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1 Introduction 

1.1 Why study protein folding? 

Earth began as one of many inanimate planets some 4.6 billion years ago. However, one 
billion years later it was already abound with prokaryotes, the ancestors of all known 
living things. Today we can find life everywhere on Earth: from the highest mountains 
to the deepest ocean trenches. We still do not know how life did start but we do know 
that without proteins life, as we know it now, would be impossible. 
Proteins catalyze chemical reactions; they provide structure and support, generate 
movements; they are responsible for defense against invaders and protection in case of 
injuries; proteins regulate cellular functions; they store and transport substances and so 
on and so forth.  
From the chemical point of view, proteins are linear polymers synthesized from 20 
different monomers called amino acids (Fig. 1.1a). Because of local interactions, 
segments of the polypeptide chain form elements of the so-called secondary structure: 
α-helices and β-sheets (Fig. 1.1b). Then, the protein chain must further organize itself in 
a specific 3-D structure (Fig. 1.1c). It is literally the case for proteins that the function is 
determined by the shape. The grooves and clefts, channels and cavities, of the right size 
and in the right place allow the protein to recognize its particular co-reactant and to 
accomplish its individual biological function. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

(a) 

(b) 

(c) 

(i) (ii) 

Figure 1.1: Different levels of protein structure. (a) Primary structure is a sequence of amino acids
connected via peptide bonds. Peptide bonds have partial double-bond properties making them rigid and
planar. R are side chains of amino acids. The rectangle represents a planar peptide unit. ψ and ϕ are angles
which can be rotated. (b) A cartoon representation of the fundamental elements of the secondary structure:
α-helix (i) and β-hairpin (ii). (c) An example of tertiary structure. Myoglobin consists of 8 α-helices tightly
packed together. They form a pocket where a heme   group (shown in black) is bound. PDB entry 1MBN. 
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The protein native fold is stabilized by several forces: (i) hydrogen bonds; (ii) specific 
electrostatic interactions such as salt bridges and dipole-dipole alignment; (iii) van der 
Waals interactions; and (iv) the hydrophobic effect, which is the tendency of the system 
to minimize the area of interaction between water and non-polar groups by burying the 
latter in the tightly-packed core of the folded protein. A large free energy gain of the 
folded state is opposed by a huge loss of conformational entropy of the protein 
backbone and side chains, whose motional freedom is severely restricted in the native 
conformation as compared to the loose unfolded protein. The main origin of the entropy 
loss is the excluded volume effect, i.e., large movements in the folded state are 
suppressed by steric hindrance between tightly packed segments of the protein chain.  
Although each factor contributing to the protein stability can be very large, the free 
energy difference between the stabilizing interactions and the loss of conformational 
entropy is relatively small, 5 – 20 kcal/mol, which comparable to the energy of a few 
hydrogen bonds. This makes proteins only marginally stable and they easily unfold once 
taken out of their optimal conditions. Variation in pH, temperature or pressure, adding 
high concentrations of salts or chemical denaturants, such as urea or guanidinium 
chloride (GdmCl) decrease the protein stability and are routinely applied to investigate 
the physical principles governing protein folding. 
However, protein folding is not a merely academic problem. Misfolding of proteins is 
involved in the pathogenesis of diseases such as BSE, CJD, and Alzheimer’s disease 
(1). Understanding of folding is an important issue in the de novo design of proteins and 
peptides with novel functions (2). Furthermore, since the human genome has been 
sequenced, the prediction of protein folds from the primary amino sequence becomes 
the next grand challenge (3). So, how does a protein fold? 
For many proteins, folding is spontaneous1 and reversible. That means that all the 
information of how to find a unique conformation that enables biological function of the 
protein is encoded in the primary amino sequence of the protein (Anfinsen’s dogma) (4, 
5). Therefore, once we know the Hamiltonian of the interactions of all amino acids with 
each other and with solvent molecules, we are able to calculate the energies of all 
conformational states of the protein. 
However, proteins are macromolecules consisting of thousands of atoms! Let us 
consider a very small protein of 50 amino acids. Amino acids in a chain are connected 
via peptide bonds; for every peptide bond, there are 2 dihedral angles, which can rotate 
(Fig. 1.1a). Now, let us take 3 available angles for every rotating link, which means that 
there exist 950 conformations for this particular protein. If the protein would search 
randomly for the state with the lowest energy, and assuming that every rotation requires 
1 picosecond, the protein would need 1028 years to find its native structure, much longer 
than the age of the universe (1010 years). 
This paradox, first formulated by Cyrus Levinthal, was partly solved by him by 
postulating that proteins fold through succession of intermediate states (6, 7). Such 
series of discrete intermediates are indeed detected and classified (8). However, the 
central question remained: how does folding start? (How can the first intermediate be 
found?) Furthermore, a new question arose: is there only one single folding track or are 
there parallel pathways? 
In the late 80s, a new conception of protein folding based on the theory of spin glasses 
was developed (9, 10). A protein is considered as a random heteropolymer with energy 
biased towards the native structure. The protein is assumed to consist of a finite but very 
large number of units. This allows transition from the calculations of exact interactions 
to a stochastic Hamiltonian with only a few generalized parameters (average interaction 
                                                 
1 In a cell, protein folding is often aided by chaperones. Their role is likely to protect a newly synthesized 
protein chain from aggregation with other proteins and to expedite proline cis/trans isomerization. 
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energy, variance of interaction energies, similarity to the native state etc.). Fig. 1.2a 
illustrates main features of the energy landscape for the protein folding obtained with 
this statistical approach (11, 12). The shape of the landscape resembles a rough funnel. 
The native structure, which, to be precise, is an ensemble of slightly different native 
structures (13) (Fig. 1.2b), has the lowest energy and multitudes of unfolded 
conformations are at the top of the funnel. As the folding proceeds, the loss of entropy 
due to the decrease in number of available conformations (represented by the width of 
the funnel) is compensated by the energy gain due to molecular interactions. Many local 
minima on the energy surface represent intermediates, misfolded states and kinetic traps 
in the folding process. For the overall folding kinetics to be exponential and fast, the 
slope to the native state must be large relative to the ruggedness of the landscape (14). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1.2 Why study folding on the single-molecule level? 

Protein motions extend over a wide range of time scales: from local librations of the 
amino residues on the order of picoseconds to reorganizations on the late stages of the 
folding, which can be as slow as minutes and hours. Because of these experimental 
timescales, it is unfeasible to study protein folding with only one single method. 
Numerous techniques have been developed in order to cover the enormous time span. 
Quite recently, the significant progress in scanning-probe and optical microscopies has 
made it possible to investigate structure and dynamics of proteins on the level of 
individual molecules (15-17).  
Protein folding is an intrinsically heterogeneous process. It can be described as a 
Brownian diffusion on a rough free energy landscape. Driven by thermal fluctuations, 
molecules jump from one conformational state to another, and there exists a huge 
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Figure 1.2: Energy landscape of protein folding. (a) Folding funnel. (b) Enlarged view of the energy
profile of the native state: it consists of many slightly different conformations. 
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number of possible pathways from the manifold of unfolded conformations to the 
smaller set of native states. Conventional techniques measure signals averaged over a 
large ensemble of molecules. To measure folding kinetics on an ensemble of proteins, 
all molecules have to be synchronized. The first step typically is to homogenize the 
system by preparing the protein solution in conditions where only one state is populated 
(for example, all protein molecules are either folded or unfolded). In the second step, 
the system must be brought out of equilibrium by, for example, temperature or pressure 
jumps or by rapid mixing with a new solvent. Then, relaxation kinetics of the system to 
a new equilibrium is measured. However, since every protein may take a different route 
to the equilibrium and each protein was in a slightly different initial state, the 
synchronization is rapidly lost. As a result, the complex nature of the folding becomes 
hidden in the observed mono- or multi-exponential process, which is interpreted as a 
transition from one unfolded to one folded state with up to three discrete intermediates 
(18-26). In contrast to bulk experiments, observing the folding/unfolding transitions on 
the level of individual molecules allows us to directly resolve the heterogeneity of the 
folding pathways and disclose intermediate states even if they are only transiently and 
incoherently populated (27).  
Another important advantage of the single molecule approach is the tiny amount of  
sample required for the experiments. This is a crucial point for drug screening assays in 
the pharmaceutical industry (28). For protein folding, very dilute protein solutions (on 
the order of 1 or less molecules per femtoliter) allow control over protein aggregation, 
which can occur when unfolded protein coil is quickly placed in native conditions. If 
this aggregation is reversible, it can be mistaken for transient folding intermediate states 
(29, 30).  

1.3 FRET as a spectroscopic ruler to study biomolecules 

In this work, we employed single-molecule fluorescence resonance energy transfer 
(FRET) spectroscopy to study structural states of proteins. FRET is a nonradiative 
process by which the excitation energy can be passed from a fluorescent donor molecule 
(D) to an acceptor chromophore (A) over distances of typically 10 – 100 Å. The 
mechanism of the transfer is based on a dipole-dipole interaction of the donor and 
acceptor, and was first described by Förster over 50 years ago (31). Stryer and Haugland 
experimentally confirmed that the energy transfer rate is proportional to the inverse 
sixth power of the distance between the chromophores (32), as predicted by Förster. 
Due to this strong distance dependence of the process, FRET is often called a 
spectroscopic ruler (32). 
Because the FRET sensitivity range is comparable to the typical dimensions of 
biological macromolecules, FRET is extensively utilized to study their interactions and 
conformational changes (33-37). A typical FRET experiment to investigate protein 
folding (27, 38-44) is depicted in Fig. 1.3. In Fig. 1.3a, we see a protein in its native 
conformation. It is specifically labeled with 2 chromophores so that the donor and the 
acceptor are very close to each other. Upon laser excitation of the donor, the excitation 
energy passes to the acceptor and, consequently, one sees the acceptor emission, and 
very little or no fluorescence from the donor is observed. Fig. 1.3b shows the protein in 
its unfolded state (e.g., induced by a denaturing salt in the solution). In this case, the 
average donor-acceptor distance is increased and the energy transfer is less effective, 
which is reflected in the enhancement of the donor fluorescence and anticorrelated drop 
of fluorescence intensity from the acceptor. 
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The efficiency of the energy transfer, E, is calculated from the measured fluorescence 
intensities of the donor, ID, and the acceptor, IA, according to 

( )DA

A

I + I
 IE =

γ
.        (1.1) 

Its dependence on the distance between the dyes, r, is given by 

6
0 )/(1

1  
Rr

E
+

= .        (1.2) 

Here γ is an experimental correction factor for the different detection efficiencies and 
the quantum yields of the dyes, and R0 is the so-called Förster distance, which is 
calculated form the spectral properties of the dyes (45), 

( ) 6/12423
0 1079.8 κφ JnR D

−×= ,       (1.3) 

here n is the refractive index of the media; φD is the quantum yield of the donor, J is the 
overlap integral of the donor fluorescence, FD, and the acceptor absorbance, εA, spectra 
as functions of the wavelength, λ, 
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and κ2 is the orientation factor, 
( )θ=κ ADT

22 coscos3-cos θθ ,              (1.5) 

where θT is the angle between the donor emission dipole and the absorption dipole of 
the acceptor; and θD and θA are the angles between the donor or, respectively, the 
acceptor dipole and the vector connecting the donor to the acceptor (45) (Fig. 1.4). 
In solution, the rotation of small dye molecules occurs on the picosecond time scale, 
much faster than the fluorescence lifetime of 1 – 2 ns (46). In this case, κ2 averages to ⅔ 
(45). However, the motion of the dyes attached to a protein can be sterically hindered, 

Figure 1.3: Protein folding examined by FRET. (a) A protein is in the compact, structured native
conformation. The donor (D) and the acceptor (A) probes are introduced in the protein sequence so that
they are in the close proximity to each other. A light source excites the donor. The excitation energy is
transferred to the acceptor (FRET). The acceptor fluoresces. (b) The protein is unfolded. The distance
between the donor and the acceptor is enlarged and, consequently, the energy transfer is impaired.
Accordingly, the fluorescence from the donor is increased and from the acceptor is decreased. 
 

(b) (a) 
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and κ2 can vary between 0 and 4. Therefore, a careful characterization of the dyes 
mobility is required to relate the FRET efficiency values to the distance between the 
dyes, and thus to the protein conformation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1.4 Why we need to immobilize proteins on biocompatible surfaces 

In recent years, single-molecule FRET analysis has been applied to proteins diffusing in 
solution (42-44). However, it takes only about 1 ms to diffuse through the femtoliter-
sized volume of the single-molecule detection, which is usually a too short to observe 
transitions between folded, unfolded and/or intermediate states. To study such slow 
processes, the molecules have to be fixed in space, for example, by trapping them in 
pores of polymer matrixes (47-49), unspecific adsorption to glass surfaces (50, 51), 
specific adsorption via charge interactions (52, 53), by complex coordination of 
histidine tags added to the protein sequence (54, 55), or by using biotin/(strept)avidin 
coupling (56-58). However, immobilization bears the risk of uncontrolled interactions 
between the protein of interest and the supporting material. In this case, it is difficult to 
separate the intrinsic properties of the studied molecules from the artifacts because of 
these unwanted interactions, especially, in separating the heterogeneity of the folding 
pathways from the heterogeneity of the environment. 
An elegant solution to this problem has been shown by Haran and co-workers (27, 59, 
60). They trapped proteins in 100-nm lipid vesicles, which can then be tethered to 
surfaces by a biotin-streptavidin linkage. The diameter of the vesicles, although very 
small compared with the optical resolution, is much larger than the diameter of the 
proteins, and the latter can freely diffuse inside them. The disadvantage of this 
approach, however, is that it is difficult to change the solvent conditions inside the 
vesicles in situ. 
In this work we focus on the design of biocompatible surfaces which permit easy 
protein immobilization, quick solvent exchange and which do not interfere with the 
protein functionality. Such surfaces are also of high importance in biomedical 
applications, e.g. protein microarrays (61-65). 
Schematic representations of the biocompatible surfaces that were studied in this work 
are portrayed in Fig. 1.5. We considered two classes of biocompatible surfaces: protein-
based surfaces, and poly(ethylene glycol) (PEG) based surfaces. The surfaces were 
decorated with biotins, so that biomolecules of interest can be attached to the surfaces 

Figure 1.4: Orientation of the donor and acceptor transition dipoles, pD and pA, respectively. R is the vector
connecting the donor and the acceptor. The dotted arrow shows a vector parallel the acceptor dipole. θD is
the angle between the donor emission dipole and R, θA is the angle between the acceptor adsorption dipole
and R, and θT is the angle between the donor and acceptor dipoles. 
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(b)(a)

(d) (c)

(f) (e)

via a biotin-streptavidin linkage (Fig. 1.5f), which has a high association constant 
Ka ~ 1015 M-1 and a dissociation time of several tens of hours. Furthermore, the native 
structure of streptavidin and the biotin-streptavidin complex are stable even in 6 M 
GdmCl (66, 67). Streptavidin has 4 binding sites for biotin. One or more of them are 
occupied to bind streptavidin to the surface and the others are used attach biotinylated 
proteins of interest. 
We systematically analyzed our surfaces according to the following criteria (68): 
(i) homogeneity of coverage, (ii) resistance to unspecific protein adsorption, and 
(iii) ability to preserve the native fold and functionality of the specifically bound 
proteins. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.5: Surface preparations studied in this thesis. (a) Protein adsorption on bare glass. (b) Protein
coupling via amide bonds to an aminosilane-functionalized glass surface using EDC. (c) Bonding of linear
PEG onto amino-functionalized glass. (d) Binding and cross-linking of star-shaped PEG molecules on
amino-activated surface. (e) Two-layer surface: linear PEG on top of the cross-linked BSA layer. (f)
Immobilization of the probe protein via biotin-streptavidin linkage. 
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1.4.1 Protein-based surfaces 
Glass coverslips are common substrates for optical microscopy. However, most proteins 
strongly adsorb to bare glass. In the biomedical field, unspecific adsorption of proteins 
to a surface is inhibited by preadsorbing bovine serum albumin (BSA) to it. This is a 
cheap, easily adsorbed protein which can be functionalized with biotin to specifically 
attach biomolecules of interest by using (strept)avidin-biotin coupling (61, 65). This 
approach has been transferred to single-molecule studies (58, 69-71). However, it is 
important to ensure minimal interaction of the surface proteins with the protein of 
interest. The forces experienced by a protein depend highly on its distance from the 
surface. Thus, heterogeneities in the thickness of the BSA layer can modify the details 
of the energy landscape of the studied protein.  
In addition to BSA, we prepared surfaces based on the absorption of streptavidin 
molecules, which are also popular in biomedical (63, 64) and single-molecule 
applications (56, 57). The BSA and streptavidin layers were absorbed on glass 
physically or chemically (Fig. 1.5a and b). For the latter method (chemisorption), we 
first functionalize the glass with reactive amine groups, and then expose it to a 1-mg/ml 
protein solution with 10-fold molar excess of the cross-linking reagent 1-Ethyl-3-[3-
dimethylaminopropyl]carbodiimide hydrochloride (EDC), which catalyzes formation of 
peptide bonds between the carboxylic groups on the proteins with amino groups on the 
surface or on other protein molecules. We hypothesize that this procedure will lead to a 
more homogeneous and stable coverage with BSA / streptavidin molecules than 
physisorption onto bare glass. 

1.4.2 PEG-based surfaces 
We compare the surface coating from adsorbed proteins to PEG-based surfaces. PEG is 
a hydrophilic but uncharged polymer and recognized as a promising biocompatible 
material due to the excellent resistivity of PEG layers to unspecific protein adsorption 
(72-77). The central part in the PEG resistance mechanism is ascribed to steric repulsion 
and excluded volume effects which prevent direct contact of proteins with the bare 
surface (73, 74, 76). It was also found that grafting density and chain length are 
important parameters determining the inertness of PEG surfaces to adsorption of 
proteins (73-78). Recently, attention has been focused on the role of interfacial water 
molecules in the structure of PEG layers. Once in contact with a liquid interface, PEG 
self-assembled monolayers (SAMs) undergo a transition from an ordered structure to an 
amorphous layer containing high amount of bound water (79, 80). Binding of water 
strongly depends on the conformation of the PEG chains, which results in different 
resistivity to protein adsorption of different structures. For example, PEG SAMs on 
gold have crystalline helical or amorphous structure (with high water content), and are 
resistant to protein adsorption, while on silver substrates, short PEGs form dense “all-
trans” layers (with low water content) which readily adsorb proteins (81, 82). 
Here, we examine coatings from linear PEG chains of different molecular weights 
covalently bound to an aminosilanized glass surface (Fig. 1.5c). Methoxy-terminated 
PEG was mixed with biotinylated PEG (in proportion 99 : 1 by weight) to provide 
tether-points for specific immobilization of proteins of interest. Furthermore, we 
address the question of how the material underlying the linear PEG layer can influence 
the biocompatibility of the surface. For this, we constructed a surface covering that 
consists of two biocompatible layers on top of each other (Fig. 1.5e). First, BSA was 
chemisorbed and cross-linked on aminosilanized glass. Second, amino groups of BSA 
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molecules were reacted with linear PEG molecules. The main differences between one- 
and two-layer surfaces are the charge and the hydrophobicity under the PEG layer: 
aminosilanized glass is strongly positively charged and hydrophilic, whereas BSA 
molecules compensate the positive charge by the negative charge of the carboxylic 
groups and also can expose hydrophobic side chains upon surface-induced denaturation. 
Additionally, we compare linear PEG with cross-linked PEG surfaces. For this, we use 
a six-arm star-shaped PEG (Fig. 1.5d). Numerous end-functionalizations of PEGs have 
been developed to attach them to surfaces (83) and biomolecules (84, 85). Here, we 
employed isocyanate groups at the ends of the PEG arms for binding to amine groups 
on the glass surface and for inter-molecular cross-linking. At the same time, a small 
fraction of isocyanate groups were biotinylated by reacting with biocytin to enable 
specific protein immobilization. 
In the present studies, we will show that this easily applicable surface coverage from 
cross-linked PEG satisfies all the criteria of the biocompatibility for protein 
immobilization: homogeneity, resistance to unspecific adsorption, and practically no 
difference between functional characteristics of the immobilized and the free proteins. 

