGTGAAGCAATAAGCCAA

CTTCAGGCGAGCGAAAGCCCGCGGCGTGATGCTGAAATCCTGCTGGAACATGTTACCGGCAA

AGGGCGTACTTTTATCCTCGCCTTTGGTGAAACGCAGCTGACTGACGAACAATGTCAGCAACT

TGATGCGCTACTGACACGTCGTCGCGATGGTGAACCCATTGCTCATTTAACCGGGGTGCGAGA

ATTCTGGTCGTTGCCGTTATTTGTTTCGCCAGCGACCTTAATTCCGCGCCCGGATACGGAGTG

TCTGGTGGAGCAGGCACTGTTCAGCACGCCCGTCTGGATAAGCCAGGCGCAAGGCATCCGTG

CTGGCCCTATGTCCGGTAAAATGACTGGTATCGTAAAATGGTTCAACGCTGACAAAGGCTTCG

GCTTCATCACTCCT 

HemK AP - 101 

ATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGT

TTAACTTTAAGAAGGAGATATACATATGGAATATCAACACTGGTTACGTGAAGCAATAAGCCAA

CTTCAGGCGAGCGAAAGCCCGCGGCGTGATGCTGAAATCCTGCTGGAACATGTTACCGGCAA

AGGGCGTACTTTTATCCTCGCCTTTGGTGAAACGCAGCTGACTGACGAACAATGTCAGCAACT

TGATGCGCTACTGACACGTCGTCGCGATGGTGAACCCATTGCTCATTTAACCGGGGTGCGAGA

ATTCTGGTCGTTGCCGTTATTTGTTTCGCCAGCGACCTTAATTCCGCGCCCGGATACGGAGTG

TCTGGTGGAGCAGTTCAGCACGCCCGTCTGGATAAGCCAGGCGCAAGGCATCCGTGCTGGCC

CTATGTCCGGTAAAATGACTGGTATCGTAAAATGGTTCAACGCTGACAAAGGCTTCGGCTTCAT

CACTCCT 

HemK AP – 99 

ATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGT

TTAACTTTAAGAAGGAGATATACATATGGAATATCAACACTGGTTACGTGAAGCAATAAGCCAA

CTTCAGGCGAGCGAAAGCCCGCGGCGTGATGCTGAAATCCTGCTGGAACATGTTACCGGCAA

AGGGCGTACTTTTATCCTCGCCTTTGGTGAAACGCAGCTGACTGACGAACAATGTCAGCAACT

TGATGCGCTACTGACACGTCGTCGCGATGGTGAACCCATTGCTCATTTAACCGGGGTGCGAGA

ATTCTGGTCGTTGCCGTTATTTGTTTCGCCAGCGACCTTAATTCCGCGCCCGGATACGGAGTG

TCTGGTGTTCAGCACGCCCGTCTGGATAAGCCAGGCGCAAGGCATCCGTGCTGGCCCTATGT

CCGGTAAAATGACTGGTATCGTAAAATGGTTCAACGCTGACAAAGGCTTCGGCTTCATCACTCC

T 

HemK AP – 97 

ATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGT

TTAACTTTAAGAAGGAGATATACATATGGAATATCAACACTGGTTACGTGAAGCAATAAGCCAA

CTTCAGGCGAGCGAAAGCCCGCGGCGTGATGCTGAAATCCTGCTGGAACATGTTACCGGCAA
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AGGGCGTACTTTTATCCTCGCCTTTGGTGAAACGCAGCTGACTGACGAACAATGTCAGCAACT