1.5 Model proteins 

The main topic of the thesis is a small enzyme Ribonuclease H, which is a model 
protein for studies of protein folding dynamics and is used here to (i) explore various 
surfaces for their biocompatibility and (ii) to elucidate the protein folding mechanistic 
details. In order to probe whether the observed characteristics of the surfaces are 
applicable to other proteins, we also study them with a naturally occurring fluorescent 
protein eqFP611, a protein which has very different chemical and structural properties 
from Ribonuclease H. 

1.5.1 Ribonuclease HI 
Ribonuclease HI (RNase H) is an endonuclease that specifically cleaves an RNA strand 
hybridized to a complementary DNA strand. RNase H was originally isolated from the 
calf thymus (86, 87), and subsequently was found in various viruses and a range of 
organisms from Escherichia coli (E. coli) to humans (88). 
Despite high sequence and structural homology, physiological roles and importance of 
RNase H enzymes are quite diverse. It was shown that the RNase H domain of HIV-1 
reverse transcriptase is essential for the replication of the viral genomic RNA. However, 
the role of E. coli RNase H, the protein studied in the present thesis, has not yet been 
fully clarified. The enzyme appears to be involved in an auxiliary manner in DNA 
replication and repair (for detailed review see (88)). An important application for E. coli 
RNase H has been found in antisense technology (Fig. 1.6) (89-93). For example, the 
recombinant enzyme was chemically coupled to a DNA oligonucleotide complementary 
to the 5’-noncoding region of the hepatitis C virus (HCV) and then transferred to the 
cytoplasm2 of infected human liver cells, where it specifically cleaved the target RNA 
and thus suppressed the expression of HCV-directed marker gene (93). 

                                                 
2 The expression level of their own RNase H in mammalian cells is low and the enzyme is localized in the 
nucleus. Because the replication of HCV takes place in the cytoplasm, it is necessary to deliver external 
RNase H there. 
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The E. coli RNase H (EC 3.1.26.4), subsequently referred to simply as RNase H, is a 
single domain protein consisting of 155 amino acids (94). It is the smallest natural 
enzyme with RNase H activity. The primary sequence completely encodes the active 
conformation of the enzyme, since chemical and thermal unfolding of the protein was 
shown to be fully reversible in vitro (95). For this reason, RNase H is extensively 
studied as a model for studies of the protein-folding problem (25, 26, 96-105).  
Fig. 1.7 shows the X-ray structure of RNase H* (a cysteine-free variant of RNase H) 
(102). The secondary structure is comprised of 5 α-helices and 5 β-sheets.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.6: A model for the catalytic cycle of RNase H covalently linked with an antisense DNA oligo. A
messenger RNA encoding a disease-causing protein binds to the complementary DNA oligo. In the next
step, the RNase H cleaves the RNA. The RNA-DNA duplex becomes unstable and the pieces of destroyed
RNA are released in the solution. The hybrid of DNA and RNase H is ready for a new cycle.  Figure
adopted from Ref. (93). 

Figure 1.7: Crystal structure of RNase H* in a
cartoon view mode. Dark gray shows the
folding core. PDB entry 1F21. 
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Equilibrium chemical and temperature denaturation curves of RNase H are described by 
a 2-state process (only one folded and one unfolded state) (96). However, stopped-flow 
measurements of folding kinetics reveal an intermediate state, which is formed within 
the mixing time of the experimental set-up (on the order of a few milliseconds) and then 
followed by slow reorganization into the native conformation (26). This kinetic 
intermediate resembles a partially folded state, which can be stabilized at acidic 
conditions (26, 96). 
The acid / kinetic intermediate state is compact compared to the unfolded state and has a 
loosely packed hydrophobic core. It has no defined tertiary structure but helices A and 
D are already formed (26, 97). Hydrogen exchange experiments showed also that these 
helices are more stable than the rest of the protein (97). These observations led to the 
hierarchical model of the folding of RNase H, in which the crucial folding core consists 
of the central helices of the protein (Fig. 1.7) (98, 99). 
Recently, based on a detailed analysis of the native state hydrogen exchange data, 
Parker and Marqusee have demonstrated that there is a continuum of unfolded states 
rather than a separate single unfolded and single intermediate state (Fig. 1.8) (100, 101). 
Let us spend more words on this important issue. Speaking about a folded, unfolded or 
intermediate state, we always refer to a macroscopic state, a set of selected microscopic 
conformations. States can further be subdivided into (sub)states. The term continuum 
was used to emphasize that (i) the number of the unfolded substates is very large and 
(ii) the free energy barriers between them are very small so that there are no abrupt 
changes in the phase space of the unfolded state (Fig. 1.8b) (100, 101). The first 
statement rests on the density of states obtained from the hydrogen exchange 
experiments, which reflect equilibrium properties of the unfolded ensemble. The second 
statement was concluded from the presence of a fast phase in stopped-flow folding 
experiments (100). However, distributions of barriers between states on a rough free 
energy landscape may result in nonexponential relaxation kinetics, which can usually be 
parametrized by a power law, (1 + kt)−δ, or by a stretched exponential, exp[−(kt)β], 0 < β 
< 1 (106). Such kinetics expand over many decades on the logarithmic time scale (106) 
and, when measured in a limited range on the linear time scale, can look like a fast 
phase followed by a slow decay (Fig. 1.9). Therefore, the height of free energy barriers 
(if any) in the unfolded state of RNase H may still be an open question. 
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Figure 1.8: Free energy profiles for folding. (a) Folding through an intermediate (compact unfolded) state.
(b) Unfolded state consists of a spectrum of unfolded conformations. U, I, F are the unfolded, intermediate,
and folded states, respectively. U1 … UN  are the spectrum of unfolded states. ‡ is the transition state
between the unfolded and the intermediate states, ‡F is the transition state between U1 and F states. 
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Like RNase H, many proteins, for example, myoglobin (23, 24), cytochrome c (18, 20), 
and SNase (21, 22), apparently fold through rapidly-formed intermediate states with 
similar properties. They are compact, have some native-like secondary structure and no 
well-defined (but probably flexible, fluctuating) tertiary structure. Such states are 
believed to play an important role in protein folding and termed “molten globule” states 
(107, 108). Thus, the issues, (i) whether there exist separate intermediate (molten 
globule) and unfolded states, or an unfolded continuum, and (ii) what are the barriers 
between unfolded conformations, are important for the general concept of protein 
folding. 
The main difficulties in the characterization of the unfolded states originate from their 
enormous heterogeneity and fast rates of interconversion. For this reason, it was 
formerly believed that denatured proteins were structureless polypeptide coils. 
However, recent studies have demonstrated the presence of long-range order in 
unfolded proteins even in the highest-possible concentrations of denaturant (109-113). 
In our work, we will further focus on the thermodynamic and structural properties of 
unfolded RNase H, applying the single-molecule approach to reveal details on the free 
energy landscape that are lost in ensemble experiments. 

1.5.2 eqFP611 
eqFP611 is a far-red fluorescent protein (FP) from the sea anemone Entacmaea 
quadricolor (49). eqFP611 belongs to the family of Anthozoan GFP3-like proteins, 
which have revolutionized life science research. They have become important tools to 
study complicated networks of cellular processes (for a review see (114, 115)). For 
example, genetic fusion of fluorescent proteins with various proteins of interest allows 
non-invasive in vivo monitoring of gene expression and protein localization in the cell. 
Red-shifted fluorescent proteins have the additional important advantage that the cell 
auto-fluorescence is lower in the red spectral range, and the red light used to excite red 
fluorescent proteins can penetrate deeper through tissues due to lower scattering and is 
less cytotoxic. Furthermore, they can be exploited in multicolor assays, such as co-
localization of different components in cellular compartments or detection of molecular 
interactions by using FRET detection. Moreover, even though eqFP611 like other 
proteins from GFP family has tendency to form tetramers, at very low concentrations 
(e.g. molecules sparsely immobilized on surfaces) it exists only as monomeric units 
(49). This reduced olygomerization tendency is highly beneficial for many applications. 

                                                 
3 GFP is a green fluorescent protein from Aequoria victoria, also called avGFP. 

Figure 1.9: A stretched exponential (symbols,
y = exp[−t0.4]) measured in a limited window
on the linear time scale may appear as a fast
phase (between the first and the second point)
followed by a slow exponential decay (line). 
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The X-ray structure of a monomeric unit of eqFP611 (231 amino acids) is displayed in 
Fig. 1.10 (116, 117). EqFP611 shares a common structure with all GFP-like proteins 
that the polypeptide chain folds in an 11-starnded β-barrel, which surrounds a central α-
helix containing the chromophore. 
The chromophore of eqFP611 is formed auto-catalytically from Met 63, Tyr 64 and 
Gly 65, presumably in the same way as for DsRed, another red fluorescent protein (118, 
119). However, in contrast to DsRed, for which maturation requires days and does not 
proceed beyond 50% (118), the maturation process of eqFP611 was shown to be at least 
99% efficient and 90% level was reached after 12 hours (49).  
The chromophores of the fluorescent proteins isolated from the rest of the protein 
essentially lose their fluorescence in aqueous solutions. Using deletion analysis it was 
shown that the minimal domain required for the fluorescence of the wild-type GFP 
consists of amino acids 7 – 229, almost the whole protein (238 amino acids) (120). This 
finding emphasizes the importance of the tightly packed β-barrel around the 
chromophore, which screens the chromophore from the solvent and thus protects the 
fluorophore from quenching by water or oxygen molecules. Moreover, it was shown 
that for DsRed, which is a stable tetramer, point mutations on the protein surface, aimed 
to sterically disrupt the interface between subunits, often caused loss of the fluorescence 
(121). Further evidence of the importance of the protein conformation on the 
fluorescence properties was demonstrated by Schenk et al. (122). The authors found 
that restriction of the structural fluctuations of eqFP611 by adsorbing the protein on a 
glass surface changed the flickering dynamics and apparent brightness of the protein 
fluorescence (122). 

Figure 1.10: X-ray structure of eqFP611. The left and right images display a single monomeric protein unit
in orthogonal projections. Protein structure is shown in a cartoon view mode. Black sticks are amino acids,
which form the chromophore. PDB entry 1UIS. 
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Due to the high rigidity of the β-barrel, fluorescent proteins are very stable towards 
denaturation and attack by proteases. The disruption of the tertiary structure upon 
unfolding is rather slow (minutes) and accompanied by the disappearance of the 
fluorescence. Refolding of the denatured proteins is shown to be multi-exponential and 
the ability to the recover original fluorescence is dependent on the duration of the 
denaturation (123-125). In case the of DsRed, however, the denaturation of the protein 
is irreversible because of the cleavage of the unprotected chromophore by attack of 
solvent water molecules, resulting in the disconnection of the protein chain into 2 
separate parts (118). 
In the present thesis we evaluate the influence of different biocompatible surfaces on the 
conformation of eqFP611 in order to provide a solid base for single-molecule studies of 
immobilized fluorescent proteins, which have become very topical at present (122, 126-
129).
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2 Materials and methods 

2.1 Ensemble absorption and fluorescence spectroscopy 

2.1.1 Setup 
Absorption spectra were recorded on a Cary 1E spectrophotometer (Varian, Darmstadt, 
Germany). Fluorescence excitation and emission spectra were measured on a SPEX 
Fluorolog II spectrofluorometer (Spex Industries, Edison, NJ). The emission was 
collected at a 90° angle to the direction of the excitation light. For fluorescence 
polarization experiments, polarization filters were inserted in the excitation and 
detection paths. All spectra were baseline-corrected for absorption/fluorescence and 
light scattering arising from solvents and sample holders used for measurements. 

2.1.2 Concentration measurements 
Concentrations of biomolecules and dyes in solution were calculated by their 
absorbance according to Beer-Lambert Law, 

A(λ) ≡  log10 (I0 / I) = ε (λ) l c ,    (2.1) 
where A is the measured absorbance, which is a logarithm of the ratio of the initial light 
intensity, I0, to  the intensity of the light after it passes through the sample, I; λ is the 
wavelength at which the light intensity is measured; ε (λ) is the wavelength-dependent 
molar absorptivity (extinction coefficient); l is the pass length (thickness of a sample); 
and c is the analyte concentration in M. 

2.2 Single-molecule fluorescence microscopy 

2.2.1 Setup 
To Microscopy Lab4 
Среди болтов, проводов и линз, 
Сминая собственный скептицизм, 
И в полной тьме 
Ищу я свет не далёких звёзд, 
Смотря сквозь фильтры не цвета грёз – 
Так нужно. Мне. 

 
Fig. 2.1 outlines the arrangement of our confocal scanning microscopy system, which is 
based on a Zeiss Axiovert 135 TV (Jena, Germany) inverted microscope. 
Two lasers can be used to excite fluorescent probes in a sample. If not otherwise stated, 
the “green” excitation was provided by the 514 nm line of an Ar+/Kr+ ion laser 
(modified model 164, Spectra Physics, Mountain View, CA). In some experiments we 
utilized the 532-nm light from a diode-pumped Nd-YAG laser instead (Laserlight 
Showdesign, Berlin, Germany). For the “red” excitation, we employed the 633 nm line 
of a He-Ne laser (model 159, Spectra Physics, Mountain View, CA). The lasers could 

                                                 
4 Between holders, wires and lenses,//crushing my own skepticism,// and in complete darkness,// I am 
searching for the light not from faraway stars// looking through filters not of the daydream’s color.// It is 
necessary. For me. 
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be used simultaneously or alternately, which was controlled by the shutters S1 and S2 
connected to a computer via a LPT port. 
The laser beams were superimposed with a semitransparent beam splitter (Edmund 
Opitcs, Barrington, NJ) and conveyed to the microscope via a single-mode fiber (OZ 
Optics, Ottawa, Canada) that serves also as a spatial filter providing a nearly gaussian 
intensity profile of output light (130). 
The intensity of the excitation light was measured at the entrance to the microscope by 
introducing a flippable mirror M1, which reflected the light to a power meter. The 
output of the lasers was usually attenuated to supply ~5 µW for measurements on 
immobilized single molecules or to ~50 µW for measurements on diffusing molecules 
in solution. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.1: The setup for single-molecule confocal scanning microscopy. The standard FRET
configuration is shown in black color. The gray color marks the arrangement for the polarization
measurements or the objects to be inserted temporarily during the adjustments. Abbreviations: BS – beam
splitter, D – detector, DM – dichroic mirror, F – filter, L – lens, M – mirror, P – pinhole, PC – polarization
cube, PM – power meter, S – shutter, WP – wave plate. 



 20

(a)  (b)  (c) 

In the microscope, the parallel excitation light beam is reflected by a dichroic mirror 
DM1 (532/633DCXR, AHF, Tübingen, Germany) and focused to a diffraction-limited 
spot in a sample by means of an infinity-corrected, water-immersion objetive (C-
Apochromat 63x/1.2W, Zeiss). Reflection of the light at the dichroic mirror causes a 
slight distortion of the initially circular polarization of the fiber output. For the single-
molecule polarization measurements, this distortion was corrected by a variable wave 
plate WP (New Focus, San Jose, CA) inserted between the fiber and the microscope 
entrance. 
The sample was fixed onto a piezoelectric scanning stage with a feedback control 
(model P-731.20, Physik Instrumente, Karlsruhe/Palmbach, Gremany), which could be 
moved by the computer in two dimensions orthogonal to the optical axis of the 
objective. 
The emitted fluorescence photons from the sample were collected through the same 
objective, transmitted through the dichroic mirror DM1 and focused with a tube lens 
(L1) of the microscope onto a confocal pinhole P (diameter 80 µm). The photons 
emitted by molecules out of the focal plane in the sample are rejected by the pinhole 
(Fig. 2.2), thus improving the signal-to-noise ratio. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.2: Principle of confocal microscopy. Excitation light (blue) is focused with an objective onto a
sample. Emission from the sample (red; overlap of blue and red shown in violet) is collected through the
same objective and then converged with a tube lens. A pinhole is placed in the focus plane of the tube lens.
Light from the focal plane of the objective is imaged onto the pinhole and therefore gets through to the
detectors (b). Light from below (a) or above (c) the focal plane of the objective is imaged behind or in front
of the pinhole, respectively, and thus is rejected. 
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To identify the plane of interest in the sample, we monitored the bright reflection spots 
of the excitation on the glass/water interfaces. For this, a built-in sliding mirror of the 
microscope M2 could be inserted in the light path to redirect the reflected excitation 
light (even significantly suppressed by DM1) to a CCD camera (DMK 3002/C, DBS, 
Bremen, Germany). 
After the pinhole, the collected light was collimated by a lens L2 and split into “green” 
and  “red” channels by a dichroic mirror DM2 (650DCXR-U, Chroma, Rockingham, 
VT). To refine the spectral selectivity of the channels and further suppress scattered 
excitation light, a band pass filter F1 (HQ582/50, AHF) and a long pass filter F2 
(HQ665LP, AHF) were inserted into the green and the red channel, respectively. 
Photons in each channel were focused with lenses L3 and L4 onto the sensitive areas of 
avalanche photodiodes D1 and D2 (SPCM-AQR-14, Perkin-Elmer, Wellesley, MA). 
Their output signals were registered in a homebuilt photon-counting card interfaced to 
the same computer that also controlled the piezoelectric scanner and the shutters. 
Fig. 2.3 shows the overall transmission spectra of the green and the red channels 
overlaid with fluorescence spectra of the dyes used in this work for the FRET 
experiments: the donor, Alexa Fluor 546 and the acceptor, Alexa Fluor 647. We see that 
a part of the donor emission is also detected in the red (acceptor) channel. This effect is 
called cross-talk, and must be corrected during the analysis of the data. 
For polarization measurements, the detection path was modified after the pinhole: the 
light was first filtered with the HQ582/50 or HQ665LP filter (F) for Alexa Fluor 546 or 
Alexa Fluor 647, respectively, and then split into two channels X and Y with a 
polarization cube PC. 
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Figure 2.3: Fluorescence spectra of the dyes and transmission functions of the detection channels. The
fluorescence of the donor (Alexa 546) and the acceptor (Alexa 647) are shown in thick green and red lines,
respectively. The thin lines with filled area underneath are transmission functions of the green and the red
channels. The part of the donor fluorescence passes to the detector in the red channel. This effect is called
cross-talk. 
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2.2.2 Sandwich cell  
The sample holder for the single-molecule measurements 
was typically a sandwich cell prepared as shown in Fig. 2.4 
(58). Two pieces of double-sided adhesive tape were fixed 
on a larger glass coverslip (24 × 32 mm2) so that the space 
between the pieces forms a channel with a width of ~2 mm. 
A smaller glass coverslip (20 × 20 mm2) is then fixed on 
the top of the construction. The measurements were 
performed in the channel. The typical volume of such a 
channel is 4 µl; its height is about 100 µm. 

2.2.3 Software 
The development and support of the data acquisition and processing software was a part 
of the present PhD thesis. The software was written and compiled with Microsoft Visual 
C++ 6.0. The software included: confocal imaging, recording of fluorescence time 
traces, recording of photon counting histograms with simultaneous scanning through the 
sample, evaluation of distribution of individual molecules from the scanned images, 
calculation of correlation functions from the recorded fluorescence time traces, 
statistical analysis of  FRET transitions from the single molecule fluorescence time 
traces and global fitting of the expansion of the unfolded state. Further analysis was 
performed with Origin 6.1 package. 

2.2.4 Measurements protocols 

2.2.4.1 Imaging 

“Images” show the spatial distribution of the emission from 
a specific area of the sample (Fig. 2.5). They were obtained 
by measuring the fluorescence at different positions of the 
excitation light relative to the sample, which was moved by 
a voltage applied to the piezo-stage on which the sample 
sits. Typical images were scans of 18 x 18 µm2 with 128 x 
128 pixel resolution. The sample positions were actively 
controlled by the feedback loop of the piezo-stage. An 
amount of dynamic scanner hysteresis was dependent on 
the speed of scanning. To circumvent this hysteresis, all 
lines were scanned in the same direction (from left to 
right). 
Every pixel of an image contains information about the number of photons collected 
from the sample in each detection channel during a fixed integration time (usually 
5 ms). Because our measurements are limited by the optical resolution, even a single 
fluorescent molecule, which can be considered as a point light source, is imaged as a 
spot with a diameter on the order of 500 nm, 3 – 4 pixels at the typical scan resolution. 

2.2.4.2 Recording of fluorescence time traces 

First, the program scans an area of the sample to find positions of fluorescent molecules 
of interest. The scanning procedure is performed as described above, but lines in an 
image are scanned in alternating directions (from left to right and from right to left) in 
order to establish absolute coordinates despite the hysteresis of the piezo-stage. After 
the image has been recorded, the scan is smoothed by averaging 3 x 3 pixels and 

Figure 2.4: A sandwich cell. 

Figure 2.5: A scanned image. 
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molecules are identified as local maxima of the fluorescence signal. Further, the 
molecules are sorted according to their brightness and, if necessary, desired FRET 
efficiency. 
For each chosen molecule, the program moves the scanner to place the molecule’s 
center in the focus of the excitation light and records the fluorescence signal in the 
green and/or red channels until the molecule bleaches (the countrate drops below a 
specified threshold). Time traces of fluorescence are recorded with user-defined time 
resolutions down to 1 µs. An example of such fluorescence time traces is presented in 
Fig. 2.6 (top). Additionally, during the recording of time traces, the program can close 
and open shutters for different excitations according to a user-defined protocol. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.2.5 Intensity corrections for the analysis 
The intensity values used in the analysis are derived from the measured intensities by 
the following corrections: 
(i) subtracting background fluorescence, which comes from light scattering, 
autofluorescence of glass, and weakly fluorescent contaminations in solution; 
(ii) subtracting the cross-talk of the green dye emission to the red channel; 
(iii) multiplying of the red channel by the factor 1/γ to correct for different detection 
efficiencies and different quantum yields of the green and red dyes. 
With the last correction, Eq 1.1 relating FRET efficiency, E, to the donor and acceptor 
signals, ID and IA, simplifies to E = IA / (IA + ID). 
The details of the intensity corrections are explained below. 

Figure 2.6: Trace analysis. Top: raw data measured in the donor (I1, green) and the acceptor (I2, red)
detection channels. Middle: corrected donor (ID) and acceptor (IA) signals. Bottom: calculated FRET
efficiency. Green and red circles mark bleaching events of the donor and the acceptor, respectively. Blue
circles mark a sudden change of the FRET efficiency value. 
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2.2.5.1 Images 

For images, the level of background fluorescence can be determined by measuring the 
average fluorescence intensity from (a) a sample without/before adding fluorescent 
molecules, (b) from the average intensity of the sample between fluorescent molecules, 
or (c) from the fluorescence intensity distribution of the whole image. 
In method (c), a histogram of photon counts detected in every pixel is built; the section 
of the histogram with the maximum occurrence (i.e. the bin with maximum counts and 
neighboring 2 bins) is fit to a Poisson distribution; and the average value of the Poisson 
fit is used for the corrections. 
Methods (b) and (c) may be applied only for images where fluorescent spots are well 
separated (by several widthes of the point-spread function). This separation is the 
condition for all types of single-molecule analyses. When this “single-molecule density” 
condition is met, all 3 methods give consistent results. 
The cross-talk and the correction factor are determined from the analysis of the traces 
measured immediately before or after the images, as described below. 

2.2.5.2 Traces  

Fig. 2.6 shows an example of the trace analysis. Only traces that show a single-step 
bleaching are considered as traces from single molecules. The local background 
fluorescence is calculated for every trace as the average signal intensity after all 
fluorophores have bleached.  
The cross-talk, ct, is calculated from the section of the trace after photobleaching of the 
acceptor but before photobleaching of the donor, 

1

2

I
Ict = ,             (2.2) 

where I1 and I2 are average fluorescence intensities in the donor and the acceptor 
channels, respectively, corrected for background. 
The formula to determine the correction factor, γ, is derived from the postulate that the 
number of photons absorbed by the donor does not depend on whether acceptor is 
present or not. This results in the following expression, 

−−+ =+ DAD III γγ ,                 (2.3) 
where ID and IA are average fluorescence intensities of the donor and the acceptor, 
respectively, corrected for the background and cross-talk. The superscripts + and − 
signify whether the averaging was performed over the part of the trace before or after 
the acceptor photobleaching, respectively.  

2.2.6 Analysis of FRET efficiency changes from single molecule traces 
The true changes of FRET efficiency are partially obscured by the presence of noise, 
inevitable in single-molecule measurements. The main sources of noise are the dark 
noise of the detectors, background signals (from light scattering, glass autofluorescence 
and fluorescent particles in solution), shot noise due to the finite number of detected 
photons, and fluctuations of the dye fluorescence due to the triplet or other non-
fluorescent states. 
We have developed an algorithm for automatic extraction of step-wise FRET 
transitions, as one presented in Fig. 2.6, from noisy single-molecule traces. It combines 
time bins into longer time segments to increase the signal-to-noise ratio. The algorithm 
starts with the FRET efficiency values, Ei, from 1-ms time bins, i. Then, each bin, i, is 
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compared with the adjacent bins i−1 and i+1. If the FRET values are indistinguishable 
within the noise, the two bins are combined to a single, longer segment. If they are 
different, the algorithm moves onto the next point and compares new neighboring 
segments. The cycle continues until the FRET efficiencies in all adjacent segments are 
statistically different. 
The average FRET efficiency values of bins i and j were considered as different if 

22)()( jiji ffpEfEf δδ +⋅>− ,       (2.4) 

where f(E) is a normalizing transformation of the FRET efficiency so that the observed 
values of f(E) will have a gaussian distribution centered at the exact value of f. For the 
signal-to-noise ratio in our experiments, we found empirically that 
f (E) = ln[(ID / IA) + 0.5] is a sufficient approximation for a normalizing transformation 
(Fig. 2.7). δf is the standard deviation of f(E). Thus, f(E1) − f(E2) is a gaussian 
distribution with width of √δf1

2 + δf2
2. p is a scaling factor to obtain a given level of 

confidence. In this work, we required 99% confidence, which for a Gaussian 
distribution corresponds to p = 2.6 (131). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The values of δf were evaluated by propagation of errors in ID and IA as follows, 
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The errors of the average detected signals in a particular trace segment can be calculated 
as σtrace / √N, where σtrace is the signal standard deviation in the segment and N is the 
number of bins combined together in it. Additionally we estimated the standard error 
due to the Poisson detection statistics, SEdet, 

2
,2

det T
SE nαλ

= .       (2.6) 

Here λα,n  is the upper critical value for the average value of the Poisson distribution for 
a given number of detected photons, n, at a confidence level 1 − α. The values of λα,n  
with α  = 0.01 for 99% confidence level were taken from Tables (131). T is the duration 
of the trace segment. It converts the error in the number of detected photons to the error 
in the count rate. 

Figure 2.7: Comparison of the normalizing
transformation f (E) = ln[(ID / IA) + 0.5] (black line)
and a gaussian distribution (gray line).  The
distributions were calculated assuming an average
number of detected photons of 20 from the donor
and 30 from the acceptor, and average backgrounds
of 2 and 5 counts in the donor and acceptor
channel, respectively. For the  real number of the
detected photons in the trace segments (thousands),
the difference between the curves is <<1%. 
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The larger value of σtrace / √N and SEdet was used to calculate δID and δIA, 
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δ .            (2.7) 

Here, the factor χ2
α, N − 1/(N − 1) accounts for the difference between the measured 

variance from the true variance due to the limited number of measured time bins. 2
1, −Nαχ  

is the upper critical value of the chi-squared statistics with N – 1 degrees of freedom at a 
given confidence level 1 − α. The values of χ2

α, N − 1 with α = 0.01 were taken from 
Tables (131). For large N, χ2

α, N − 1/(N − 1) approaches 1. 

2.2.7 Correlation functions 
The normalized pair correlation functions, CAB (τ), were calculated from the 
single-molecule time traces of signals A and B, 
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 = τ CAB ,                                       (2.8) 

)()()( tAt =AtA −δ ,                                             (2.9) 

)()()( τττδ +−++ tBt =BtB ,                          (2.10) 

where angular brackets denote averaging over time, t. A and B can be, for example, 
either donor and acceptor, or X and Y polarization signals. If A and B are different 
signals, CAB (τ) is called the cross-correlation. We can also correlate a signal with itself; 
then, CAA (τ) is called the auto-correlation. 
If changes in signals A and B are correlated, i.e., both signals increase or decrease 
simultaneously, then the numerator of the correlation function is positive. If the signals 
A and B are anticorrelated, i.e. one signal increases while the other decreases, then the 
numerator of CAB (τ) is negative. For example, changes of distance between dyes 
attached to a protein will result in changes of FRET efficiency and, therefore, in 
anticorrelated changes of donor and acceptor fluorescence. Thus, on timescales relevant 
to protein conformational changes one expects a negative cross-correlation function of 
donor and acceptor signals. 
In the case of polarization measurements, rotation of the dye dipole in XY plane will 
result in anticorrelated changes of the X and Y polarization components (negative 
cross-correlation). However, dye rotations in any plane perpendicular to XY plane 
change the intensities of the X and Y polarization components but not their ratio and, 
therefore, produce a positive contribution to the cross-correlation function. Let us show 
that overall sign of the cross-correlation function will be dominated by anticorrelated 
fluctuations of polarization signals. 
The amplitude of the cross-correlation function is given by 

YX

YX
XY II

II
C

⋅

⋅
=

δδ
)0( ,                                            (2.11) 

where IX and IY are the intensities of the X and Y polarized components and δIX and δIY 
are their fluctuations. The angular brackets denote averaging over possible orientations 
of the transition dipole of the chromophore, d = (dX, dY, dZ) (Fig. 2.8). For the following, 
we assume that the dyes have the same transition dipole for absorption and emission 
processes.  
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The observed fluorescence intensities IX and IY are proportional to a product of 
probabilities (i) to absorb a photon and (ii) to collect an emitted photon by the objective. 
For excitation light with circular polarization in XY plane, the probability to absorb a 
photon is proportional to the square of the dipole component in XY plane, 
∝ (dX

2 + dY
2) ∝ sin2(θ), where θ is the angle between the transition dipole and Z axis 

(Fig. 2.8). The angular distribution of dipole emission, Pα, depends on the angle 
between the dipole and the direction of the emitted light, α,  

Pα ∝ sin2(α) = 1 − cos2(α) = 1 − (ed, eem)2 .                       (2.12) 
Here, ed and eem are unit vectors parallel to the dipole and direction of the emitted light, 
respectively. A microscope objective collects the emission only from a solid angle 
determined by numerical apperture (NA) of the objective,  

NA = n sin θmax,                                       (2.13) 
where n is the refractive index of the medium and θmax is one half of the angular 
apperture of the objective (Fig. 2.9). Using n = 1.33 for water and NA = 1.2 for our 
objective, we obtain θmax = 64.5°. Integrating Eq. 2.13 over all emission directions in 
the cone detected by the objective, one obtains detection efficiency, η, (132, 133) 

( ) θθθθθθη 2
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3
max8

3
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3
4
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3

2
1 coscoscoscoscos)( −++−= ≈    

≈ 0.197 + 0.132 cos2θ.                                          (2.14) 
The emitted photons with X and Y polarization will be detected in the X and Y detection 
channels, respectively, and photons with Z polarization will be split half-to-half between 
the two detectors (59). Combining probabilities of absorption and detection, we obtain 

IX ∝ sin2θ  η(θ ) [dX
2 + 2

1  dZ
 2] ∝      

∝ sin2θ  η(θ ) [sin2θ  cos2ϕ + 2
1  cos2θ ],                          (2.15) 

IY ∝ sin2θ  η(θ ) [dY
 2 + 2

1  dZ
 2] ∝      

∝ sin2θ  η(θ ) [sin2θ  sin2ϕ + 2
1  cos2θ ],                          (2.16) 

where ϕ is the azimuth angle of the transition dipole (Fig. 2.8). Averaging of Eq. 2.11 
with IX and IY from Eqs. 2.15 and 2.16, respectively, results in a negative amplitude of 
the cross-correlation function, CXY (0) ≈ −0.27. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.8: Orientation of a transition dipole, d. 

Figure 2.9: Emission angles, collected by an
objective. 
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2.3 Buffers and solutions 

Until otherwise mentioned all proteins were measured in the following buffer. 
Buffer 0: 20 mM TrisHCl (pH 7.4), 100 mM KCl, 10 mM MgCl2. 
 
Solutions with guanidinium chloride were prepared by mixing buffer 0 and the buffered 
6 M GdmCl solution: 20 mM TrisHCl (pH 7.4), 6 M GdmCl, 100 mM KCl, 10 mM 
MgCl2. 
 
For site-directed mutagenesis, 10× reaction buffer (Stratagene Europe, Amsterdam, 
Netherlands) optimized for PfuTurbo DNA polymerase was used. 
10× reaction buffer: 200 mM TrisHCl (pH 8.8), 100 mM KCl, 100 mM (NH4)2SO4, 
20 mM MgSO4, 1% Triton X-100, 1 mg/ml BSA. 
 
E. coli cells were grown in Luria bertani (LB) broth. 
LB: 10 g/l tryptone, 5 g/l yeast extract, 10 g/l NaCl. 
LBA: LB + 50 mg/l ampicillin. 
LBS: LB + 50 mg/l streptomycin. 
 
For RNase H purification, the following buffers and solutions were used. 
TE buffer: 10 mM TrisHCl (pH 7.5), 1 mM EDTA. 
solution A: 0.157 M NaCl, 10 mM DTT, 17% PEG 6000. 
solution B: 10 mM TrisHCl (pH 7.9), 2 M NaCl, 10 mM DTT, 5% PEG 6000. 
buffer C: 50 mM TrisHCl (pH 7.5), 10 mM DTT, 1 mM EDTA, 10% w/v glycerol. 
buffer D: 10 mM TrisHCl (pH 7.5), 0.08 M NaCl, 1 mM DTT, 1 mM EDTA, 10% w/v 
glycerol. 
 

2.4 RNase H biochemical procedures 

2.4.1 Construction of the double-cysteine mutant of RNase H 
The plasmid pJAL135C containing the gene for a single-cysteine mutant of RNase H 
and ampicillin resistance was a generous gift of Dr. S. Kanaya (Osaka University, 
Japan). In this mutant, all natural cysteines were substituted by alanines, and a new 
cysteine was inserted instead of Glu 135. For FRET measurements, we introduced a 
second cysteine instead of Lys 3 by site-directed mutagenesis.  

2.4.1.1 Primers for site-directed mutagenesis and plasmid sequencing 

The substitution of Lys 3 was performed in 2 steps: (i) the codon of Lys 3, AAA, was 
changed to a codon of Asn, AAC, and (ii) Asn was changed to Cys, codon TGC. 
The DNA primers were synthesized by MWG-Biotech GmbH (Ebersberg, Germany). 
The oligonucleotide sequences of the primers (Table 2.1) were based on the results of 
sequencing of the plasmid pJAL135C (by MWG-Biotech), because we found that the 
sequence of our pJAL135C differed from the sequence of the original pJAL135C owing 
to spontaneous mutations accumulated during many multiplication cycles of the bacteria 
prior to our request for colonies. Custom synthesized primers used for sequencing are 
also listed in Table 2.1. 
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Table 2.1: Primers used for sited directed mutagenesis and plasmid sequencing. 
 

primer I 5’-GGAGACTGGTATGCTTAACCAGGTAGAGATC-3’ K3N mutation 
primer II 5’-GATCTCTACCTGGTTAAGCATACCAGTCTCC-3’ 
primer I 5’-GGAGACTGGTATGCTTTGCCAGGTAGAGATCTTCACCG-3’ N3C mutation 
primer II 5’-CGGTGAAGATCTCTACCTGGCAAAGCATACCAGTCTCC-3’ 

5’-GAAGCATTGGCGCCTCGA-3’ 
5’-CTCGCGTCCGCGATAGCG-3’ 

plasmid sequencing 

5’-GGCAGTCAGGCGTTGGTG-3’ 
 
 
 

2.4.1.2 Site-directed mutagenesis 
To mutate RNase H, reaction mixtures were prepared in small reaction vials by mixing 
5 µl of 10× reaction buffer, 5 – 50 ng double stranded template DNA, 125 ng mutagenic 
primer I, 125 ng mutagenic primer II (complementary to primer I), 1 µl dNTP-mix 
(Stratagene Europe), and sterile water to a total volume of 50 µl. PfuTurbo DNA 
polymerase (Stratagene Europe) was added to the reaction mixture later as described in 
the protocol. The vials with the reaction mixtures were placed in an automatic 
thermocycler (Primus, MWG-Biotech) which heats and cools the reaction tubes to 
desired temperatures. 
The site-directed mutagenesis procedure consists of 3 major steps, repeated over many 
cycles: denaturation, annealing and extension (Fig. 2.10). A cycle starts with heating the 
solution to 97 °C and incubating at this temperature for 45 seconds. This causes 
separation of the double-stranded DNA molecules. In the first cycle, the heating phase 
lasts for 3 minutes, then 1 µl of heat-tolerant PfuTurbo DNA polymerase (2.5 U) is 
added, and heating continues for an additional 45 seconds. 
In the second step, the mixture is cooled to 47 °C and incubated at this temperature for 1 
minute. During this time, the primers anneal to their complementary sites on the single-
stranded template DNAs. There is also annealing of primers I to primers II, but 
rebinding of the template DNA strands to each other is virtually impossible because of 
the huge molar excess of the primers over the templates. Following this, all of the 
DNAs are single-stranded except for the regions where they are base-paired with the 
primers. 
In the third step, the temperature is raised to 71 °C for 12½ minutes to provide the 
polymerase with its optimal conditions and enough time to replicate the whole plasmid 
using the bound mutagenic primers as starting points for the elongation. 
After 16 cycles, the reaction mixture is cooled to 37 °C and 1 µl of restriction enzyme 
Dpn I (10 U) is injected to digest the original DNA strands. Dpn I specifically cleaves 
G(CH3-A)/TC. Since the original DNA isolated from E. coli is methylated, it is subject 
to digestion. 
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2.4.1.3 Competent cells 

To produce the RNase H protein, we must insert the mutated plasmid inside E. coli 
cells. Therefore, holes in the cell membranes need to be formed; such cells are called 
competent cells. 
E. coli HB101 cells (carrying streptomycin resistance) were grown overnight at 37 °C 
while shaking at 220 rpm in 5 ml of LBS medium. Then, 500 µl of this overnight 
culture were poured into 50 ml of LBS medium and incubated at 37 °C with shaking 
until the cell solution reaches an absorbance of 0.4 OD at 600 nm. The cells were 
centrifuged with a Sigma 19776 rotor at 5000 rpm for 10 minutes at 4 °C. The pellet 
was resuspended in 25 ml of ice-cold sterile 0.1 M CaCl2 solution and incubated on ice 
for 20 minutes. The cell suspension was centrifuged again at 5000 rpm for 10 minutes at 
4 °C. The sediment was finally resuspended in 2 ml of ice-cold sterile 0.1 M CaCl2 
solution and incubated on ice for 12 − 24 hours. The competent cells can then be stored 
after adding 15% v/v glycerol at –80 °C. 