TGATGCGCTACTGACACGTCGTCGCGATGGTGAACCCATTGCTCATTTAACCGGGGTGCGAGA

ATTCTGGTCGTTGCCGTTATTTGTTTCGCCAGCGACCTTAATTCCGCGCCCGGATACGGAGTG

TTTCAGCACGCCCGTCTGGATAAGCCAGGCGCAAGGCATCCGTGCTGGCCCTATGTCCGGTA

AAATGACTGGTATCGTAAAATGGTTCAACGCTGACAAAGGCTTCGGCTTCATCACTCCT 

HemK AP – 95 

ATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGT

TTAACTTTAAGAAGGAGATATACATATGGAATATCAACACTGGTTACGTGAAGCAATAAGCCAA

CTTCAGGCGAGCGAAAGCCCGCGGCGTGATGCTGAAATCCTGCTGGAACATGTTACCGGCAA

AGGGCGTACTTTTATCCTCGCCTTTGGTGAAACGCAGCTGACTGACGAACAATGTCAGCAACT

TGATGCGCTACTGACACGTCGTCGCGATGGTGAACCCATTGCTCATTTAACCGGGGTGCGAGA

ATTCTGGTCGTTGCCGTTATTTGTTTCGCCAGCGACCTTAATTCCGCGCCCGGATACGTTCAGC

ACGCCCGTCTGGATAAGCCAGGCGCAAGGCATCCGTGCTGGCCCTATGTCCGGTAAAATGAC

TGGTATCGTAAAATGGTTCAACGCTGACAAAGGCTTCGGCTTCATCACTCCT 

HemK AP – 93 

ATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGT

TTAACTTTAAGAAGGAGATATACATATGGAATATCAACACTGGTTACGTGAAGCAATAAGCCAA

CTTCAGGCGAGCGAAAGCCCGCGGCGTGATGCTGAAATCCTGCTGGAACATGTTACCGGCAA

AGGGCGTACTTTTATCCTCGCCTTTGGTGAAACGCAGCTGACTGACGAACAATGTCAGCAACT

TGATGCGCTACTGACACGTCGTCGCGATGGTGAACCCATTGCTCATTTAACCGGGGTGCGAGA

ATTCTGGTCGTTGCCGTTATTTGTTTCGCCAGCGACCTTAATTCCGCGCCCGTTCAGCACGCC

CGTCTGGATAAGCCAGGCGCAAGGCATCCGTGCTGGCCCTATGTCCGGTAAAATGACTGGTAT

CGTAAAATGGTTCAACGCTGACAAAGGCTTCGGCTTCATCACTCCT 

HemK AP – 91  

ATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGT

TTAACTTTAAGAAGGAGATATACATATGGAATATCAACACTGGTTACGTGAAGCAATAAGCCAA

CTTCAGGCGAGCGAAAGCCCGCGGCGTGATGCTGAAATCCTGCTGGAACATGTTACCGGCAA

AGGGCGTACTTTTATCCTCGCCTTTGGTGAAACGCAGCTGACTGACGAACAATGTCAGCAACT

TGATGCGCTACTGACACGTCGTCGCGATGGTGAACCCATTGCTCATTTAACCGGGGTGCGAGA

ATTCTGGTCGTTGCCGTTATTTGTTTCGCCAGCGACCTTAATTCCGTTCAGCACGCCCGTCTGG

ATAAGCCAGGCGCAAGGCATCCGTGCTGGCCCTATGTCCGGTAAAATGACTGGTATCGTAAAA

TGGTTCAACGCTGACAAAGGCTTCGGCTTCATCACTCCT 

HemK AP – 90 

ATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGT

TTAACTTTAAGAAGGAGATATACATATGGAATATCAACACTGGTTACGTGAAGCAATAAGCCAA
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CTTCAGGCGAGCGAAAGCCCGCGGCGTGATGCTGAAATCCTGCTGGAACATGTTACCGGCAA

AGGGCGTACTTTTATCCTCGCCTTTGGTGAAACGCAGCTGACTGACGAACAATGTCAGCAACT

TGATGCGCTACTGACACGTCGTCGCGATGGTGAACCCATTGCTCATTTAACCGGGGTGCGAGA

ATTCTGGTCGTTGCCGTTATTTGTTTCGCCAGCGACCTTAATTTTCAGCACGCCCGTCTGGATA

AGCCAGGCGCAAGGCATCCGTGCTGGCCCTATGTCCGGTAAAATGACTGGTATCGTAAAATGG

TTCAACGCTGACAAAGGCTTCGGCTTCATCACTCCT 

HemK AP – 89 

ATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGT

TTAACTTTAAGAAGGAGATATACATATGGAATATCAACACTGGTTACGTGAAGCAATAAGCCAA

CTTCAGGCGAGCGAAAGCCCGCGGCGTGATGCTGAAATCCTGCTGGAACATGTTACCGGCAA

AGGGCGTACTTTTATCCTCGCCTTTGGTGAAACGCAGCTGACTGACGAACAATGTCAGCAACT

TGATGCGCTACTGACACGTCGTCGCGATGGTGAACCCATTGCTCATTTAACCGGGGTGCGAGA

ATTCTGGTCGTTGCCGTTATTTGTTTCGCCAGCGACCTTATTCAGCACGCCCGTCTGGATAAGC

CAGGCGCAAGGCATCCGTGCTGGCCCTATGTCCGGTAAAATGACTGGTATCGTAAAATGGTTC

AACGCTGACAAAGGCTTCGGCTTCATCACTCCT 

HemK AP – 88 

ATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGT

TTAACTTTAAGAAGGAGATATACATATGGAATATCAACACTGGTTACGTGAAGCAATAAGCCAA

CTTCAGGCGAGCGAAAGCCCGCGGCGTGATGCTGAAATCCTGCTGGAACATGTTACCGGCAA

AGGGCGTACTTTTATCCTCGCCTTTGGTGAAACGCAGCTGACTGACGAACAATGTCAGCAACT

TGATGCGCTACTGACACGTCGTCGCGATGGTGAACCCATTGCTCATTTAACCGGGGTGCGAGA

ATTCTGGTCGTTGCCGTTATTTGTTTCGCCAGCGACCTTCAGCACGCCCGTCTGGATAAGCCA

GGCGCAAGGCATCCGTGCTGGCCCTATGTCCGGTAAAATGACTGGTATCGTAAAATGGTTCAA

CGCTGACAAAGGCTTCGGCTTCATCACTCCT 

HemK AP – 87 

ATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGT

TTAACTTTAAGAAGGAGATATACATATGGAATATCAACACTGGTTACGTGAAGCAATAAGCCAA

CTTCAGGCGAGCGAAAGCCCGCGGCGTGATGCTGAAATCCTGCTGGAACATGTTACCGGCAA

AGGGCGTACTTTTATCCTCGCCTTTGGTGAAACGCAGCTGACTGACGAACAATGTCAGCAACT

TGATGCGCTACTGACACGTCGTCGCGATGGTGAACCCATTGCTCATTTAACCGGGGTGCGAGA

ATTCTGGTCGTTGCCGTTATTTGTTTCGCCAGCGTTCAGCACGCCCGTCTGGATAAGCCAGGC

GCAAGGCATCCGTGCTGGCCCTATGTCCGGTAAAATGACTGGTATCGTAAAATGGTTCAACGC

TGACAAAGGCTTCGGCTTCATCACTCCT 
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HemK AP – 86 

ATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGT

TTAACTTTAAGAAGGAGATATACATATGGAATATCAACACTGGTTACGTGAAGCAATAAGCCAA

CTTCAGGCGAGCGAAAGCCCGCGGCGTGATGCTGAAATCCTGCTGGAACATGTTACCGGCAA

AGGGCGTACTTTTATCCTCGCCTTTGGTGAAACGCAGCTGACTGACGAACAATGTCAGCAACT

TGATGCGCTACTGACACGTCGTCGCGATGGTGAACCCATTGCTCATTTAACCGGGGTGCGAGA

ATTCTGGTCGTTGCCGTTATTTGTTTCGCCATTCAGCACGCCCGTCTGGATAAGCCAGGCGCA

AGGCATCCGTGCTGGCCCTATGTCCGGTAAAATGACTGGTATCGTAAAATGGTTCAACGCTGA

CAAAGGCTTCGGCTTCATCACTCCT 

HemK AP – 85 

ATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGT

TTAACTTTAAGAAGGAGATATACATATGGAATATCAACACTGGTTACGTGAAGCAATAAGCCAA

CTTCAGGCGAGCGAAAGCCCGCGGCGTGATGCTGAAATCCTGCTGGAACATGTTACCGGCAA

AGGGCGTACTTTTATCCTCGCCTTTGGTGAAACGCAGCTGACTGACGAACAATGTCAGCAACT

TGATGCGCTACTGACACGTCGTCGCGATGGTGAACCCATTGCTCATTTAACCGGGGTGCGAGA

ATTCTGGTCGTTGCCGTTATTTGTTTCGTTCAGCACGCCCGTCTGGATAAGCCAGGCGCAAGG

CATCCGTGCTGGCCCTATGTCCGGTAAAATGACTGGTATCGTAAAATGGTTCAACGCTGACAA

AGGCTTCGGCTTCATCACTCCT 

HemK AP - 84  

ATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGT

TTAACTTTAAGAAGGAGATATACATATGGAATATCAACACTGGTTACGTGAAGCAATAAGCCAA

CTTCAGGCGAGCGAAAGCCCGCGGCGTGATGCTGAAATCCTGCTGGAACATGTTACCGGCAA

AGGGCGTACTTTTATCCTCGCCTTTGGTGAAACGCAGCTGACTGACGAACAATGTCAGCAACT

TGATGCGCTACTGACACGTCGTCGCGATGGTGAACCCATTGCTCATTTAACCGGGGTGCGAGA

ATTCTGGTCGTTGCCGTTATTTGTTTTCAGCACGCCCGTCTGGATAAGCCAGGCGCAAGGCAT

CCGTGCTGGCCCTATGTCCGGTAAAATGACTGGTATCGTAAAATGGTTCAACGCTGACAAAGG

CTTCGGCTTCATCACTCCT 

HemK AP – 83  

ATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGT

TTAACTTTAAGAAGGAGATATACATATGGAATATCAACACTGGTTACGTGAAGCAATAAGCCAA

CTTCAGGCGAGCGAAAGCCCGCGGCGTGATGCTGAAATCCTGCTGGAACATGTTACCGGCAA

AGGGCGTACTTTTATCCTCGCCTTTGGTGAAACGCAGCTGACTGACGAACAATGTCAGCAACT

TGATGCGCTACTGACACGTCGTCGCGATGGTGAACCCATTGCTCATTTAACCGGGGTGCGAGA

ATTCTGGTCGTTGCCGTTATTTTTCAGCACGCCCGTCTGGATAAGCCAGGCGCAAGGCATCCG
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TGCTGGCCCTATGTCCGGTAAAATGACTGGTATCGTAAAATGGTTCAACGCTGACAAAGGCTT