2.4.1.4 Transformation of E. coli with a mutated plasmid 

All components are initially ice-cold. 100 pg – 10 ng of the plasmid were added to 
200 µl of the competent cells and incubated on ice for 45 minutes. Then cells were 
placed in a water bath at 37 °C for 2 minutes to provide a heat shock to the cells, and 
quickly returned to ice for 5 minutes. After this, 1 ml of LB medium was added. Cells 
were allowed to develop antibiotic resistance by incubating at 37 °C with shaking at 220 
rpm for one hour. 100 – 500 µl of the cell suspension was smeared over LBA agar 
plates. Colonies appeared within 12 – 20 hours at 33 °C. 

Figure 2.10: Temperature protocol used for site-directed mutagenesis. 
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2.4.1.5 Saving and characterization of colonies 

5 ml of LBA medium were inoculated with a single colony and cells were grown 
overnight at 37 °C with shaking. Cultures were stored after adding 15% v/v glycerol at 
–80 °C. 
For characterization, the plasmid DNA was extracted with the Quantum Prep Plasmid 
Mini- or Midiprep Kit (Bio-Rad, Munich, Germany) and sequenced by MWG-Biotech. 

2.4.2 RNase H expression and purification 
The protein was overexpressed in E. coli HB101 strain and purified as described below. 
The protocol is based on the protocol developed by Kanaya et al. (94, 134). 

2.4.2.1 Bacteria growth  

Bacteria were grown in LBA medium at 32 °C until the absorbance at 600 nm reached 
0.6 OD and then RNase H overproduction was induced by increasing the temperature to 
42 °C. After 4 hours, the cells were harvested by centrifugation for 10 minutes at 6500 
rpm, 4 °C using a Heraeus Sepatech HFA 14.290 rotor, and frozen until use. 

2.4.2.2 Purification of RNase H 

All purification steps were performed at 4 °C. All centrifugations were performed using 
a Sovall SS 34 rotor. 
Approximately 30 g of cells were thawed and suspended in 150 ml of TE buffer. Cell 
membranes were fractured by sonication for 6 minutes in an ice bath, followed by 
centrifugation for 30 minutes at 15000 rpm. 
For PEG precipitation of RNase H, 360 ml of solution A was added to the supernatant. 
The suspension was stirred for 30 minutes and then centrifuged for 10 minutes at 10000 
rpm. The pellet was resuspended in 60 ml of solution B and the enzyme solution was 
centrifuged for 20 minutes at 20000 rpm to remove insoluble material. The supernatant 
was dialyzed against buffer C for 17 hours to produce fraction I. 
Fraction I was applied to a DEAE-Sephacel column (0.8 x 24 cm) equilibrated with 
buffer C and eluted with buffer C at a flow rate of 50 – 75 ml/h. RNase H passes 
through the column without interaction with the solid phase. The eluted fractions  
containing protein (monitored by absorption at 280 nm) were further applied to a P11 
column (2 x 8 cm) equilibrated with buffer C. The P11 column was eluted with 250 ml 
of a linear gradient of 0 – 0.5 M NaCl in buffer C. The eluted fractions were checked for 
RNase H activity. The active fractions (eluted approximately at 0.3 M of NaCl) were 
pooled, dialyzed against buffer D, and concentrated to 2 ml in an Amicon cell (Model 
8050, YM10 membrane) to produce fraction II. 
Fraction II was applied to a Sephacryl S-200 HR column (1.5 x 100 cm) equilibrated 
with buffer D. The column was eluted with buffer D at a flow rate of 5 ml/h. Fractions 
were collected and checked for RNase H activity. Active fractions were pooled, mixed 
with 30% v/v glycerol and stored at –20 °C. 
The purity of the protein was confirmed by SDS-gel electrophoresis and MALDI-TOF 
mass spectrometry prior to use. 
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2.4.3 Activity assay 

2.4.3.1 RNA-DNA hybrid 

The enzymatic function of RNase H is to cleave an RNA strand duplexed to a 
complementary DNA strand. To assess the activity of the enzyme, we used the 
following RNA-DNA hybrid (RNA nucleotides are shown in bold): 
 
Cy3 - 5’  dT dT dA dT dT dC dT rA rA rA rA dT dC dT dC dT dT dA dT  3’ 
QSY - 3’  dA dA dT dA dA dG dA dT dT dT dT dA dG dA dG dA dA dT dA  5’ 
 
The hybrid is cleaved at a single site (↓); the RNA moiety is flanked on either side by 
DNA to provide thermal stability of the duplex (135). The DNA-RNA-DNA strand was 
labeled with a fluorescent dye, Cy3, and the DNA strand was labeled with a 
fluorescence quencher, QSY. When the duplex is formed, the Cy3 fluorescence is 
quenched by QSY, but once RNA is hydrolyzed and the duplex falls apart, the 
fluorescence is no longer quenched. Therefore, the enzyme function can be observed by 
following the restoration of the Cy3 emission. 
The DNA-RNA-DNA strand,  

NH2 - (CH2)6 - 5’d(TTATTCT) r(AAAA) d(TCTCTTAT) 3’, 
was synthesized in-house by standard phosphoramidite chemistry and labeled at the 
amino group with Cy3 succinimidyl ester (Amersham Biosciences, Little Chalfont, 
United Kingdom) according to the vendor’s protocol. 
The DNA strand, 

5’ d(ATAAAGAGATTTTAGAATAA) 3’ – (CH2)7 – NH2, 
was purchased from MWG-Biotech and labeled at the amino group with QSY 
succinimidyl ester (Molecular Probes Europe BV, Leiden, the Netherlands) according to 
the manufacture ’s protocol. 
The oligonucleotides were stored dry or highly concentrated in water at –80 °C. To 
prepare the hybrid solution, the DNA-RNA-DNA and DNA strands were diluted in 
buffer 0 to final concentrations of 1.2 and 2.5 µM, respectively. The mixture was heated 
to 50 °C for 5 minutes, followed by slow cooling to 4 °C. The hybrid solution was 
stored at –80 °C. The concentration of the hybrid was assumed to be equal to the 
concentration of the DNA-RNA-DNA strand. 

2.4.3.2 Enzyme kinetics in dilute solution 

According to the Michaeis-Menten model, an enzymatic reaction can be described by 
the following kinetic scheme, 
 

E + S  V  ES  T E + P.             (2.17) 
 
Here, E is enzyme, S is substrate, ES is a complex of the enzyme with the substrate, and 
P is product. k1 is the rate of the complex formation, k–1 is the rate of the complex 
dissociation, and kc to the rate of the enzyme-catalyzed reaction forming the product. 
We can assume that product formation is practically irreversible in dilute solution, since 
for RNase H the reverse reaction is tetramolecular (the enzyme, the DNA, and 2 pieces 
of the RNA strands). 
In the case when the concentrations of the enzyme and the substrate are far less than   
(k–1 + kc) / k1, the quantity known as the Michaelis-Menten constant or concentration 
(KM), the amount of the enzyme-substrate complex is negligibly small compared to the 
number of the enzyme or substrate molecules, 

k1 

k–1 

kc 
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ES(t) << E(t),            (2.18) 
ES(t) << S(t).                     (2.19) 

Here ES(t), E(t) and S(t) are the concentrations of the enzyme-substrate complex, free 
enzyme and substrate, respectively, as functions of time, t. Therefore, 

E(t) ≈ E0,                     (2.20) 
S(t) ≈ S0 – (P(t) –P0),             (2.21) 

where P(t) is the concentration of the product as a function of time, E0 is the total 
enzyme concentration, and P0 and S0 are the initial concentrations of the product and 
substrate, respectively. Then, the differential equations for the substrate and product 
concentrations are given by 

)()()( 101 tESktSEktS −+⋅−=& ,        (2.22) 

)()( tESktP c=& .            (2.23) 

Expressing ES(t) from equation 2.22 and using equation 2.21 to substitute S(t) and its 
time derivative, we obtain 
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Finally, solving this differential equation gives 
P(t) = P0 + S0 ⋅  (1 – exp[–kapp t]),                    (2.25) 
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where kapp is the apparent rate coefficient of the enzymatic reaction. 

2.4.3.3 Measurement of activity 

All components are dissolved in buffer 0 (section 2.3), which contains divalent Mg2+ 
ions required for RNase H catalytic function (88). A cuvette with 150 µl of 30 nM 
RNA-DNA hybrid solution was placed in the fluorometer. The emission was excited at 
514 nm and detected at 570 nm and was recorded as a function of time for 10 or more 
minutes to confirm that the RNA-DNA duplex was stable. Then, 150 µl of ~1 µM 
RNase H solution (the concentration was measured by absorption of UV light at 280 nm 
prior to the activity measurement) were added to the cuvette and quickly and thoroughly 
mixed. The final concentrations were ~15 nM and ~0.5 µM for the substrate and the 
enzyme, respectively. The increase of the fluorescence was recorded until the reaction 
was complete and the emission signal reached a steady-state. The data were fit to a 
single exponential process, describing the generation of the product (Eq. 2.25). 

2.4.4 Label conjugation 

2.4.4.1 For testing specific/unspecific adsorption of RNase H onto surfaces. 

Primary amines of the lysine residues or the N-terminus of RNase H were labeled with 
Alexa 546 succinimidyl ester (Molecular Probes) and biotin succinimidyl ester 
(Sigma-Aldrich Chemie, Munich, Germany) by a standard protocol for succinimidyl 
ester-amine coupling (Fig. 2.11a). The protein and label in a 1 : 1 ratio were reacted 
overnight at 4 °C in 50 mM carbonate buffer, pH 8.2; the protein was purified from 
unbound labels by gel filtration using Performa-DTR cartridges (Edge Biosystems, 
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Gaithersburg, MD). A labeling efficiency of > 70% was determined by UV-visible 
absorption spectroscopy. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.11: Coupling reactions: (a) succinimidyl ester – amine conjugation, (b) maleimide – cysteine
bonding, (c) EDC-activated formation of the peptide bond between a carboxylic acid group and an amine,
and (d) cross-linking of the star PEG polymer via isocyanate groups (R1 is a star molecule). 
 

(a) 

(b) 

(c) 

(d) 

Succinimidyl ester 

Maleimide 

EDC 

Unstable amine-
reactive intermediate

Urea 
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2.4.4.2 For FRET measurements 

Standard cysteine-maleimide coupling (Fig. 2.11b) was used to specifically attach 
fluorescent probes to the protein. The double cysteine mutant of RNase H, Alexa 546 
maleimide and Alexa 647 maleimide (Molecular Probes) in a molar ratio 1 : 1 : 3 were 
reacted overnight at 4 °C in 20 mM phosphate buffer, pH 7.0. The protein molecules 
labeled with both a donor and an acceptor dye molecules could be separated from other 
labeling variants by ion echange chromatography (43). The separation procedure is 
based on different negative charges of Alexa 546 and Alexa 647 dyes. The protein 
solution was applied to a cation exchange column (RESOURCE S, Äkta-System, 
Amersham Pharmacia, Little Chalfont, United Kingdom) and eluted with a linear 
gradient of 0 to 1 M NaCl in 20 mM sodium phosphate buffer (pH 7.0). The fraction of 
interest was eluted at about 0.13 M NaCl. No peaks corresponding to the protein labeled 
with 3 dyes were detected, indicating that the dye maleimides reacted specifically only  
with 2 cysteines in the protein sequence. Finally, the protein was biotinylated by 
reaction of the amine groups with biotin succinimidyl ester. To minimize probability of 
multiple labeling, the protein and biotin were reacted in a molar ratio 1 : 0.5. 

2.5 eqFP611 biochemical procedures 

The far-red fluorescent protein eqFP611 was kindly provided by Dr. Jörg Wiedenmann 
(Ulm, Germany) (49) and was stored before use at 4 °C. 
According to the recently resolved X-ray structure of eqFP611 (116, 117), the protein 
has two cysteines on each subunit, which are accessible from the solvent. We used these 
cysteines to couple Alexa 647 maleimide dye serving as a FRET acceptor from the 
excitation from the protein chromophore. The protein and the dye were reacted 
overnight in a molar ratio 1 : 2 at 4 °C in 20 mM phosphate buffer (pH 7.0). Then, in 
order to enable immobilization onto surfaces, the protein was labeled with biotin 
succinimidyl ester using a protein : biotin ratio of 1 : 1. Protein aliquots were stored at  
–20 °C in 30% v/v glycerol. 

2.6 Preparation of glass surfaces 

2.6.1 Cleaning and aminosilanization of glass coverslips 
For protein physisorption onto bare glass coverslips, aminosilanization was not 
required. Glass coverslips (24 × 32 mm2 and 20 × 20 mm2, Menzel, Braunschweig, 
Germany) were cleaned by brief exposure to an open flame, and then rinsed with buffer 
(58).  
For chemical binding of proteins or PEG to the glass slides, they were functionalized 
with aminosilane. The glass slides were cleaned by an O2/Ozone plasma for 10 minutes, 
and then reacted with a commercial aminosilane (Vectabond, Vector Laboratories, 
Burlingame, CA) according to the manufacture’s protocol. Use of Vectabond was 
simpler, more reproducible and did not require a glove box, as compared with the 
reaction using conventional aminopropyl silane. The coverslips were dipped for 
5 minutes in an acetone (Selectipure grade, Merck) solution of Vetabond, washed first 
in acetone and then several times by immersion in 18 MΩ Millipore water, and dried 
under a nitrogen flow. All steps of the aminosilanization were carried out in a 
cleanroom by Mrs. Niederhausen-Kraft. 
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2.6.2 Protein-based surfaces 
Physi- and chemisorption of the protein layers were performed directly in the channels 
of sandwich-cells made for single-molecule experiments (section 2.2.2). 
For physisorption, the sandwiches were made from cleaned, non-functionalized glass 
substrates (section 2.6.1). A 1 mg/ml solution of biotinylated BSA or streptavidin (both 
from Sigma) in 100 mM sodium phosphate buffer (pH 7.4) were filled into the channels 
and incubated for 10 minutes to allow the proteins to adsorb on the glass. Then the 
channels were rinsed with sodium phosphate buffer. 
For chemisorption, the sandwiches were made from freshly prepared aminosilanized 
glass. The carboxylic acid groups on the proteins were activated by EDC (Fluka 
Chemicals, Buchs SG, Switzerland) and reacted with the amino groups on the surface to 
form peptide bonds (Fig. 2.11c) (67). At the same time, the layer of the adsorbed 
proteins also becomes cross-linked, as the carboxylic groups of one protein can react 
with amino groups of a neighboring protein. For the reaction, a 10-fold molar excess of 
EDC was added to a 1 mg/ml BSA or streptavidin solution. The reaction mixture was 
filled into the channel and left to react for 2 hours. Unbound proteins were then rinsed 
out with Tris buffer (buffer 0). Since Tris molecules contain amino groups, we 
incubated the buffer in the channel for an additional 15 minutes to quench any 
remaining activated carboxylic groups. 

2.6.3 Linear PEG surfaces 
Linear PEG chains were bound to the aminosilanized surfaces by standard succinimidyl 
ester – amine coupling. Methoxy-PEG-succinimidyl propionate (mPEG-SPA) with 
molecular mass of 5000 and 2000 were purchased from Nektar Therapeutics 
(Huntsville, AL). 100 mg/ml solutions of mPEG-SPA 5000 or mPEG-SPA 2000 in 
50 mM sodium carbonate buffer (pH 8.2) were incubated in the sample channels for 
2 hours and then thoroughly washed out with 18 MΩ Millipore water. The PEG 
succinimidyl groups react with the surface amino groups to chemically bind PEG to the 
glass surface. To provide anchors for specific protein immobilization via biotin-
streptavidin linkage, mPEG-SPAs were mixed with biotin-PEG-succinimidyl ester 
(biotin-PEG-NHS, molecular mass 3400) (Nektar Therapeutics) at a 1% w/w ratio. 

2.6.4 Cross-linked PEG surface 
Surfaces from cross-linked star-shaped PEG were prepared in collaboration with Prof. 
Martin Möller, Dr. Jürgen Groll, and SusTech GmbH (Darmstadt, Germany) (136). We 
used 6-armed, isocyanate-terminated star polymers. Their backbone consisted of 80% 
ethylene oxide and 20% propylene oxide. The average molecular mass was 12000 
g/mol. 
1 mg of the star polymer was dissolved in 1 ml of anhydrous THF and transferred to the 
clean room. There, 9 ml of deionized water was added, and the mixture was left to react 
for 5 minutes. During this time, some of the isocyanate groups reacted with water to 
form amines (Fig. 2.11d), which then form ureylene bonds with other isocyanate groups 
and thus form di-, tri- and higher oligomers of the star molecules. The solution 
containing monomers and oligomers of the stars was spin-coated on the aminosilanized 
glass surfaces. First, the slides were carefully and homogeneously covered by the 
solution, and then accelerated within 5 s to 2500 rpm and spun for 40 s. The surface 
amino groups reacted with the isocyanate end-groups of the polymers to form ureylene 
bonds. The resulting films of the stars were left overnight at ambient atmosphere in the 
clean room to complete the cross-linking reaction. Thereafter, sandwich cells were 
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made from the coated glasses. They were stored in glass Petri dishes sealed with a 
paraffin film under clean room conditions. 
For biotinylation of the star polymer surfaces, biocytin (Sigma) was dissolved in 9 ml of 
water and added to 1 ml THF solution of the star polymers. The primary amino group of 
the biocytin reacts with the isocyanate end-groups of the polymers to form biotinylated 
star molecules. The procedure of the surface preparation was carried out as described 
above. 

2.6.5 Immobilization of biotinylated target molecules on surfaces 
For specific binding of proteins to the covered glass surfaces, the channel was filled 
with a 20 µg/ml streptavidin solution and left to react for 10 minutes for streptavidin to 
bind to the biotin on the surfaces. Subsequently, the channel was filled with a dilute 
solution of the biotinylated protein molecules (~100 pM), which then bond to the 
previously attached streptavidin. After 10 minutes, the unbound proteins were flushed 
out of the channel with buffer 0. For unspecific adsorption, the streptavidin step was 
omitted. 
In the case of the streptavidin surfaces, specific immobilization was performed by 
incubation with the biotinylated protein, and the unspecific binding was checked with 
an identical concentration of the non-biotinylated protein. 

2.7 Linear extrapolation method for protein denaturation 

The equilibrium between 2 states, for example, the folded and the unfolded states, is 
described by Boltzmann’s law, 

KU/F = exp(–∆GU-F / RT),           (2.27) 
where KU/F is the equilibrium constant, i.e., the ratio of the fraction of the unfolded  
molecules to the fraction of the folded molecules at thermodynamic equilibrium, ∆GU-F 
is the  difference between the free energies of the unfolded and folded states, R is the 
gas constant, and T is the absolute temperature. 
According to the linear extrapolation method (LEM), the free energy difference depends 
linearly on the denaturant concentration, [D], 

∆GU-F =∆GU-F (0) + mU-F [D].             (2.28) 
Here, ∆GU-F (0) is the free energy difference in the absence of the denaturant, and m is 
the proportionality coefficient, also known as the cooperativity factor (137-139). It was 
shown experimentally and theoretically that the cooperativity factor m is only weakly 
dependent on the nature of a particular protein but primarily a function of the protein 
surface area exposed to the solution (140-143), 

mU-F  ∝  ∆SASA.                           (2.29) 
Here, SASA is the solvent-accessible surface area. This linear relationship is easy to 
understand because guanidinium ions interact with exposed protein chains. 
Although the LEM method is commonly used to analyze protein stability, alternative 
approaches are being developed. For example, Murugan has introduced the so-called 
competitive model, which describes substitution of water molecules bound to the 
protein native structure by denaturant molecules (144). This model converges to the 
linear extrapolation method in the limit of very low concentration of denaturant (144), 
such that  

b[D] << [H2O] .               (2.30) 
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Here, b is the mean number of water molecules interacting with one molecule of the 
denaturant; it can approximately be taken as the number of amino groups: for urea b ~ 2 
and for guanidinium cation b ~ 3 (144, 145). Since the concentration of pure water, 
[H2O], is 55.5 M, the condition of Eq. 2.30 is true up to 2 – 3 M of denaturants. 
The validity of the linear extrapolation method for denaturant concentrations above and 
below the transition region of folding/unfolding was extensively studied, but the data 
are controversial (146, 147). Recently, the denaturant activity, D, instead of the 
denaturant concentration was proposed to more accurately describe the LEM (148, 149), 

∆GU-F =∆GU-F (0) + mU-F D,               (2.31) 
[ ]
[ ]DC
DC

D
+

=
5.0

5.0 ,                   (2.32) 

where the denaturation constant C0.5 = 7.5 M for GdmCl in water (149, 150). The 
activity is measured in mol/l (M), but we will denote it as M’ to distinguish activity and 
concentration of the denaturant. 
In our single molecule experiments, the free energy difference between the states was 
directly calculated from the fractions of the folded and unfolded molecules using 
Eq. 2.27, and then fitted with Eq. 2.31. 
The standard procedure to extract thermodynamic parameters of protein folding from 
bulk experiments is to fit the measured signal, y, to the following equations (146)5, 

y = yF [F] + yU [U],         (2.33) 
yF,U (D) = yF,U (0) + zF,U D.                                     (2.34) 

Here, yF and yU are signals of the folded and the unfolded states, respectively; they 
depend linearly (as a first-order approximation) on the denaturant activity, D, as 
described by Eq. 2.34 with constants yF,U (0) and zF,U. [F] and [U] are populations of the 
folded and unfolded states, respectively, which are related to the free energy difference 
between the states according to Eqs. 2.27 and 2.31. The same principle can be applied to 
fit not only single quantities but also spectra. The procedure can be simplified if all 
spectra can be decomposed in a sum of 2 reference spectra. For example, we can use a 
spectrum of folded molecules in buffer, yF (0), and a spectrum of unfolded molecules at 
the highest possible concentration of GdmCl, yU (Dmax), as the references. With this 
approach, Eq. 2.34 can be rewritten as follows. 

yF (D) = yF (0) (1 + αF D) + yU (Dmax) βF D,                         (2.35) 
yU (D) = yF (0) αU (D − Dmax) + yU (Dmax) (1 + βU (D − Dmax)),         (2.36) 

where αF, βF, αU, and βU, are fitted coefficients. 

2.8. Interpretation of FRET efficiency values 

To calculate the Förster distance (Eq. 1.3), one typically assumes complete averaging of 
the dye rotations so that κ2 = ⅔. For characterization of the dyes’ properties, we used 
RNase H molecules singly labeled with either Alexa 546 or Alexa 647. The quantum 
yield of the donor Alexa 546, φD = 0.82, was determined by comparing its total 
fluorescence with that of rhodamine 6G, excited at the same wavelength. The overlap 
integral, J, was calculated from the measured fluorescence and absorbance spectra and 
the molar extinction coefficient of Alexa 647, which was provided by the vendor. Using 
the refractive index of 1.33 for water, we obtained R0 = 71 Å. In 6 M GdmCl, the 
refractive index increases to 1.43 (151) resulting in R0 = 68 Å. However, it was shown 
                                                 
5 In the original paper, denaturant concentrations were used instead of denaturant activities. 
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experimentally and theoretically that it is more accurate to use the local refractive index 
of the medium between the dyes through which the electromagnetic coupling occurs 
(152, 153). A folded protein has a refractive index of ~1.6 (153, 154), whereas for 
unfolded proteins it lies between 1.33 and 1.6 due to a mixture of protein and solvent 
between the dyes. Taking n = 1.47 (50% water and 50% protein), we obtained 
R0 = 66 Å in buffer and 63 Å in 6 M GdmCl. These are the values which will be used 
for the analysis in this work. 
The simple relationship connecting the distance between dyes with the observed FRET 
efficiency (Eq. 1.2), is valid only if the distance is fixed and κ2 is known, e.g. if the 
orientation of the dye dipoles is averaged much faster than the rate of the energy 
transfer so that κ2 = ⅔. However, the rotations of a dye attached to a biomolecule can be 
significantly slowed or hindered. Furthermore, structural fluctuations of the 
biomolecules will modulate the distance between the dyes. In time-resolved 
experiments, our observations will dependent on the speed of the orientation and 
distance modulation compared to the time bin of the measurements. 
Upon characterizing the unfolded RNase H, we encountered the situation where both 
dye reorientation and fluctuations of the end-to-end distance of the biopolymer occured 
slower than the energy transfer but much faster than the time resolution of the 
experiment. For such a case, the observed FRET efficiency is obtained by averaging 
over distributions of the orientation factor, κ2, and inter-dye separation, r, 
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Here, P(r) and p(κ2) are probability density functions, R0 is calculated from Eq. 1.3 with 
κ2 = ⅔, and lc is the contour length of the protein chain. Even if the distance between the 
dyes is fixed (i.e. the probability density is a delta function), slow isotropic 
reorientations of the donor and acceptor may lead to significant deviation from the 
Förster law (dashed and solid lines in Fig. 2.12). 
The additional flexibility of the polymer results in a much weaker dependence of FRET 
on the dye-to-dye distance, which is depicted as a dotted line in Fig. 2.12. This curve 
was calculated numerically assuming Gaussian chain statistics, 
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where ra = 〈r2〉1/2 is the root-mean-square of r, and the slow dye reorientations are 
isotropic. It was shown that the end-to-end distances and radii of gyration of unfolded 
proteins even with 92% of residual structure may still agree with the values obtained 
assuming a Gaussian chain model (155). For an unfolded protein, the distribution of the 
relative dye orientations can be assumed isotropic even in the presence of local steric 
limitations for the dye rotations, because of random relative orientations of the ends of 
the unfolded protein chain. The FRET dependence of such a Gaussian chain can be 
numerically approximated by an analytical function, 

( ) 650.2
0/975.01

1     
Rr

E
a+

=           for 0/ Rra < 3,      (2.39) 

which allows easy conversion between the FRET efficiency and the structural 
parameter, ra (the root-mean-square deviation between the curves calculated with 
Eq. 2.37 and Eq. 2.39 is 0.003). 
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We can further relate the distance between the dyes to the end-to-end size, re, and the 
radius of gyration, RG, of the unfolded protein. The distance between N units of the 
polymer, rN, increases with N as a power law, 

ν22 NrN ∝ .             (2.40) 

For a Gaussian chain, the exponent ν = 0.5 (156). For our FRET experiments, RNase H 
was labeled with dyes on cysteines at positions 3 and 135; taking the length for each 
dye linker of approximately 2 protein residues, we obtain the total distance between 
dyes of monomer 137 units. The full sequence of RNase H has 155 amino acids, and 
consequently 

( ) ae rr 5.0137/155= .       (2.41) 

For a Gaussian chain, the end-to-end distance is related to RG by 

6
e

G
rR = .             (2.42)

 

Figure 2.12: Dependence of the FRET efficiency E on the distance between dyes r. The solid line is the
standard Förster law. The dashed line depicts the average FRET efficiency, 〈E〉, for fixed distance r, and
isotropic reorientation of the dyes slower than the energy transfer but faster than the time resolution of the
experiment. The dotted line represents 〈E〉 averaged over an ensemble of Gaussian chains and dye
orientations like as in the previous case, as a function of the root-mean-square inter-dye distance, ra. 
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3 Results 

3.1 Resistance of the surfaces to unspecific protein adsorption 

For studies on single molecules, the resistance of the surfaces to unspecific protein 
adsorption is the first criterion to ensure that there is no attractive interaction between 
the biomolecules of interest and the surface. For these experiments, proteins of interest 
were labeled with biotin and fluorescent dye moieties. RNase H was labeled with Alexa 
546 and eqFP611 was labeled with Alexa 647. We chose to label the fluorescent protein 
with a dye rather than measure its intrinsic fluorescence because the fluorescence signal 
from Alexa 647, directly excited with the 633 nm line of a He-Ne laser, allows us to 
accurately measure the number of protein molecules adsorbed to the surface, 
independently of the protein conformation, to which the fluorescence of the intrinsic 
chromophore is very sensitive. 
We exposed the biotinylated protein solutions to our biotinylated surfaces. For specific 
binding, the surfaces were first exposed to streptavidin and, to test for unspecific 
adsorption, streptavidin was omitted. In the case of surfaces prepared from streptavidin 
itself, unspecific binding was checked by using non-biotinylated protein molecules at 
the same concentration. We quantify the surface quality by the ratio of molecules 
absorbed unspecifically to the molecules bound in the desired way, via biotin-
streptavidin linkage. Note that due to very high biotin-streptavidin binding constant, the 
amount of the probe protein immobilized specifically is virtually equal to the amount of 
protein that was available in the sample volume. The densities of absorbed proteins 
were evaluated from fluorescence microscopy images, as exemplified in Fig. 3.1. 
Multiple images of 18 × 18 µm2 were measured to increase the statistical significance of 
the analysis, and 5 to 10 samples of each surface type were examined to assess the 
reproducibility of the surface preparations. Both average values and sample-to-sample 
standard deviations of the relative unspecific adsorption of all studied surfaces are 
summarized in Fig. 3.2. 
 
 
 
 

(b) (a) 

Figure 3.1: Fluorescence images (18 µm × 18 µm) of  RNase H bound (a) specifically via biotin-
streptavidin, and (b) unspecifically to the cross-linked PEG surface. 
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3.1.1 Protein-based surfaces 
Using RNase H as a probe (Fig. 3.2a), both chemisorbed/cross-linked BSA and 
streptavidin surfaces showed excellent resistance to unspecific adsorption (less than 
5%), and were reproducible from sample to sample. In contrast, the performance of 
physisorbed-protein coatings was very poor. In particular, unspecific adsorption was not 
prevented at all on the physisorbed streptavidin. Even after overnight incubation of the 
streptavidin solution in the sample channels, either at room temperature or at 4 °C, 
sufficient coverage of the glass surface to prevent unspecific adsorption was not 
achieved. Physisorbed BSA exhibited much better resistance to unspecific adsorption 
than streptavidin, but this type of surface preparation suffered from large sample-to-
sample variations represented by the error bars in Fig. 3.2a.  
Although, chemisorption/cross-linking with EDC improved both the resistance and 
reproducibility of the protein-based surfaces, as judged by the binding of RNase H, we 
found that eqFP611 was strongly adsorbed onto the BSA surfaces (Fig. 3.2b). Since we 
can exclude the possibility of an incomplete layer of chemisorbed BSA due to the high 
resistance to RNase H unspecific adsorption, we conclude that the unspecific binding of 
eqFP611 is caused by strong interaction between the probe protein and the BSA 
coating. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.1.2 PEG-based surfaces 
Linear PEG 5000 and the cross-linked star PEG (molecular mass 12000) surfaces 
shared an extremely low level of unspecific adsorption for both RNase H and eqFP611 
(~1%) (Fig. 3.2). Surprisingly, linear PEG 2000 had a drastically lower performance 
than either linear PEG 5000 or the cross-linked PEG surfaces (Fig. 3.2a). The average 
relative unspecific adsorption of PEG 2000 surfaces was higher (~9%) but, even more 

(b) (a) 

Figure 3.2: Relative unspecific adsorption of  (a) RNase H, and (b) eqFP611 to biocompatible surfaces. 
phys. BSA and strept. – physisorbed BSA and streptavidin surfaces, respectively; xl-BSA and strept. –
chemisorbed and crosslinked BSA and streptavidin surfaces, respectively; PEG 5000 and PEG 2000 –
linear PEG surfaces; xl-PEG – cross-linked star PEG; and xl-BSA/PEG is chemisorbed cross-linked BSA
surface covered with linear PEG. 
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important, the surface quality varied from sample to sample, and from one area of a 
sample to another. 
Fig. 3.3 displays several images with RNase H unspecifically adsorbed on PEG 2000. 
We see that areas with low binding of the protein are contiguous with areas where  
protein binding is not prevented. Increasing or decreasing the concentration of the 
PEG 2000 solution between 0.5% and 100% w/v did not improve the surface resistance 
(the usual concentration of linear PEG solutions in our experiments was 10% w/v). To 
optimize the conditions for linking PEG 2000 to the surface, we also tried to raise the 
temperature of the reaction of PEG linking to 37 °C, also resulting in no change in the 
quality of the surface. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
To evaluate the effect of the layer underneath the linear PEG on surface 
biocompatibility, we tested a double-layer strategy, which was prepared as a 
chemisorbed/cross-linked BSA layer upon which linear PEG 5000 was bound. As we 
can see from Fig. 3.2b, this surface resisted adsorption of eqFP611. It appears that a 
monolayer of linear PEG 5000 efficiently screens the attraction between the BSA layer 
and eqFP611 in solution. 

Figure 3.3: Examples of fluorescence scan images (18 µm × 18 µm) of RNase H unspecifically adsorbed
onto PEG 2000 surfaces. 
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3.2 Protein structure on biocompatible surfaces 

3.2.1 Folding/unfolding of immobilized RNase H 
We conducted single-molecule FRET experiments to examine if the native fold of 
RNase H molecules is preserved upon surface immobilization. The FRET donor Alexa 
546 and the FRET acceptor Alexa 647 were attached to cysteines 3 and 135, engineered 
at these positions to ensure that the dyes are close to each other in the properly folded 
RNase H and relatively far apart when RNase H is unfolded. The left image in Fig. 3.4 
shows an example of a two-color fluorescence image of RNase H on the cross-linked 
star PEG surface. The image is an overlay of the signal detected in the donor channel, 
depicted in green, and the signal in the acceptor channel, shown in red. A yellow color 
would therefore signify that fluorescence was measured in both channels. For each 
individual molecule, we calculated the FRET efficiency from the detected photon 
counts (Eq. 1.1), and then built histograms of the FRET distributions. The top left 
histogram in Fig. 3.4 was calculated from many images similar to the one shown above. 
We can identify 2 peaks in the distribution, one at high FRET efficiency values 
(E ~ 1.0), which corresponds to folded RNase H molecules, and a second peak centered 
at E ~ 0.0. It has been observed previously that the latter peak arises from molecules in 
which the acceptor label either has bleached during the experiment or was missing due 
to imperfect labeling and purification procedures (43). Then, we unfolded the surface-
immobilized RNase H molecules by exchanging the buffer with 6 M GdmCl. The 
corresponding image and histogram is shown in the second column of Fig. 3.4. It can be 
seen that the unfolded population has a FRET efficiency value centered at E ~ 0.3. 
The GdmCl denaturation of RNase H in solution was shown to be completely reversible 
(157), and we determined if this is also the case for surface-immobilized molecules. To 
test this, we exchanged the 6 M GdmCl solution once again with buffer. The 
corresponding image and FRET histogram of refolded RNase H on the cross-linked star 
PEG surface are shown in the third column of Fig. 3.4. After the denaturant had been 
removed, the red fluorescence from the spots was once again visible, and the FRET 
histograms were identical to the initial (buffer) conditions within experimental error. 
This implies complete refolding of RNase H immobilized on the cross-linked star PEG 
surface. The last column of Fig. 3.4 shows the changes in RNase H density on the 
surface during the course of the experiment. As it is expected for biotin-streptavidin 
complex, there was no significant loss of the protein bound to the star PEG coating. 
For the cross-linked BSA and streptavidin surface coatings, the results of the 
folding/unfolding experiments were essentially the same as for cross-linked PEG (data 
not shown). In the case of physisorbed BSA, the initial images also showed only folded 
RNase H molecules (Fig. 3.4, third row). After the denaturation/renaturation cycle, the 
majority of the proteins returned to their native state, as evident from the reoccurrence 
of the peak at E ~ 1.0. However, we see that a non-negligible fraction of the molecules 
did not refold properly, which resulted in the broad pedestal at intermediate FRET 
efficiency values. Moreover, the density of RNase H molecules on the surface decreased 
by a factor of ~10 during the GdmCl treatment. Presumably, they were removed from 
the surface together with the physisorbed BSA layer. 
In contrast to the cross-linked star-shaped PEG, linear PEG 5000 surfaces apparently 
interact with the immobilized RNase H (Fig. 3.4, last row). The histograms from 
individual molecules measured in buffer exhibit a wide distribution of FRET values 
with a large fraction of the protein at intermediate FRET efficiencies. Evidently, 
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RNase H unfolds upon immobilization on linear PEG 5000 even under buffer 
conditions. Upon addition of 6 M GdmCl, an increase in the number of the denatured 
RNase H molecules was observed, which was, however, irreversible as shown by the 
subsequent exchange of the 6 M GdmCl solution with buffer.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The question arises as to the cause of the unfolding of RNase H on linear PEG 5000. If 
RNase H was immobilized on another surface (such as BSA) and placed in a solution 
with a high concentration of PEG 6000 (100% w/v), no such denaturation was observed 
(data not shown), and the FRET distribution had only 2 peaks at E ~ 1.0 and E ~ 0.0. 
Furthermore, we measured the FRET distributions of RNase H on the two-layer 
BSA/PEG surface. Again, no surface-induced unfolding was evident (data not shown). 
The presence of PEG on the two-layer surface was additionally proved by decrease in 

Figure 3.4: Protein conformation and denaturation/renaturation of immobilized RNase H. Top row:
scanned images (18 µm × 18 µm) of RNase H on cross-linked PEG surface in buffer, denatured with 6 M
GdmCl, and refolded back by washing with buffer again. From second to last row: The first 3 columns
display distributions of FRET efficiencies from single RNase H molecules immobilized on different
surfaces, measured in buffer, in 6 M GdmCl and after renaturation (from left to right). The last column
shows the amount of immobilized RNase H on the corresponding surfaces during one
denaturation/renaturation cycle; the spot densities are normalized to unity for the first scans (in buffer). 
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unspecific adsorption of eqFP611 on this surface as compared to the cross-linked BSA 
surface. Our observations suggest that it is not the linear PEG chains but rather the 
underlying amino-functionalized surface that causes RNase H to unfold in case of the 
one-layer PEG 5000 surface. 
An additional advantage of the cross-linked PEG surfaces compared to other surfaces is 
that the other surfaces (especially the protein surfaces) have to be prepared freshly 
before the experiment, whereas the cross-linked PEG films can be stored for months. To 
demonstrate the superior performance of the cross-linked star PEG surface, the 
following experiment was conducted in a sandwich cell 3 months after the preparation 
of the cross-linked PEG coated surfaces. We subjected the sample containing 
immobilized RNase H molecules to 50 cycles of consecutive denaturation-renaturation. 
In Fig. 3.5a and b, we show confocal images of the same sample area taken before and 
after the 50 cycles. Monitoring the same molecules (examples are highlighted with 
arrows in Fig. 3.5), we found that the majority of them refolded every time. 
Occasionally, the acceptor bleaches, and a green spot appears instead of a red one 
(highlighted by the yellow arrow in Fig. 3.5). The corresponding FRET distributions 
from multiple images are plotted in Fig. 3.5c. After 50 cycles, only 4 molecules from 
116 initially having both a donor and an acceptor, were observed at intermediate FRET 
values (0.4 < E < 0.6) characteristic of non-native RNase H. The vast majority refolded 
completely after all cycles. 
 