CGGCTTCATCACTCCT 

HemK AP – 82  

ATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGT

TTAACTTTAAGAAGGAGATATACATATGGAATATCAACACTGGTTACGTGAAGCAATAAGCCAA

CTTCAGGCGAGCGAAAGCCCGCGGCGTGATGCTGAAATCCTGCTGGAACATGTTACCGGCAA

AGGGCGTACTTTTATCCTCGCCTTTGGTGAAACGCAGCTGACTGACGAACAATGTCAGCAACT

TGATGCGCTACTGACACGTCGTCGCGATGGTGAACCCATTGCTCATTTAACCGGGGTGCGAGA

ATTCTGGTCGTTGCCGTTATTCAGCACGCCCGTCTGGATAAGCCAGGCGCAAGGCATCCGTGC

TGGCCCTATGTCCGGTAAAATGACTGGTATCGTAAAATGGTTCAACGCTGACAAAGGCTTCGG

CTTCATCACTCCT 

HemK AP – 81  

ATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGT

TTAACTTTAAGAAGGAGATATACATATGGAATATCAACACTGGTTACGTGAAGCAATAAGCCAA

CTTCAGGCGAGCGAAAGCCCGCGGCGTGATGCTGAAATCCTGCTGGAACATGTTACCGGCAA

AGGGCGTACTTTTATCCTCGCCTTTGGTGAAACGCAGCTGACTGACGAACAATGTCAGCAACT

TGATGCGCTACTGACACGTCGTCGCGATGGTGAACCCATTGCTCATTTAACCGGGGTGCGAGA

ATTCTGGTCGTTGCCGTTCAGCACGCCCGTCTGGATAAGCCAGGCGCAAGGCATCCGTGCTG

GCCCTATGTCCGGTAAAATGACTGGTATCGTAAAATGGTTCAACGCTGACAAAGGCTTCGGCT

TCATCACTCCT 

HemK AP – 80  

ATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGT

TTAACTTTAAGAAGGAGATATACATATGGAATATCAACACTGGTTACGTGAAGCAATAAGCCAA

CTTCAGGCGAGCGAAAGCCCGCGGCGTGATGCTGAAATCCTGCTGGAACATGTTACCGGCAA

AGGGCGTACTTTTATCCTCGCCTTTGGTGAAACGCAGCTGACTGACGAACAATGTCAGCAACT

TGATGCGCTACTGACACGTCGTCGCGATGGTGAACCCATTGCTCATTTAACCGGGGTGCGAGA

ATTCTGGTCGTTGTTCAGCACGCCCGTCTGGATAAGCCAGGCGCAAGGCATCCGTGCTGGCC

CTATGTCCGGTAAAATGACTGGTATCGTAAAATGGTTCAACGCTGACAAAGGCTTCGGCTTCAT

CACTCCT 

HemK AP – 79  

ATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGT

TTAACTTTAAGAAGGAGATATACATATGGAATATCAACACTGGTTACGTGAAGCAATAAGCCAA

CTTCAGGCGAGCGAAAGCCCGCGGCGTGATGCTGAAATCCTGCTGGAACATGTTACCGGCAA

AGGGCGTACTTTTATCCTCGCCTTTGGTGAAACGCAGCTGACTGACGAACAATGTCAGCAACT

TGATGCGCTACTGACACGTCGTCGCGATGGTGAACCCATTGCTCATTTAACCGGGGTGCGAGA
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ATTCTGGTCGTTCAGCACGCCCGTCTGGATAAGCCAGGCGCAAGGCATCCGTGCTGGCCCTA

TGTCCGGTAAAATGACTGGTATCGTAAAATGGTTCAACGCTGACAAAGGCTTCGGCTTCATCAC

TCCT 

HemK AP – 78  

ATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGT

TTAACTTTAAGAAGGAGATATACATATGGAATATCAACACTGGTTACGTGAAGCAATAAGCCAA

CTTCAGGCGAGCGAAAGCCCGCGGCGTGATGCTGAAATCCTGCTGGAACATGTTACCGGCAA

AGGGCGTACTTTTATCCTCGCCTTTGGTGAAACGCAGCTGACTGACGAACAATGTCAGCAACT

TGATGCGCTACTGACACGTCGTCGCGATGGTGAACCCATTGCTCATTTAACCGGGGTGCGAGA

ATTCTGGTTCAGCACGCCCGTCTGGATAAGCCAGGCGCAAGGCATCCGTGCTGGCCCTATGT

CCGGTAAAATGACTGGTATCGTAAAATGGTTCAACGCTGACAAAGGCTTCGGCTTCATCACTCC

T 

HemK AP – 77  

ATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGT

TTAACTTTAAGAAGGAGATATACATATGGAATATCAACACTGGTTACGTGAAGCAATAAGCCAA

CTTCAGGCGAGCGAAAGCCCGCGGCGTGATGCTGAAATCCTGCTGGAACATGTTACCGGCAA

AGGGCGTACTTTTATCCTCGCCTTTGGTGAAACGCAGCTGACTGACGAACAATGTCAGCAACT

TGATGCGCTACTGACACGTCGTCGCGATGGTGAACCCATTGCTCATTTAACCGGGGTGCGAGA

ATTCTTCAGCACGCCCGTCTGGATAAGCCAGGCGCAAGGCATCCGTGCTGGCCCTATGTCCG

GTAAAATGACTGGTATCGTAAAATGGTTCAACGCTGACAAAGGCTTCGGCTTCATCACTCCT 

HemK AP – 76 

ATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGT

TTAACTTTAAGAAGGAGATATACATATGGAATATCAACACTGGTTACGTGAAGCAATAAGCCAA

CTTCAGGCGAGCGAAAGCCCGCGGCGTGATGCTGAAATCCTGCTGGAACATGTTACCGGCAA

AGGGCGTACTTTTATCCTCGCCTTTGGTGAAACGCAGCTGACTGACGAACAATGTCAGCAACT

TGATGCGCTACTGACACGTCGTCGCGATGGTGAACCCATTGCTCATTTAACCGGGGTGCGAGA

ATTCAGCACGCCCGTCTGGATAAGCCAGGCGCAAGGCATCCGTGCTGGCCCTATGTCCGGTA

AAATGACTGGTATCGTAAAATGGTTCAACGCTGACAAAGGCTTCGGCTTCATCACTCCT 

HemK AP – 75  

ATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGT

TTAACTTTAAGAAGGAGATATACATATGGAATATCAACACTGGTTACGTGAAGCAATAAGCCAA

CTTCAGGCGAGCGAAAGCCCGCGGCGTGATGCTGAAATCCTGCTGGAACATGTTACCGGCAA

AGGGCGTACTTTTATCCTCGCCTTTGGTGAAACGCAGCTGACTGACGAACAATGTCAGCAACT

TGATGCGCTACTGACACGTCGTCGCGATGGTGAACCCATTGCTCATTTAACCGGGGTGCGATT
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CAGCACGCCCGTCTGGATAAGCCAGGCGCAAGGCATCCGTGCTGGCCCTATGTCCGGTAAAA