 

Figure 3.5: Fluorescence images of the same 10 µm × 10 µm area (a) before and (b) after 50 successive
denaturation/renaturation cycles. RNase H was immobilized on cross-linked PEG; the unfolding and
refolding were performed by washing with 6 M GdmCl and buffer, respectively. The arrows highlight
examples of the exact same molecules in both images. The molecule marked by the yellow arrow bleached
during the experiment. (c) FRET histograms of the same 116 initially folded molecules before (left frame)
and after (right frame) 50 unfolding cycles. 

(a) (b) 

(c) 
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3.2.2 Fluorescence brightness of eqFP611 
In order to probe the conformational states of eqFP611 immobilized on different 
biocompatible surfaces, we implemented an assay based on protein brightness and 
FRET efficiency between the chromophore and an external acceptor dye (Alexa 647) on 
the protein surface. 
First, a biocompatible surface with immobilized proteins was imaged using green laser 
light (532 nm), which excited the protein chromophore (Fig. 3.6, top part of the image). 
Due to the short distance between the chromophore and the dye in the folded molecules, 
the excitation energy was efficiently transferred to the dye (E > 0.9). The integrated 
detected fluorescence from the image is proportional to (i) the density of eqFP611 
molecules, (ii) the fraction of them that are folded and, thus, can emit, and (iii) the 
FRET efficiency between the chromophore and the dye, which is dependent on the 
protein size, as well as the quantum yield and the spectral properties of the protein 
chromophore. Thus, dividing this integrated fluorescence by the density of eqFP611 
molecules, we can obtain a FRET brightness parameter, which is very sensitive to the 
changes of the eqFP611 conformation. The density of the molecules on the surface can 
be determined by direct excitation of the dye with 633 nm laser line measured 
separately (Fig. 3.6, low part of the image).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.7a combines the FRET brightness of eqFP611 on different surfaces normalized to 
the FRET brightness measured with eqFP611 molecules freely diffusing in solution. 
The measurements were repeated at various times after the immobilization because  
unfolding of the fluorescent proteins can be a slow process (124). Additionally, 
Fig. 3.7b displays the folded fraction of the protein calculated as the ratio of the density 
of the fluorescent spots on a surface excited by the green laser (folded proteins) to the 
density of fluorescent spots excited by the red laser (all proteins).  
Our data demonstrate that the interaction between eqFP611 molecules and the BSA 
layer, which causes strong unspecific adsorption, also results in partial unfolding of the 
fluorescent protein. In contrast, the resistant PEG surfaces, both linear PEG 5000 and 
cross-linked star PEG, offer a friendly environment to eqFP611 so that the immobilized 
protein remains folded. For all surfaces, there were no changes of eqFP611 properties 
on the timescale of several hours after the immobilization. 

Figure 3.6: Measurement of FRET brightness of
immobilized eqFP611. The protein labeled with Alexa 647
was attached to the cross-linked PEG surface via
bition-streptavidin. The top part of the 18 µm × 18 µm
image was excited at 514 nm and measured in both the
green and red channels. However, because of FRET, the
excitation energy from the protein chromophore, whose
emission could be detected in the green channel, is
efficiently transferred to the dye emitting in the red channel.
The bottom part of the image was recorded with 633 nm
illumination exciting the Alexa 647 dye directly. 
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3.3 Irreversible denaturation of eqFP611 with GdmCl 

We found that denaturation of eqFP611 with GdmCl is an irreversible process. 
EqFP611 was dissolved in 6 M GdmCl to the final protein concentration of 320 nM and 
denatured for 3 hours. Then, the solution was diluted 10 times in buffer 0 to produce 
final concentrations of GdmCl of 0.6 M and protein of 32 nM. The GdmCl 
concentration of 0.6 M is far below the folding/unfolding midpoint of the fluorescent 
proteins of ~4 M GdmCl (124), and therefore should not prevent the refolding process. 
However, recovery of the intrinsic chromophore fluorescence, measured at 610 nm with 
the excitation at 510 nm, was very low. Immediately after renaturation, the fluorescence 
recovered to 9% of its initial value (measured with 32 nM solution of eqFP611). After 2 
and 17 hours of the renaturation, the fluorescence recovery was 13% and 15%, 
respectively. The unfolding of eqFP611 immobilized on linear PEG 5000 and 
cross-linked PEG surfaces was also irreversible. Moreover, adding 6 M GdmCl to the 
solution in the channel resulted in ~4 times decrease of the density of the proteins on the 
surfaces.  
Presumably, once eqFP611 unfolds, the chromophore is hydrolyzed by the solvent 
molecules, and the protein falls apart into 2 pieces similar to DsRed (118), which has an 
identical chromophore. Modification of the chromophore structure can be visualized by 
absorption spectroscopy. Fig. 3.8a shows the absorption spectra of eqFP611 at various 
times after adding 6 M GdmCl. The spectra consist of 4 peaks. The peak at 280 nm 
arises from the aromatic residues of the protein (tryptophans, tyrosines, and 
phenylalanines), and, thus, is directly proportional to the protein concentration in the 
solution. The other 3 peaks at 560, 470 and 386 nm are the chromophore absorption 
bands. The 560-nm absorption corresponds to the normal deprotonated fluorescent form 
of the chromophore (49). The peak amplitudes were fitted with a two-exponent process 
(Fig. 3.8b). The characteristic time determining the decrease of the line at 560 nm and 
the increase at 470 nm was 7.9 ± 0.3 min. Following this, the 470 nm peak decayed and 
the 386 nm peak appeared with a time constant of 46 ± 5 min. We suggest that upon 
unfolding, the chromophore becomes protonated, which shifts the absorption to 470 nm. 

(a) (b) 

Figure 3.7: Fluorescence properties of eqFP611 immobilized on biocompatible surfaces. (a) Average
FRET brightness of immobilized eqFP611, normalized to the brightness of eqFP611 molecules freely
diffusing in solution. (b) Fraction of folded (fluorescent) molecules, calculated as the density of fluorescent
spots excited with green light (excitation of the chromophore) divided by the density of the fluorescent
spots excited by red light (excitation of the dye). 
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The second process is probably the cleavage of the chromophore, which results in a 
structure similar to the (protonated) chromophore of GFP (118), with an absorption 
peak at 386 nm (158). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.4 Thermodynamics and kinetics of RNase H folding/unfolding 

3.4.1 Free energies of the folded and unfolded states 
The unfolding of RNase H in solution has been studied extensively. However, to 
determine the effects of the various surfaces on the folding process, it is important to 
perform control measurements with the particular mutant used under the same buffer 
conditions. The GdmCl-induced denaturation was monitored by the intrinsic 
fluorescence from the aromatic residues of RNase H. The emission spectra were 
measured upon excitation at 280 nm as a function of GdmCl. Upon protein unfolding, 
peaks of the emission spectra (Fig. 3.9a) shifted to the red from ~331 nm to ~350 nm. 
Fig. 3.9b shows a shift of the first moment of the emission spectra, integrated from 300 
to 400 nm. The changes have a sigmoidal shape, characteristic of the folding/unfolding 
transition. To extract the thermodynamic parameters of folding, all spectra were 
simultaneously fitted to the corrected LEM, as described in section 2.7. Briefly, a 
spectrum at particular GdmCl concentration can be decomposed to a sum of the spectra 
of folded and unfolded RNase H molecules. The ratio of folded and unfolded molecules 
is determined by the free energy difference between the folded and unfolded states, 
∆GU-F, according to Boltzmann’s law. Finally, ∆GU-F is assumed to be a linear function 
of  the denaturant activity, D, (Eq. 2.31) and D is related to the GdmCl concentration 
(Eq. 2.23). 
The spectra measured in buffer and 6 M GdmCl were used as the spectra of folded and 
unfolded molecules, respectively, in the corresponding solvent conditions. The emission  
spectra at all intermediate GdmCl concentrations could be reproduced from them by the 
fitting procedure (Fig. 3.9a). The global fit of the first moments of the emission spectra 
is plotted in Fig. 3.9b with a solid line, dashed lines show the first moment of the model 
folded and unfolded spectra. The calculated fractions of folded RNase H molecules at 
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Figure 3.8: Unfolding of eqFP611 in 6 M GdmCl solution, leading to the irreversible cleavage of the
protein chromophore. (a) Absorbance spectra of eqFP611 after various times of incubation with 6 M
GdmCl. (b) The absorbance intensities at 560 nm (black squares), 470 nm (open circles), and 386 nm (gray
triangles) were simultaneously fitted with a two-exponential process. 
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different GdmCl concentrations and their fit are shown in Fig. 3.9c. The fit parameters 
are listed in table 3.1, together with the midpoint activity,  

Dm = 
FU

FU

m
G

−

−∆
−

)0(
,      (3.1) 

and the corresponding midpoint GdmCl concentration, Cm, which quantify the point at 
which ∆GU-F = 0, when the folded and unfolded states are equally populated. Here, 
∆GU-F (0) is ∆GU-F, extrapolated to zero denaturant activity (and concentration), and 
mU-F is the slope of ∆GU-F versus activity of GdmCl. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3.1: Parameters of the folding/unfolding equilibrium for RNase H freely diffusing in solution and 
RNase H immobilized onto various biocompatible surfaces. 
 

 

 ∆GU-F (0), 
kJ/mol 

mU-F, 
kJ/(mol M’) 

Dm, 
M’ 

Cm, 
M 

solution 36 ± 2 –26 ± 2 1.37 1.68 
cross-linked star PEG 33 ± 2 –24 ± 2 1.37 1.68 
chemisorbed cross-linked BSA 23 ± 1 –18 ± 1 1.27 1.53 
PEG 5000 on chem./cross-linked BSA 24 ± 5 –19 ± 3 1.30 1.57 
chemisorbed cross-linked streptavidin 22 ± 1 –17 ± 1 1.34 1.63 
physisorbed BSA 12 ± 1 –8 ± 1 1.48 1.84 

Figure 3.9: The unfolding equilibrium of RNase H in solution monitored by the intrinsic protein
fluorescence. Protein concentration was 1 µM. (a) Open circles, gray diamonds, and open triangles are
fluorescence spectra of RNase H (excitation at 280 nm) in buffer, 1.7 M GdmCl, and 6 M GdmCl,
respectively. The line shows the fit to the fluorescence spectrum in 1.7 M GdmCl.  (b) Shift of the first
moment of the fluorescence spectrum (integrated from 300 to 400 nm) as a function of GdmCl activity. The
solid line is a global fit to the fluorescence spectra. Dashed lines show first moments of the folded and
unfolded spectra. (c) Folded fraction of RNase H plotted against GdmCl activity. The line is a global fit to
the fluorescence spectra. 
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A major advantage of single molecule measurements is that the free energy difference 
can be accessed by measuring the folded and unfolded populations separately 
(Boltzmann’s law), 

[ ]
[ ]








−=∆ − F

URTG FU ln .    (3.2) 

Here, [F] and [U] are fractions of folded and unfolded molecules, respectively. 
Fig. 3.10a exemplifies a two-color overlay image of RNase H molecules on a 
cross-linked PEG surface near the titration midpoint, 1.7 M GdmCl. We observe spots 
of three different colors: red (folded), yellow (unfolded), and green (without an 
acceptor). The FRET histograms from such images at different concentrations of 
GdmCl (Fig. 3.10b) demonstrate the rate at which the relative fraction of the unfolded 
state grows with the addition of denaturant. The data were fitted with a sum of normal 
and 2 log-normal distributions to quantify the unfolded, folded, and no-acceptor 
components, respectively (43). The fractions of folded and unfolded molecules were 
determined from the areas under the fitted functions of the red and yellow distributions, 
respectively, and used in Eq. 3.2 to obtain ∆GU-F.   
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Figure 3.10: Single-molecule measurements of the RNase H folding/unfolding equilibrium. (a) A scanned
fluorescence image (18 µm × 18 µm) of RNase H immobilized on the cross-linked star PEG surface at 1.7
M GdmCl. (b) FRET histograms of individual RNase H molecules, evaluated from the scanned images.
RNase H on the cross-linked star PEG surface at various concentrations of GdmCl. (c) An example of a
scanned image (18 µm × 18 µm) of RNase H on physisorbed BSA at 2.3 M GdmCl. The heterogeneity of
the surface environment is evident: on the upper part of the image, molecules are preferentially folded,
whereas on the lower part, they are unfolded. 
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The free energies of RNase H bound to different surface coatings are plotted in different 
colors in Fig. 3.11 and fitted with straight lines according to Eq. 2.31. The extracted 
thermodynamic characteristics are listed in table 3.1. For comparison, the free energies 
of RNase H in solution are also plotted in Fig. 3.11 in black color. 
On the cross-linked star PEG surfaces, the folding/unfolding transition was very steep, 
with free energy values essentially the same as for RNase H in solution. This verifies 
the non-interacting nature of this coating with our model protein. 
In contrast, for the physisorbed BSA, the slope of the free energy profile is much lower, 
reflecting significant effects of this surface on the RNase H folding. A scanned image of 
RNase H measured at 2.3 M GdmCl is presented in Fig. 3.10c and demonstrates the 
heterogeneity of the physisorbed BSA surface on the micrometer scale. In one area of 
the image, RNase H molecules are mostly in their folded conformation, and in another 
area, the RNase H is preferentially unfolded. Chemisorption together with cross-linking 
considerably improved the properties of the protein-based surfaces. Nevertheless, the 
protein-based surfaces were still inferior to cross-linked star PEG (see parameters listed 
in table 3.1). 
Surprisingly, despite large variations of ∆GU-F (0) and mU-F between different surfaces, 
the midpoint of the transition does not change, as seen from Fig. 3.11 and table 3.1. 
Even more convincing evidence is presented in Fig. 3.12. Every preparation is 
represented by a point with x and y coordinates equal to ∆GU-F (0) and mU-F, 
respectively. All the surfaces and the solution practically fall on a straight line passing 
through the origin (intercept = 0.0 ± 1.3 kJ/(M’ mol)). The correlation coefficient of 
0.99 suggests that the probability of coincidence is extremely low (10-4). This linear 
correlation of G amd m values is a priori an unexpected finding and needs further 
attention. It will be picked up again in Discussion, section 4.1.2.1. 
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Figure 3.11: Fractions of folded ([F]) and unfolded ([U]) molecules and free energy difference between the
unfolded and folded states (∆GU-F) as functions of denaturant activity. RNase H was freely diffusing in the
solution (black circles) or immobilized onto the biocompatible surfaces: cross-linked star PEG (red
squares), physisorbed BSA (green triangles), chemisorbed/cross-linked BSA (blue triangles), chemisorbed
BSA covered with linear PEG 5000 (magenta triangles), and chemisorbed/cross-linked streptavidin (orange
diamonds). The data were fitted with lines. 
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3.4.2 Sizes of the folded and unfolded states 
Comparison of the single molecule FRET histograms measured at different GdmCl 
concentrations (Fig. 3.10) reveals that the average FRET efficiency value of the 
unfolded state gradually decreased upon adding GdmCl. In Fig. 3.13a, we plotted the 
average FRET efficiency values of the unfolded state for RNase H immobilized on 
different biocompatible surfaces. Additionally, we plotted the average FRET of the 
folded state (on the cross-linked PEG surface). In Fig. 3.13b, we plot the width of both 
the unfolded and folded distributions. Our data show no evidence for GdmCl-induced 
changes of the native state. However, the size of the unfolded state, inversely 
proportional to the FRET efficiency, clearly increases in a non-linear manner. At the 
same time, the observed width of the unfolded state decreases by a factor of ~2.8, 
implying faster averaging between different conformations within the denatured 
ensemble.  
The size of the unfolded state behaves identically on different surfaces. This shows that 
there is no interaction between the surfaces and the unfolded chain of RNase H. 
Therefore, the observed changes of the unfolded state are intrinsic properties of the 
protein. 
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Figure 3.12: Linear correlation between ∆GU-F (0) and mU-F values for RNase H in solution and on
different surfaces: cross-linked star PEG (xl-PEG), chemisorbed cross-linked BSA surface covered with
linear PEG 5000 (xl-BSA/PEG 5000), cross-linked BSA (xl-BSA) and streptavidin (xl-strept.), and
physisorbed BSA (phys. BSA). The linear fit of the data yielded a correlation coefficient of 0.99, an
intercept of 0.0 ± 1.3 kJ/(M’ mol), and a slope of –0.75 ± 0.05 1/M’, which corresponds to the average
midpoint Dm = 1.33 M’ (Cm = 1.62 M). 
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3.4.3 Reorientation times of the dyes attached to RNase H 
In order to interpret FRET efficiency values, we need to know how the dye dynamics 
alters the observed FRET efficiency. For this, we need to determine their rotational 
timescales. 
The dye mobility during their radiative lifetime can be measured by ensemble 
polarization spectroscopy. RNase H samples, labeled either with Alexa 546 or 
Alexa 647, were excited with linearly polarized light at 514 nm and 633 nm, 
respectively, and their fluorescence was detected at 570 nm and 670 nm, respectively. 
The polarization, P, was calculated from the emission intensities polarized parallel, IY, 
and perpendicular, IX, to the polarization of the excitation light, 

XY

XY

II
IIP

+
−

= .         (3.3) 

For Alexa 546, we found PF = 0.21, PU = 0.17, and for Alexa 647, PF = 0.37, PU = 0.27, 
where the subscripts F and U denote folded and unfolded conformations of RNase H, 
measured in buffer and 3.5 M GdmCl, respectively. The high polarization values, which 
decrease only slightly upon protein denaturation, indicate that dye reorientaion is much 
slower than the fluorescence lifetime, which is ~1 − 2 ns (46). This slow dynamics can 
arise from the interactions of the dye moieties with the polypeptide chain. 
To access the dye dynamics on the slower timescales, we performed single molecule 
measurements on immobilized RNase H. To separate dye motions with respect to the 
protein from rotations of the protein, RNase H was adsorbed directly onto a cleaned 
glass surface, which eliminates protein rotation as whole. We excited the samples with 
circular-polarized light at 532 nm and 633 nm for Alexa 546 and Alexa 647, 
respectively, and the collected fluorescence was split into 2 channels with orthogonal 
polarizations, X and Y. The single-molecule fluorescence time traces of immobilized 
RNase H were recorded with a time-bin resolution of 1 ms (Fig. 3.14). 
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Figure 3.13: The mean (a) and the width (b) of single-molecule FRET distributions. Black squares and
circles are the folded and unfolded populations, respectively, of RNase H immobilized on cross-linked PEG
surface. Gray triangles, open squares, and half-filled diamonds are average FRET values of unfolded
RNase H immobilized on cross-linked BSA, cross-linked BSA covered with linear PEG, and  cross-linked
streptavidin, respectively. 
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The polarization values were calculated according to Eq. 3.3 by averaging the 
fluorescence signals over the entire time traces before the photobleaching of the dyes. 
Only traces showing single-step bleaching were analyzed. Fig. 3.15a and b summarizes 
the histograms of the polarizations calculated from individual RNase H molecules at 
different solvent conditions. In buffer, for both Alexa 546 (Fig. 3.15a) and Alexa 647 
(Fig. 3.15b) labeled RNase H, we observe wide distributions of the polarization values, 
suggesting that the orientation of the dyes is not averaged even on the second time 
scale.  
In the case of unfolded RNase H (6 M GdmCl), the distributions collapse to the single 
value P = 0, indicating complete averaging of the dye orientations. At 1.7 M GdmCl, we 
see a superposition of the wide and narrow distributions, as expected for a mixture of 
the folded and unfolded molecules at this denaturant concentration. 
To determine the timescale of dye rotations in the unfolded state, we evaluated the auto- 
and cross-correlation functions of the X and Y polarized components of the emitted 
light. The data were recorded with 10 µs resolution, the unfolded molecules were 
selected by their polarization values P ≈ 0.0, and the individual correlation functions 
were averaged over 60 measured molecules to increase the statistical significance 
(Fig. 3.15c and d). Because rotation of dye dipoles in XY plane causes anticorrelated 
fluctuations of X and Y polarization components, one would expect a negative 
cross-correlation on timescales relevant to the rotations of the dyes (see section 2.2.7 for 
the details). However, we observed the opposite effect for both Alexa 546 and Alexa 
647. The cross-correlations were positive and, within the experimental error, similar to 
the auto-correlation functions. This suggests that the dye rotations are averaged faster 
than the fastest monitored time of the correlation functions, τ = 30 µs. The observed 
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Figure 3.14: Representative polarization time
traces from Alexa 546 attached to RNase H
absorbed onto bare glass. The sample was
excited by 532-nm circular-polarized laser light.
X and Y emission polarization components are
shown in black and gray colors, respectively.
(a) and (b) were recorded in buffer; (c) was
recorded in 1.7 M GdmCl. 
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positive auto- and cross-correlation signals are, therefore, a result of the intensity 
fluctuations of the dyes. 
To summarize, we found that reorientation of the dyes attached to folded RNase H 
molecules is slower than a few seconds. Therefore, the dyes’ orientation factor, κ2, is 
not averaged out (Eq. 1.5), and one cannot simply calculate the distance between the 
dyes from the FRET efficiency (Eq. 1.2 and 1.3). In the case of RNase H in the 
unfolded state, rotation of the dyes is slower than their radiative lifetime (~1 − 2 ns) but 
faster than 30 µs. Thus, for FRET measurement averaged over a longer time window, 
one can relate the FRET efficiency and the distance between dyes by averaging Eqs. 1.2 
and 1.3 over all possible orientation factors. This is explained in details in section 2.8.1. 