TGACTGGTATCGTAAAATGGTTCAACGCTGACAAAGGCTTCGGCTTCATCACTCCT 

HemK AP – 73  

ATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGT

TTAACTTTAAGAAGGAGATATACATATGGAATATCAACACTGGTTACGTGAAGCAATAAGCCAA

CTTCAGGCGAGCGAAAGCCCGCGGCGTGATGCTGAAATCCTGCTGGAACATGTTACCGGCAA

AGGGCGTACTTTTATCCTCGCCTTTGGTGAAACGCAGCTGACTGACGAACAATGTCAGCAACT

TGATGCGCTACTGACACGTCGTCGCGATGGTGAACCCATTGCTCATTTAACCGGGTTCAGCAC

GCCCGTCTGGATAAGCCAGGCGCAAGGCATCCGTGCTGGCCCTATGTCCGGTAAAATGACTG

GTATCGTAAAATGGTTCAACGCTGACAAAGGCTTCGGCTTCATCACTCCT 

HemK AP – 71  

ATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGT

TTAACTTTAAGAAGGAGATATACATATGGAATATCAACACTGGTTACGTGAAGCAATAAGCCAA

CTTCAGGCGAGCGAAAGCCCGCGGCGTGATGCTGAAATCCTGCTGGAACATGTTACCGGCAA

AGGGCGTACTTTTATCCTCGCCTTTGGTGAAACGCAGCTGACTGACGAACAATGTCAGCAACT

TGATGCGCTACTGACACGTCGTCGCGATGGTGAACCCATTGCTCATTTATTCAGCACGCCCGT

CTGGATAAGCCAGGCGCAAGGCATCCGTGCTGGCCCTATGTCCGGTAAAATGACTGGTATCGT

AAAATGGTTCAACGCTGACAAAGGCTTCGGCTTCATCACTCCT 

HemK AP – 70  

ATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGT

TTAACTTTAAGAAGGAGATATACATATGGAATATCAACACTGGTTACGTGAAGCAATAAGCCAA

CTTCAGGCGAGCGAAAGCCCGCGGCGTGATGCTGAAATCCTGCTGGAACATGTTACCGGCAA

AGGGCGTACTTTTATCCTCGCCTTTGGTGAAACGCAGCTGACTGACGAACAATGTCAGCAACT

TGATGCGCTACTGACACGTCGTCGCGATGGTGAACCCATTGCTCATTTCAGCACGCCCGTCTG

GATAAGCCAGGCGCAAGGCATCCGTGCTGGCCCTATGTCCGGTAAAATGACTGGTATCGTAAA

ATGGTTCAACGCTGACAAAGGCTTCGGCTTCATCACTCCT 

HemK AP – 68 

ATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGT

TTAACTTTAAGAAGGAGATATACATATGGAATATCAACACTGGTTACGTGAAGCAATAAGCCAA

CTTCAGGCGAGCGAAAGCCCGCGGCGTGATGCTGAAATCCTGCTGGAACATGTTACCGGCAA

AGGGCGTACTTTTATCCTCGCCTTTGGTGAAACGCAGCTGACTGACGAACAATGTCAGCAACT

TGATGCGCTACTGACACGTCGTCGCGATGGTGAACCCATTTTCAGCACGCCCGTCTGGATAAG
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CCAGGCGCAAGGCATCCGTGCTGGCCCTATGTCCGGTAAAATGACTGGTATCGTAAAATGGTT