(d) (c) 

(a) (b) Alexa 546 Alexa 647 

Figure 3.15: Single-molecule polarization analysis of Alexa 546 (a, c) and Alexa 647 (b, d) bound to
RNase H. The protein was absorbed onto bare glass. (a) and (b) Polarization histograms of Alexa 546 and
Alexa 647, respectively, at different concentrations of GdmCl. (c) and (d) Auto-correlation (gray) and
cross-correlation (black) functions of Alexa 546 and Alexa 647, respectively, evaluated from the single-
molecule traces of unfolded RNase H (P ≈ 0.0) at 1.7 M GdmCl. 
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3.4.4 Rates of conformational changes 

3.4.4.1 Transitions between states 

To explore structural fluctuations of the protein, we measured single-molecule 
fluorescence traces of RNase H labeled with the FRET pair of dyes. The protein was 
immobilized on a cross-linked star PEG surface which, as we demonstrated above, does 
not interfere with the folding of RNase H. Fig. 3.16a shows examples of the traces 
recorded near the folding/unfolding midpoint, 1.7 M GdmCl. The upper frames display 
the donor and acceptor intensities, and the lower frames show traces of the calculated 
FRET efficiencies (Eq. 1.1). In nearly all traces, we observed sudden changes of FRET 
efficiencies, marked on the figure by blue dots. Under continuous illumination, the 
observation of FRET is limited by dye photobleaching (marked by red and green dots) 
to a few seconds. To extend the accessible time range by 2 orders of magnitude, we 
applied the technique of time-lapse excitation. The laser light was incident on the 
sample every 2 seconds for only a short period of time, 20 ms. Fig. 3.16b displays 
examples of traces recorded with this method. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.16: Representative single-molecule FRET traces of RNase H immobilized on cross-linked star
PEG at 1.7 M GdmCl. Green and red lines are donor and acceptor fluorescence intensities, respectively,
corrected for background, cross-talk, and different detection/quantum yields of the dyes. The evaluated
FRET efficiencies are plotted with blue lines. Blue, red, and green dots mark FRET jumps and bleaching
events of the acceptor and donor, respectively. The data were measured (a) under the continuous
illumination, and (b) with time-lapse excitation for 20 ms every 2 s. 

(a) 

(b) 
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First, we have analyzed FRET transitions from the traces measured under continuous 
illumination (Fig. 3.16a). Each of 529 observed transitions is depicted in Fig. 3.17a by a 
point with x and y coordinates corresponding to the FRET levels before and after the 
jump, respectively. We see that transitions are possible from nearly all initial to nearly 
all final FRET efficiencies. The density of the events increases towards the diagonal of 
our 2-D histogram, signifying that small jumps are more likely than large ones. 
However, the diagonal itself is empty because very small FRET changes (∆E < 0.05) 
could not be resolved owing to the noise of the single-molecule signals. The wide gray 
lines at E = 0.72 split the histogram into 4 segments consisting of U→U, F→F, U→F, 
and F→U transitions. For the transitions under the gray lines, such separation was 
impossible because of the overlap of the folded and unfolded distributions. We 
calculated the rates of the observed transitions as 

kij = Nij / ti,      (3.4) 
where i and j denote the initial and the final states, respectively; k and N are the rate and 
number of corresponding transitions, and t is the total time spent by molecules in a 
particular state. The measured rates as a function of the initial FRET efficiency are 
plotted in Fig. 3.17b. The rates of U→U and F→F transitions were virtually 
independent of the initial E, with mean values of ~0.4 and 0.1 s-1, respectively. 
The rates of the FRET jumps within the unfolded state at 1.7, 2.5 and 6 M GdmCl are 
plotted in Fig. 3.17c. The events become less frequent at more denaturing conditions. 
However, it is surprising that transitions were observed even in 6 M GdmCl, indicating 
that the unfolded state consists of multiple chain conformations separated by significant 
energy barriers. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) (b) 

(c) 

Figure 3.17: Statistics of FRET transitions. (a) 529 transitions detected at 1.7 M GdmCl are plotted as
points, with x and y coordinates corresponding to FRET levels before and after a transition, respectively.
The empty diagonal arises because small transitions are hidden in the noise of the measured signals. (b)
The rates of the transitions versus initial FRET. The white bars around E = 0.72 are within the overlap of
the folded and unfolded distributions. (c) Rates of the transitions within the unfolded state versus
denaturant concentration. 
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We cannot interpret F→F FRET transitions because the rotation of the dyes on folded 
RNase H is not averaged and, therefore, different E values can correspond to the same 
inter-dye distance but with different dye orientations, and vice versa. 
The average rates of folding and unfolding transitions, U→F and F→U, were ~0.04 s-1. 
However, these values should be taken with caution since the time window of the 
experiment of ~1 second is very small compared to the anticipated time between the 
events of tens of seconds. Furthermore, it is not possible to avoid misclassification of 
some U→U and F→F transitions as U→F and F→U transitions because of the 
distribution overlap. In this case, the rate of the more frequent U→U and F→F jumps 
will dominate the slow rate of the folding/unfolding. 
More accurate results for U→F and F→U transitions can be obtained with time-lapse 
illumination. In this method, we increase the observation time by 2 orders of magnitude 
and the fast transitions become averaged within a few 2-s time bins. With this approach, 
we calculated the unfolding and unfolding rates as kUF = NUF / tU = (1.1 ± 0.4) × 10-2 s-1 
and kFU = NFU / tF  = (0.8 ± 0.3) × 10-2 s-1, respectively. The apparent rate of the folding, 
kapp = kUF + kFU = (1.9 ± 0.5) × 10-2 s-1, is in excellent agreement with published values 
of ≈ 2 × 10-2 s-1 measured by ensemble CD (25) and tryptophan fluorescence (100) 
spectroscopies at 1.7 M GdmCl and 25 °C. 

3.4.4.2 Reconfiguration of the unfolded protein chain 

To examine protein dynamics on the sub-millisecond timescale, we cross-correlated the 
donor and the acceptor fluorescence from 249 unfolded RNase H molecules 
(0.22 < E < 0.72). The correlation functions were evaluated separately for each segment 
of a single-molecule trace between sudden FRET jumps. For statistical reasons, we 
included only fragments longer than 200 ms. The average cross-correlation function 
(Fig. 3.18a) shows a biphasic decay, and its negative amplitude indicates anti-correlated 
changes in donor and the acceptor signals due to FRET fluctuations. These fluctuations 
can reflect the dynamics of the polypeptide chain and the photodynamics of the dyes 
(blinking). To distinguish these effects, we calculated the correlation functions of the 
donor and acceptor fluorescence in the absence of FRET (Fig. 3.18b and c). For 
Alexa 546, the unfolded molecules were selected by their FRET efficiency 
0.22 < E < 0.72, and the auto-correlation functions were evaluated from the donor 
fluorescence after acceptor bleaching. For Alexa 647, the measurements were conducted 
at 2 M GdmCl where the vast majority of RNase H molecules are denatured and the 
acceptor was excited directly with 633 nm light. The auto-correlation functions of the 
dyes have similar amplitudes and decay with similar time constants (90 ± 10 µs for 
Alexa 546, and 250 ± 70 µs for Alexa 647). Moreover, the time scale of the dye 
intensity fluctuations resembles the second step of the cross-correlation function. Thus, 
this slow component arises from intrinsic fluctuations of the dye emission. 
We fit the cross-correlation function with a sum of 3 exponents. The decays of the first 
two were fixed at 90 and 250 µs to model the dye-dependent dynamics; their sum, 
shown by the dashed line in Fig. 3.18a, reproduced the slow step of the cross-
correlation. The time constant of the third exponent in the fit, describing fast 
polypeptide fluctuations, was 20 ± 5 µs. 
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3.4.5 Modeling dynamic heterogeneity of the unfolded state 

3.4.5.1 Data 

Fig. 3.19a shows a histogram of root-mean-square distances between the dyes, ra, and 
the respective radii of gyration, RG, calculated from single-molecule traces of RNase H 
at 1.7 M GdmCl. The average FRET efficiency values were converted to distances as 
described in section 2.8. The unfolded state was described by a Gaussian chain and we 
took into account that the dye rotations were slower than the rate of energy transfer but 
faster than the time binning of the experiment (see section 3.4.3). 
The observed distribution of the unfolded sub-population can be described well by a 
Gaussian function. It is much broader (standard deviation σ = 12 Å) than the native 
state ensemble and the expected distribution due to statistical uncertainties (σ = 2.6 Å), 
originating from the noise in the fluorescence signals and errors of the background, 
cross-talk and the detection correction factor, γ.  
The question arises whether the width of the unfolded state is determined by static or 
dynamic heterogeneity of the ensemble. In the case of static heterogeneity, molecules 
exhibit dissimilar behavior (i) due to variations in their microenvironment or (ii) if they 
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Figure 3.18: Average correlation functions of the unfolded RNase H at 1.7 M GdmCl, calculated from the
single-molecule traces. (a) Cross-correlation of the donor and the acceptor signal, averaged over 249
unfolded molecules (0.22 < E < 0.72) The solid line is 3-exponential fit. The slow step, shown with the
dashed line, was modeled by 2 exponents, with time constants fixed at 90 and 250 µs, the values obtained
in (b) and (c) for the dye photodynamics. The time constant of the fast decay was 20 ± 5 µs. (b) The
average auto-correlation function of the donor Alexa 546, measured after the bleaching of the acceptor.
Unfolded molecules were selected by FRET before the acceptor bleaching. The single exponential fit (solid
line) yielded a decay time of 90 ± 10 µs. (c) The auto-correlation decay of the acceptor Alexa 647
measured with 633-nm excitation at 2 M GdmCl, where RNase H is predominantly in the unfolded state.
The data were fitted with a single exponential with a time constant of 250 ± 70 µs. 
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are trapped in different conformations such that the interconversion is much slower than 
the time window of the experiment. By contrast, dynamic heterogeneity implies that 
every molecule fluctuates from one configuration to another, and can explore the full 
width of the conformational space during the data aquisition. 
To distinguish the two situations, we have compared the distribution of inter-dye 
distances in the unfolded state, P(ra), (Fig. 3.19a), with the distribution of distance 
changes in the observed FRET transitions, P(∆ra), (Fig. 3.19b).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.4.5.2 Model 

Let us consider an unfolded ensemble, which consists of many substates. The free 
energy of the ith state, Gi, is described by a parabolic function of the inter-dye distance, 
ri, 
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= ,                         (3.5) 

where rU = 〈ri〉  is the average size of the entire unfolded ensemble, σ is the width of the 
distribution, R denotes the gas constant, and T is the absolute temperature. According to 
Boltzmann’s law, the probability density to find a molecule in a particular state, P(ri), is 
proportional to exp(−Gi/RT), and therefore has a Gaussian shape (Fig. 3.19a), 
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The probability density to observe a transition from state i to state j is 

Figure 3.19: Dynamic heterogeneity of unfolded RNase H at 1.7 M GdmCl. (a) Distribution of the dye
separation, ra,  and radius of gyration, RG, calculated from single-molecule traces. The folded and unfolded
populations were fitted with a log-normal and a gaussian distribution. The gray Gaussian shows the
distribution expected from the statistical noise of the data. (b) The histogram of the size changes as
calculated from FRET transitions within the unfolded ensemble. The solid line is a fit to the model of the
unfolded state containing many substates. 
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( ) ( ) Uijiji TkrPrrP =→ ,            (3.7) 

where kij is the transition rate coefficient, and TU is the total time that the unfolded state 
was observed. We assume that the unfolded substates are separated by free energy 
barriers of a similar height so we can use an average value, ∆G. Furthermore, we 
assume that once a barrier is overcome, the molecule may settle down in any of the 
lower-energy states with equal probabilities. Consequently, we apply Arrhenius rate law 
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where Gij is the energy of the transition state between conformations i and j. The pre-
exponential factor, Aij, for simplicity, was assumed to be identical for all transitions. 
Now, we insert the average barrier height, ∆G, 
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and obtain the well-known Metropolis Monte Carlo rule (159), 
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Here, the pre-factor , B = A exp (− ∆G / RT), is constant for all transitions. Incorporation 
of this relation in Eq. 3.7 gives 
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Thus, the probability density to observe a transition with a given change, ∆r, is 

( ) ( ) ( )∫∫
∆

∝∆−→+∆+→=∆
σ22

erfc rdrrrrPdrrrrPrP iiiiii , (3.12) 

where erfc denotes the complementary error function. 

3.4.5.3 Results 

The fit of the P(∆ra) distribution with Eq. 3.12, plotted in Fig. 3.19b, results in 
σ   = 11 Å, which is close to σ  = 12 Å obtained for P(ra) in Fig. 3.19a. This signifies 
that the observed width of the unfolded population is dominated by dynamic 
heterogeneity of the denatured state and provides an additional prove that the 
immobilization on the cross-linked PEG surface does not interfere with the structural 
fluctuations of RNase H. 

3.4.6 Modeling the expansion of the unfolded state 

3.4.6.1 Data 

In Fig. 3.13a, we showed that higher concentrations of the denaturant GdmCl caused an 
expansion of the unfolded RNase H. To quantify the thermodynamics of this process, 
we modeled the expansion by an equilibrium shift between denatured conformations of 
different compactness. This equilibrium of substates within the unfolded state will 
influence the folding/unfolding equilibrium. Therefore, we performed a global fit of the 
mean FRET efficiency of the unfolded ensemble and the free-energy difference between 
the folded and unfolded populations, displayed in Fig. 3.20a.  
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3.4.6.2 Model 

Equilibrium within the unfolded ensemble 
To quantitatively describe the observed expansion of RNase H, we further developed 
the model proposed by Parker and Marqusee (Fig. 1.7b) (100, 101). The authors 
described properties of the unfolded substates as function of their cooperativity factors 
(m-values). For simplicity, they assumed that m-values of the unfolded substates, 
U1 ... UN, are homogeneously distributed among the cooperativity values from mU1 to 
mUN and the free energies of the unfolded states, GU1 ... GUN, are linearly coupled to their 
m-values (100, 101), 

( )
11 UUUU mmGG

ii
−−=− γ ,    (3.13) 

where Ui is the ith unfolded substate, and γ is a proportionality coefficient. Although, 
this can be considered as a first-order approximation to the problem, native-state 
hydrogen exchange experiments indeed revealed a linear correlation between the m-
values and free energies of the unfolded substates (100, 101). 
According to the corrected LEM (see section 2.7, Eqs. 2.31 and 2.32), the free energy of 
a state depends linearly on the denaturant activity, D, 

( ) ( ) DmGDG
iii UUU += 0 .           (3.14) 

In the parentheses, we specify the denaturant activity at which the free energy is 
measured. From Eqs. 3.13 and 3.14, it follows that 

( ) DD −= )0(γγ         (3.15) 
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(b) (a) 

Figure 3.20: Modeling the expansion of the unfolded state. (a) Global fit of the single molecule FRET data
with a continuum of unfolded states. The solid lines represent the fit using x

GqRm = , while the dashed lines
represent the fit using                             .    (b) Average FRET efficiency values and fit, converted to RG.
The broken line at 17.5 Å corresponds to the radius of gyration of folded RNase H (183). 
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γ(0) can also be interpreted as the midpoint of the transition within the unfolded state 
because, when D = γ(0), all the unfolded substates have the same free energy and, thus, 
are equally populated. 
The average (observed) FRET efficiency of the unfolded state, E , is given by 

∑ =
=

N

i UU ii
PEE

1
,         (3.17) 

where EUi is the FRET efficiency of the ith substate, and the probability to find an 
unfolded protein in the sub-state Ui, iUP , is given by 
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Here
1UUi

K is the equilibrium constant between the ith substate and the lowest unfolded 
substate, U1, which can be calculated from Boltzmann’s law, 
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Substituting Eq. 3.19 in Eq. 3.18, we can express 
iUP as a function of m. In the limit of 

an infinite number of homogeneously distributed unfolded states, the probability 
transforms to the probability density, P(m), and the sum over states turns to the integral 
over m, then  
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and Eq. 3.17 becomes 
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To evaluate E(m), we need to relate m to the distance between the dyes, which is related 
to the size of the protein. As we discussed in section 2.7, the cooperativity factor m is 
proportional to the protein surface area exposed to the solution (140, 142). The surface 
area of a solid sphere is proportional to the squared radius, i.e. m ∝ 2

GR . In general, we 
can write 

x
GqRm = ,             (3.22) 

where q and x are empirical proportionality coefficient and exponent, respectively. 
Many studies have pointed out that already a little increase in protein size as compared 
with the folded state is sufficient for solvent penetration, and hence, for a large increase 
in SASA (160-164). This would correspond to x < 1. 
Alternatively, this situation can be modeled by relating m and RG as follows, 

( )x
GGF F

RRqmm −=− ,          (3.23) 

where 
FGR  and mF denote the radius of gyration and the cooperativity for the folded 

state, respectively. Now, we can calculate E(m) by relating m to RG with Eqs. 3.22 or 
3.23, and RG to the inter-dye distance and FRET with Eqs. 2.41, 2.40 and 2.39 
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(Materials and methods, section 2.8). Finally, we fit our observed E  by numerical 
integration of Eq. 3.21.  
 