CAACGCTGACAAAGGCTTCGGCTTCATCACTCCT 

HemK AP – 66 

ATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGT

TTAACTTTAAGAAGGAGATATACATATGGAATATCAACACTGGTTACGTGAAGCAATAAGCCAA

CTTCAGGCGAGCGAAAGCCCGCGGCGTGATGCTGAAATCCTGCTGGAACATGTTACCGGCAA

AGGGCGTACTTTTATCCTCGCCTTTGGTGAAACGCAGCTGACTGACGAACAATGTCAGCAACT

TGATGCGCTACTGACACGTCGTCGCGATGGTGAATTCAGCACGCCCGTCTGGATAAGCCAGG

CGCAAGGCATCCGTGCTGGCCCTATGTCCGGTAAAATGACTGGTATCGTAAAATGGTTCAACG

CTGACAAAGGCTTCGGCTTCATCACTCCT 

HemK AP – 64  

ATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGT

TTAACTTTAAGAAGGAGATATACATATGGAATATCAACACTGGTTACGTGAAGCAATAAGCCAA

CTTCAGGCGAGCGAAAGCCCGCGGCGTGATGCTGAAATCCTGCTGGAACATGTTACCGGCAA

AGGGCGTACTTTTATCCTCGCCTTTGGTGAAACGCAGCTGACTGACGAACAATGTCAGCAACT

TGATGCGCTACTGACACGTCGTCGCGATTTCAGCACGCCCGTCTGGATAAGCCAGGCGCAAG

GCATCCGTGCTGGCCCTATGTCCGGTAAAATGACTGGTATCGTAAAATGGTTCAACGCTGACA

AAGGCTTCGGCTTCATCACTCCT 

HemK AP – 62  

ATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGT

TTAACTTTAAGAAGGAGATATACATATGGAATATCAACACTGGTTACGTGAAGCAATAAGCCAA

CTTCAGGCGAGCGAAAGCCCGCGGCGTGATGCTGAAATCCTGCTGGAACATGTTACCGGCAA

AGGGCGTACTTTTATCCTCGCCTTTGGTGAAACGCAGCTGACTGACGAACAATGTCAGCAACT

TGATGCGCTACTGACACGTCGTTTCAGCACGCCCGTCTGGATAAGCCAGGCGCAAGGCATCC

GTGCTGGCCCTATGTCCGGTAAAATGACTGGTATCGTAAAATGGTTCAACGCTGACAAAGGCT

TCGGCTTCATCACTCCT 

HemK AP – 58 

ATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGT

TTAACTTTAAGAAGGAGATATACATATGGAATATCAACACTGGTTACGTGAAGCAATAAGCCAA

CTTCAGGCGAGCGAAAGCCCGCGGCGTGATGCTGAAATCCTGCTGGAACATGTTACCGGCAA

AGGGCGTACTTTTATCCTCGCCTTTGGTGAAACGCAGCTGACTGACGAACAATGTCAGCAACT

TGATGCGCTATTCAGCACGCCCGTCTGGATAAGCCAGGCGCAAGGCATCCGTGCTGGCCCTA
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TGTCCGGTAAAATGACTGGTATCGTAAAATGGTTCAACGCTGACAAAGGCTTCGGCTTCATCAC

TCCT 

HemK AP – 56 

ATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGT

TTAACTTTAAGAAGGAGATATACATATGGAATATCAACACTGGTTACGTGAAGCAATAAGCCAA

CTTCAGGCGAGCGAAAGCCCGCGGCGTGATGCTGAAATCCTGCTGGAACATGTTACCGGCAA

AGGGCGTACTTTTATCCTCGCCTTTGGTGAAACGCAGCTGACTGACGAACAATGTCAGCAACT

TGATTTCAGCACGCCCGTCTGGATAAGCCAGGCGCAAGGCATCCGTGCTGGCCCTATGTCCG

GTAAAATGACTGGTATCGTAAAATGGTTCAACGCTGACAAAGGCTTCGGCTTCATCACTCCT 

HemK AP – 54 

ATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGT

TTAACTTTAAGAAGGAGATATACATATGGAATATCAACACTGGTTACGTGAAGCAATAAGCCAA

CTTCAGGCGAGCGAAAGCCCGCGGCGTGATGCTGAAATCCTGCTGGAACATGTTACCGGCAA

AGGGCGTACTTTTATCCTCGCCTTTGGTGAAACGCAGCTGACTGACGAACAATGTCAGCAATT

CAGCACGCCCGTCTGGATAAGCCAGGCGCAAGGCATCCGTGCTGGCCCTATGTCCGGTAAAA

TGACTGGTATCGTAAAATGGTTCAACGCTGACAAAGGCTTCGGCTTCATCACTCCT 

HemK AP – 52 

ATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGT

TTAACTTTAAGAAGGAGATATACATATGGAATATCAACACTGGTTACGTGAAGCAATAAGCCAA

CTTCAGGCGAGCGAAAGCCCGCGGCGTGATGCTGAAATCCTGCTGGAACATGTTACCGGCAA

AGGGCGTACTTTTATCCTCGCCTTTGGTGAAACGCAGCTGACTGACGAACAATGTTTCAGCAC

GCCCGTCTGGATAAGCCAGGCGCAAGGCATCCGTGCTGGCCCTATGTCCGGTAAAATGACTG

GTATCGTAAAATGGTTCAACGCTGACAAAGGCTTCGGCTTCATCACTCCT 

HemK AP – 50 

ATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGT

TTAACTTTAAGAAGGAGATATACATATGGAATATCAACACTGGTTACGTGAAGCAATAAGCCAA

CTTCAGGCGAGCGAAAGCCCGCGGCGTGATGCTGAAATCCTGCTGGAACATGTTACCGGCAA

AGGGCGTACTTTTATCCTCGCCTTTGGTGAAACGCAGCTGACTGACGAATTCAGCACGCCCGT

CTGGATAAGCCAGGCGCAAGGCATCCGTGCTGGCCCTATGTCCGGTAAAATGACTGGTATCGT

AAAATGGTTCAACGCTGACAAAGGCTTCGGCTTCATCACTCCT 

HemK AP – 48 

ATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGT

TTAACTTTAAGAAGGAGATATACATATGGAATATCAACACTGGTTACGTGAAGCAATAAGCCAA
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CTTCAGGCGAGCGAAAGCCCGCGGCGTGATGCTGAAATCCTGCTGGAACATGTTACCGGCAA

AGGGCGTACTTTTATCCTCGCCTTTGGTGAAACGCAGCTGACTTTCAGCACGCCCGTCTGGAT

AAGCCAGGCGCAAGGCATCCGTGCTGGCCCTATGTCCGGTAAAATGACTGGTATCGTAAAATG

GTTCAACGCTGACAAAGGCTTCGGCTTCATCACTCCT 

HemK AP – 46 

ATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGT

TTAACTTTAAGAAGGAGATATACATATGGAATATCAACACTGGTTACGTGAAGCAATAAGCCAA

CTTCAGGCGAGCGAAAGCCCGCGGCGTGATGCTGAAATCCTGCTGGAACATGTTACCGGCAA

AGGGCGTACTTTTATCCTCGCCTTTGGTGAAACGCAGTTCAGCACGCCCGTCTGGATAAGCCA

GGCGCAAGGCATCCGTGCTGGCCCTATGTCCGGTAAAATGACTGGTATCGTAAAATGGTTCAA

CGCTGACAAAGGCTTCGGCTTCATCACTCCT 

HemK AP – 44 

ATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGT

TTAACTTTAAGAAGGAGATATACATATGGAATATCAACACTGGTTACGTGAAGCAATAAGCCAA

CTTCAGGCGAGCGAAAGCCCGCGGCGTGATGCTGAAATCCTGCTGGAACATGTTACCGGCAA

AGGGCGTACTTTTATCCTCGCCTTTGGTGAATTCAGCACGCCCGTCTGGATAAGCCAGGCGCA

AGGCATCCGTGCTGGCCCTATGTCCGGTAAAATGACTGGTATCGTAAAATGGTTCAACGCTGA

CAAAGGCTTCGGCTTCATCACTCCT 

HemK AP – 42 

ATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGT

TTAACTTTAAGAAGGAGATATACATATGGAATATCAACACTGGTTACGTGAAGCAATAAGCCAA

CTTCAGGCGAGCGAAAGCCCGCGGCGTGATGCTGAAATCCTGCTGGAACATGTTACCGGCAA

AGGGCGTACTTTTATCCTCGCCTTTTTCAGCACGCCCGTCTGGATAAGCCAGGCGCAAGGCAT

CCGTGCTGGCCCTATGTCCGGTAAAATGACTGGTATCGTAAAATGGTTCAACGCTGACAAAGG

CTTCGGCTTCATCACTCCT 

HemK AP – 40 

ATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGT

TTAACTTTAAGAAGGAGATATACATATGGAATATCAACACTGGTTACGTGAAGCAATAAGCCAA

CTTCAGGCGAGCGAAAGCCCGCGGCGTGATGCTGAAATCCTGCTGGAACATGTTACCGGCAA

AGGGCGTACTTTTATCCTCTTCAGCACGCCCGTCTGGATAAGCCAGGCGCAAGGCATCCGTGC

TGGCCCTATGTCCGGTAAAATGACTGGTATCGTAAAATGGTTCAACGCTGACAAAGGCTTCGG

CTTCATCACTCCT 
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HemK AP – 38  

ATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGT

TTAACTTTAAGAAGGAGATATACATATGGAATATCAACACTGGTTACGTGAAGCAATAAGCCAA

CTTCAGGCGAGCGAAAGCCCGCGGCGTGATGCTGAAATCCTGCTGGAACATGTTACCGGCAA

AGGGCGTACTTTTTTCAGCACGCCCGTCTGGATAAGCCAGGCGCAAGGCATCCGTGCTGGCC

CTATGTCCGGTAAAATGACTGGTATCGTAAAATGGTTCAACGCTGACAAAGGCTTCGGCTTCAT

CACTCCT 

HemK AP – 36  

ATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGT

TTAACTTTAAGAAGGAGATATACATATGGAATATCAACACTGGTTACGTGAAGCAATAAGCCAA

CTTCAGGCGAGCGAAAGCCCGCGGCGTGATGCTGAAATCCTGCTGGAACATGTTACCGGCAA

AGGGCGTTTCAGCACGCCCGTCTGGATAAGCCAGGCGCAAGGCATCCGTGCTGGCCCTATGT

CCGGTAAAATGACTGGTATCGTAAAATGGTTCAACGCTGACAAAGGCTTCGGCTTCATCACTCC

T 

HemK AP – 34  

ATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGT

TTAACTTTAAGAAGGAGATATACATATGGAATATCAACACTGGTTACGTGAAGCAATAAGCCAA

CTTCAGGCGAGCGAAAGCCCGCGGCGTGATGCTGAAATCCTGCTGGAACATGTTACCGGCAA

ATTCAGCACGCCCGTCTGGATAAGCCAGGCGCAAGGCATCCGTGCTGGCCCTATGTCCGGTA

AAATGACTGGTATCGTAAAATGGTTCAACGCTGACAAAGGCTTCGGCTTCATCACTCCT 

HemK AP – 32  

ATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGT

TTAACTTTAAGAAGGAGATATACATATGGAATATCAACACTGGTTACGTGAAGCAATAAGCCAA

CTTCAGGCGAGCGAAAGCCCGCGGCGTGATGCTGAAATCCTGCTGGAACATGTTACCTTCAG

CACGCCCGTCTGGATAAGCCAGGCGCAAGGCATCCGTGCTGGCCCTATGTCCGGTAAAATGA

CTGGTATCGTAAAATGGTTCAACGCTGACAAAGGCTTCGGCTTCATCACTCCT 

HemK AP – 30  

ATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGT

TTAACTTTAAGAAGGAGATATACATATGGAATATCAACACTGGTTACGTGAAGCAATAAGCCAA

CTTCAGGCGAGCGAAAGCCCGCGGCGTGATGCTGAAATCCTGCTGGAACATTTCAGCACGCC

CGTCTGGATAAGCCAGGCGCAAGGCATCCGTGCTGGCCCTATGTCCGGTAAAATGACTGGTAT

CGTAAAATGGTTCAACGCTGACAAAGGCTTCGGCTTCATCACTCCT 
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HemK AP – 28  

ATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGT

TTAACTTTAAGAAGGAGATATACATATGGAATATCAACACTGGTTACGTGAAGCAATAAGCCAA

CTTCAGGCGAGCGAAAGCCCGCGGCGTGATGCTGAAATCCTGCTGTTCAGCACGCCCGTCTG

GATAAGCCAGGCGCAAGGCATCCGTGCTGGCCCTATGTCCGGTAAAATGACTGGTATCGTAAA

ATGGTTCAACGCTGACAAAGGCTTCGGCTTCATCACTCCT 

HemK AP – 26  

ATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGT

TTAACTTTAAGAAGGAGATATACATATGGAATATCAACACTGGTTACGTGAAGCAATAAGCCAA

CTTCAGGCGAGCGAAAGCCCGCGGCGTGATGCTGAAATCTTCAGCACGCCCGTCTGGATAAG

CCAGGCGCAAGGCATCCGTGCTGGCCCTATGTCCGGTAAAATGACTGGTATCGTAAAATGGTT

CAACGCTGACAAAGGCTTCGGCTTCATCACTCCT 

HemK AP – 24 

ATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGT

TTAACTTTAAGAAGGAGATATACATATGGAATATCAACACTGGTTACGTGAAGCAATAAGCCAA

CTTCAGGCGAGCGAAAGCCCGCGGCGTGATGCTTTCAGCACGCCCGTCTGGATAAGCCAGGC

GCAAGGCATCCGTGCTGGCCCTATGTCCGGTAAAATGACTGGTATCGTAAAATGGTTCAACGC

TGACAAAGGCTTCGGCTTCATCACTCCT 

HemK AP – 22 

ATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGT

TTAACTTTAAGAAGGAGATATACATATGGAATATCAACACTGGTTACGTGAAGCAATAAGCCAA

CTTCAGGCGAGCGAAAGCCCGCGGCGTTTCAGCACGCCCGTCTGGATAAGCCAGGCGCAAG

GCATCCGTGCTGGCCCTATGTCCGGTAAAATGACTGGTATCGTAAAATGGTTCAACGCTGACA

AAGGCTTCGGCTTCATCACTCCT 

 

 

  



Acknowledgements 

 

101 

Acknowledgements 

No person is an island and no work is done in isolation, so I would like to specifically thank a 

few of the people without whom I would not have been able to complete this work. 

First, thank you to Prof. Marina Rodnina, for your guidance and advice throughout my time in 

this lab. Through thoughtful discussions, you have taught me the importance of attention to 

detail, merit in trying out many strategies for solving a problem, and how most protocols require 

some tinkering, while others are just set in stone. 

I would also like to thank Dr. Ekaterina Samatova. I appreciate your perfectly considerate and 

timely motivational gestures throughout the highs and lows of this project. I enjoyed our regular 

critical discussion and data interpretation sessions and I benefited greatly from your valuable 

experimental advice. 

To every person in the department of Physical Biochemistry past and present, thank you for 

booking the equipment diligently, generously sharing reagents and research tips and always 

being open and flexible to accommodate each other’s experiments. It was splendid to conduct 

my PhD among conscientious and attentive colleagues. Special thank you goes out to Wolf 

Holtkamp, who at the very beginning of my PhD taught me that when a bench crisis arrives the 

only way is not to panic and “just proceed”, I continue to benefit from this advice. 

I am grateful for every bit of support and every opportunity that I have received from Steffen 

Burckhardt and the Molecular Biology office. To be in the Molbio program has been an 

extremely enriching experience and I feel grateful having been able to conduct my PhD work 

while being a part of it. 

I would like to thank all my friends ----- for memes and laughs and holiday trips and stories and 

witness proclamations of life outside of the quite singular academic environment. And to my 

gang of ride-or-dies - Franzi, Madhobi and Cathie - I am grateful that you *knew* and I did not 

have to explain the trials and tribulations. Thank you for every lunch, brunch, dinner, drinks, 

stroll and hike, and every accompanying conversation, it was indispensable. 

I would never have been able to reach this PhD milestone without the support of my family. 

Ačiū, Jorūne ir Raimondai, Morta, Kostai, diedukai ir Vlada, už patikimą ir nesvyruojantį  

palaikymą ir nuolatinį, energingą rūpinimąsi mano būviu ir sėkme. Jūsų dėka kiekvienos 

atostogos namuose prisuko mano valios ir energijos spyruoklę stengtis labiau ir tęsti toliau. 

Finally, Dylan and Carling, your classes were a wonderful exercise in practicing to be present 

and learning to let go. 




	Introduction 
	The Environment of the Peptide Exit Tunnel 
	Folding Inside the Exit Tunnel 
	Cotranslational Folding of Single Domain Proteins 
	Multidomain Protein Folding 
	The Ribosome Has a Destabilizing Effect on the Nascent Chain 
	Cotranslational Subunits Assembly 
	Future Perspectives 
	References