Effect of the expansion on the folding/unfolding equilibrium 
So far, we have considered only the equilibrium within the unfolded ensemble. Next, 
we evaluate the effect of the continuum of unfolded substates on the folding/unfolding 
equilibrium. We start with the equilibrium coefficient between the entire unfolded and 
the folded states, 
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Here, GF is the free energy of the folded state, which is also a linear function of the 
denaturant activity according to the corrected LEM, and thus 

( )DmmGGDGDG FUFUFU −+−=−
111

)0()0()()( ,    (3.25) 

where mF is the cooperativity of the folded state, which we assume to be described by 
the same dependency on the radius of gyration as for the unfolded states (Eq. 3.22 or 
3.23). In the limit of a large number of unfolded substates, N, homogeneously 
distributed between 

1Um and 
NUm , the sum of Eq. 3.24 becomes an integral over m and 

we obtain 
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The effective free energy of the total unfolded ensemble, GU, is given by Boltzmann’s 
law, 
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and, therefore, 
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with γ defined in Eq. 3.15. 
 

3.4.6.3 Results 

The global fit of the average FRET efficiency of the unfolded state and free energy 
difference between the folded and unfolded state (Fig. 3.20a) resulted in the following 
90% confidence intervals of the exponent, x: 0.3 < x < 1.5 for x

GqRm = , and 

0.2 < x < 1.2 for ( )x
GGF F

RRqmm −=− . The best-fit parameters and their 
interpretation are listed in table 3.2. The fits of the experimental data are presented in 
Fig. 3.20a, and the radius of gyration of the unfolded RNase H calculated from the 
FRET efficiency values is plotted in Fig. 3.20b. For both assumptions, x

GqRm =  and 
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( )x
GGF F

RRqmm −=− , the fitted parameters and curves are very similar. Interestingly, 
the size of the unfolded state in buffer is very small (~23 Å). It is closer to the size of 
the folded state (~18 Å) than to the size of the unfolded state in 6 M GdmCl (~38 Å) 
(Fig. 3.20b).  
 
 
 
Table 3.2: Parameters from the global fit of the folding/unfolding transition and the expansion of the 
unfolded state of RNase H measured by single-molecule FRET. 
 

Quantity Parameter x
GqRm =  

x
GG

F

F
RRq

mm
)( −=

=−  

Size of the folded state Å,
FGR  17.5* 

 
Size of the most compact 

unfolded state 
Å,

1UGR  24 ± 1 21 ± 3 

Size of the largest unfolded 
state 

Å,
NUGR  38.5 ± 0.5 40 ± 1 

Cooperativity of the transition 
between the folded and the first 

unfolded substate 

,
1 FU mm −  

kJ/(mol M’) 
−11.5 ± 0.5 −12 ± 1 

Cooperativity of the transition 
between the folded and the 
largest unfolded substate 

,FU mm
N

−  
kJ/(mol M’) 

−39 ± 2 −33 ± 3 

(a) Slope of G versus m in the 
absence of the denaturant 

(b) Midpoint of the transition 
within the unfolded ensemble 

γ(0), M’ 
 

1.45 ± 0.05 
(1.8 ± 0.1)** 

1.25 ± 0.25 
(1.5 ± 0.4)** 

Free energy difference between 
the most compact unfolded and 

the folded states in buffer 

( ) ),0(ln)0(
1 FU GNRTG −−  

kJ/mol 
14 ± 1 17 ± 1 

Free energy difference between 
the total unfolded and folded 

states in buffer 

),0()0( FU GG −  
kJ/mol 

20.5 ± 0.5 23 ± 1 

* fixed according to Ref. (183) 
** corresponding values of GdmCl concentration, M. 
 
 
 

3.5 Enzymatic function of RNase H on cross-linked PEG surfaces 

The FRET experiments under varying denaturant concentration can directly access the 
stability of the folded state only in the transition region, where both folded and  
unfolded states are populated. Furthermore, FRET is a measure of protein size rather 
than protein functionality. To prove that RNase H indeed folds in the unique native and 
functional structure, we tested the activity of RNase H immobilized on star PEG 
surfaces before and after denaturation. RNase H was labeled with Alexa 647 so that we 
can measure the density of immobilized proteins by their fluorescence intensity. The 
sample cell containing RNase H tethered to the star polymer surface was filled with a 
~20 nM solution of the RNA/DNA duplex (discussed in section 2.4.3.1). The DNA and 
DNA-RNA-DNA strands were labeled with the dye Cy3 and the quencher QSY, 
respectively, so that the fluorescence from the dye is quenched to approximately 95% 
when the duplex is formed. RNase H hydrolyzes the RNA strand and the duplex is no 
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longer stable. It therefore dissociates and the Cy3 fluorescence is recovered. The black 
line in Fig. 21a shows an exponential increase of the Cy3 fluorescence after adding the 
solution containing the duplex to the channel. The gray line is the experiment repeated 
on the same sample after RNase H was unfolded with 6 M GdmCl for 40 minutes and 
then refolded back to the native state. Because the concentration of RNase H molecules 
on the surface was very high (~1 molecule/(100 Å)2), refolding was performed by 
stepwise decrease of the GdmCl concentration in the buffer containing 1 M NaCl, 
0.1% Tween 20 and 20% glycerol in order to avoid an intermingling of the unfolded 
protein chains with each other. The steps were 6 M → 3 M → 2 M → 1.7 M → 1.5 M 
→ 1 M → 0 M GdmCl with incubation time of 10 minutes. Then, the sample was rinsed 
with buffer 0. After renaturation, the rate of the RNA hydrolysis, normalized to the 
amount of the protein on the surface, was 1.1 ± 0.1 of the rate before the unfolding. In 
control experiments without RNase H on the surface, no increase of the Cy3 
fluorescence was observed within at least 2 hours. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
To compare the activity on the surface with the activity in solution, the amount of the 
surface-immobilized proteins should be converted to the effective volume concentration 
of RNase H, cV , 

cV = (nL + nU) / (h NA).     (3.29) 
Here, nL and nU are surface densities of RNase H molecules on the lower (L) and upper 
(U) surfaces of the channel, h is the height of the channel (~90 µm) and NA is 

(a) (b) (c) 

Figure 3.21: RNase H activity at room temperature. The cleavage of RNA/DNA hetero-duplex is
monitored by an increase of Cy3 fluorescence. (a) Two-cysteine RNase H on the cross-linked star PEG
surface. Black lines – directly after immobilization onto the surface (effective solution concentration 0.39
µM). Gray lines – same sample after unfolding with 6 M GdmCl followed by the refolding into the buffer
(effective solution concentration 0.3 µM). The noisy and smooth lines are the experimental data and the
single-exponent fits to them, respectively. (b) RNase H in solution. Black lines – a two-cysteine mutant
(0.34 µM), gray lines – a single cysteine mutant (0.34 µM). (c) Calculated activities of RNase H on the
surface and in solution.
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Avogadro’s number. Fig. 3.21b shows the same type of the activity test performed with 
RNase H freely diffusing in solution with the concentration of RNase H similar to the 
effective volume concentration of RNase H on the surface in the previous experiment. 
Additionally, we measured the single-cysteine mutant of RNase H, which is published 
to have a 3.1-fold reduced activity compared to wild-type RNase H. Fig. 3.21c 
summarizes the activity constants, ka, determined as 

ka ≡ kc / KM = kapp / cV.     (3.30) 
Here, kc is the maximal turnover rate of the enzymatic reaction, KM is the Michaelis 
constant, kapp is the apparent rate of product formation (increase of the Cy3 
fluorescence), and cV is the volume concentration of the enzyme. The error bars of the 
surface measurements in Fig. 3.21c also include uncertainties in the conversion of the 
surface densities to volume concentrations. Our studies found that the functionality of 
RNase H is not affected by immobilization on the cross-linked star PEG surface.
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4 Discussion  

4.1 Biocompatible surfaces 

In single-molecule fluorescence studies, it is often required to immobilize investigated 
proteins in space to prolong the observation time of the molecule. Of utmost importance 
is to exclude all interfering interactions between the protein and the material whereon or 
wherein it is fixed so that the immobilized proteins exhibit the same behavior as 
proteins free in solution. Here, we examined two classes (protein- and PEG-based) of 
biocompatible coating for glass or quartz substrates, which also allow specific tethering 
of biomolecules via a biotin-streptavidin linkage. However, it should be straightforward 
to modify these surfaces for other immobilization techniques, e.g., coupling via His-tags 
incorporated in the protein sequence (54, 55).  

4.1.1 Surface architecture and resistance to protein adsorption 

4.1.1.1 Protein-based surfaces 

In contact with water, glass surfaces become charged due to the dissociation of terminal 
silanol groups, 

SiOH V SiO− + H+           (4.1) 
Therefore, the untreated glass surface is partially negatively charged, which causes 
strong adsorption of protein molecules with positive charges. This is especially true for 
RNase H since this protein is designed by nature to bind to negatively charged nucleic 
acids and has a pI value of 9.0 (88). One of the most often used techniques to overcome 
the problem of unspecific adsorption is to first passivate the glass surface with some 
other protein, e.g., BSA, and then to bind the protein of interest via a biotin-streptavidin 
linkage (69, 70). The presence of the protein layer close to the protein of interest is 
similar to the situation in a cell where the protein density is also very high. 
We studied glass surfaces passivated with layers of BSA or streptavidin. The proteins 
were absorbed physically (by electrostatic interactions) or chemically (by peptide 
bonds). Chemical binding was accompanied by the simultaneous cross-linking of the 
protein layer. We found that chemisorption with cross-linking radically improves the 
quality of the protein surfaces. For example, whereas both BSA and streptavidin 
chemisorbed/cross-linked surfaces resisted non-specific adsorption of RNase H, the 
average resistance of physisorbed BSA was 10 times less and, even worse, the surface 
quality strongly deviated from sample to sample. Furthermore, the physisorbed 
streptavidin did not resist unspecific adsorption of RNase H at all. 
The poor performance of the physisorbed surfaces reflects the weak nature of the 
electrostatic interactions involved. Streptavidin is virtually uncharged at neutral pH and 
therefore it is only weakly attracted to the glass surface. This explains why physisorbed 
streptavidin could not cover the glass surface sufficiently to prevent unspecific 
adsorption of RNase H. 
BSA has a pI of 4.7 and thus, at pH 7.4, which is used in our experiments, it is 
negatively charged. Therefore, it seems surprising that BSA binds to the negatively 
charged glass. However, it was previously observed that some proteins indeed readily 
adsorb to surfaces of the same charge (165-168). Bernabeu and Caprani proposed that 
this is possible due to co-adsorption of buffer cations to the surface (165). Zhou et al. 
also found that positively charged carbonic anhydrase adsorbs to positively charged 
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surfaces (168). They calculated the distribution of protein charges and identified a small 
negatively charged pattern on the protein surface, which can be responsible for 
attraction to the positive charges. This may also apply to BSA. First, the charges are 
non-uniformly distributed along the primary sequence of BSA. The first two domains 
are heavily negative with net charges of –10 and –8, respectively, whereas the third 
domain has a zero net charge (169). Second, serum albumin adopts different 
conformations in solution depending on pH ranging from compact to very extended 
structures (170). Close to the negatively charged surface, there is an excess of protons, 
i.e. the pH at the surface is lower than in solution. This will not only reduce the overall 
negative charge of BSA molecules approaching the glass but also will cause BSA to 
assume a flexible, extended conformation with its positive charges directed towards the 
glass surface. Additionally, some specific interactions can play a role in the adhesion of 
BSA to glass. For example, by measuring the pull-off forces, Wang et al. found that 
BSA interacts significantly stronger with OH-terminated than with other (–NH2, –
COOH, –CH3) surfaces (171). Such OH groups are present on the glass surface as non-
dissociated silanol groups (Eq. 4.1). 
It is interesting to compare and correlate the resistance to unspecific adsorption with the 
surface topography measured by atomic force microscopy (AFM) (172). It was found 
that streptavidin physisorbed onto glass surfaces forms patchy layers with a height 
difference of ~30 Å. This is similar to the size of a streptavidin molecule and in 
agreement with the observation of poor resistance to unspecific adsorption of RNase H. 
It is likely that this corresponds to the sample containing monolayers of streptavidin as 
well as areas of bare glass. By contrast, physisorbed BSA forms rough multilayers with 
average height fluctuations of ~700 Å. However, sample-to-sample variations were also 
very large, which correlates with the sample-to-sample variations of the resistance to 
unspecific protein adsorption. 
In contrast to physisorbed proteins, chemisorbed and cross-linked BSA and streptavidin 
on amino-silanized glass formed very smooth and reproducible films with roughnesses 
of ~20 Å (172). This again coincides with the high resistance of the chemisorbed 
surfaces to unspecific adsorption of RNase H. The paradox of why the negatively 
charged BSA does not attract positively charged RNase H, is likely a consequence of a 
different conformation of BSA on the surface, which results in a different pI value of 
the protein. Moreover, in case of chemisorption, negative groups of BSA should point 
primarily towards the positively charged underlying amino-layer. 
Although the chemisorbed/cross-linked protein surfaces show excellent homogeneity, 
complete coverage and exemplary resistance to unspecific adsorption of RNase H, the 
application of these surfaces for immobilization of an arbitrary protein is limited. For 
instance, we found that eqFP611 is strongly adsorbed by the chemisorbed/cross-linked 
BSA surface. Reasons for this can include the electrostatic attraction, and/or 
hydrophobic or specific interactions between the proteins. 

4.1.1.2 PEG-based surfaces 

Opposite to the protein-based surfaces, we found that linear PEG 5000 and cross-linked 
star PEG layers do not absorb either of the probe proteins. We also proved the 
resistance of the cross-linked star PEG surfaces to adsorption of streptavidin and avidin 
(136). These results concur with multiple studies showing that various materials with 
PEG coated onto the surface resist unspecific protein adsorption (72-77). The molecular 
mechanism of unspecific protein adsorption and how using biocompatible surfaces 
avoids it has been the subject of numerous theoretical and experimental investigations 
(72, 76, 78-82, 173). In general, minimally interacting biocompatible surfaces show 
hydrophilicity and electrical neutrality, and should provide hydrogen-bond acceptors 
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but not donors (72, 174). Indeed, this list of properties describes the chemical properties 
of PEG. 
However, we found that our surfaces prepared from PEG 2000 cannot prevent 
unspecific adsorption of RNase H. For this surface, areas in which protein adsorption 
was completely eliminated coexisted with areas in which protein binding was not 
prevented at all. One can argue that incomplete surface coverage may account for this. 
Therefore, we tried to increase (up to the solubility limit of the polymer) and to reduce 
the concentration of PEG used for binding to the surface in order to study the effect of 
concentration on the surface quality. We also increased the temperature of the reaction 
of PEG to the surface to 37 °C. However, under all conditions investigated, PEG 2000 
coated surfaces did not prevent unspecific protein adsorption. 
The surface resistance to unspecific protein adsorption to PEG-based surfaces also 
correlates with the topography of the surfaces measured by AFM (136, 172). 
Cross-linked PEG and PEG 5000 coated surfaces were extremely smooth, with 
root-mean-square roughness on the order of 10 Å (136, 172). In contrast, PEG 2000 
surfaces showed micrometer-sized structures. These structure were very smooth areas 
but had a large height difference between them (172). This was observed for films 
prepared from 10% w/v PEG solutions but for higher concentrations (100% w/v), PEG 
2000 layers were uniform and smooth (roughness ~10 Å). 
The difference between PEG 5000 and PEG 2000 can be explained in terms of the 
grafting density and the structure of the hydrated PEG chains on the surface. Due to 
excluded volume effects, hydrated PEG chains in solution stay in the form of isolated 
coils until they are forced to overlap by high concentrations of the polymer (77). The 
critical concentration, Ccrit, where this overlap occurs can be determined from the radius 
of gyration of PEG molecules, RG, (77), 

3
3

4
GA

m
crit RN

M
C

π⋅
= .            (4.2) 

Here, NA is Avogadro’s number, and the radius of gyration can be evaluated from the 
molecular mass of PEG, Mm (175), 

RG = 0.215 Mm 0.583.           (4.3) 
Therefore, for PEG 5000, RG = 30 Å, and Ccrit = 6.5% w/v, while for PEG 2000, 
RG = 18 Å and Ccrit = 13% w/v (172). Thus, at the standard concentrations used in our 
experiments, 10% w/v, PEG 5000 chains overlap in solution and adsorb on the surface 
as a homogeneous monolayer. However, at 10% w/v, the majority of PEG 2000 
molecules do not interact with each other, and only a small fraction of them overlaps. 
Thus, upon adsorption, it forms areas of different grafting density, and, therefore, of 
different height of PEG layer. However, the question remains why, even at high 
concentrations, PEG 2000 cannot prevent unspecific adsorption of RNase H. Despite a 
common assumption that ethylene glycol segments repel proteins (73, 74, 80, 176), a 
growing number of experimental studies show evidence of protein binding to PEG 
(177-182). Protein adhesion to PEG layers was found to be dependent on the particular 
protein, PEG molecular weight, grafting density, temperature, and PEG conformation, 
which can be altered by protein binding (180-182). In particular, Xu and Marchant 
studied the protein-binding resistance of PEG 2000 in different conformations 
corresponding to varying grafting densities (from low to high): pancakes, overlapping 
mushrooms, and dense brushes (181). They found that adsorption of plasma proteins 
onto the surface increased at higher concentrations of PEG 2000. Besides the higher 
PEG-protein attraction at higher PEG concentrations, it was proposed that brush-like 
PEG are less resistant to protein adsorption than mushroom-like PEG due to entropic 
reasons (74, 76, 176). Specifically, the entropic barrier to penetrate between brushes and 
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to adsorb on the glass is much less than the entropic barrier to penetrate through 
intermingled mushrooms, where it is additionally required to expel solvation water 
molecules.  
Therefore, we explain the low resistance of PEG 2000 to protein adsorption in our 
experiments as follows. At very low concentrations of PEG 2000, there are large surface 
areas that are not sufficiently covered by polymer molecules to prevent protein 
adsorption. At intermediate concentrations, PEG 2000 coexists in 2 conformations: 
mushroom-like and brush-like, the latter of which is less resistant to protein adsorption. 
At high grafting densities, PEG 2000 forms only brush-like structures, which are also 
less resistant to protein adsorption.  
In contrast, PEG 5000 completely covers the surface with only a homogeneous and very 
resistant layer of mushroom-like structure (75). This is because Ccrit for PEG 5000 is 
2 times lower than for PEG 2000. From the factor of 2.5 in their molecular mass, 
5 times less polymer molecules are required to cover the surface completely in the case 
of PEG 5000. Moreover, Sofia et al. showed that increasing the PEG concentration in 
solution above its Ccrit concentration will not lead to an increase of PEG bound to the 
surface (77). 
In the case of cross-linked PEG surfaces, there is no way for the protein to penetrate 
between the PEG chains, which results in its excellent resistance to protein adsorption. 

4.1.2 Protein structure on surfaces 

4.1.2.1 Protein-based surfaces 

For all protein-based surfaces, we found that the immobilized RNase H retained its 
folded structure, as visualized by FRET, and that denaturation of the protein with 
GdmCl was reversible. However, detailed analysis showed that, when tethered to the 
physisorbed BSA layer, a non-negligible fraction of RNase H molecules did not refold 
properly after the unfolding. Furthermore, the slope of the free energy difference 
between the unfolded and the folded state versus denaturant concentration/activity was 
markedly different from the slope measured with RNase H in solution.  
The slope of the free energy versus denaturant concentration/activity, the so-called 
cooperativity factor mU-F, was shown to be a linear function of the protein surface area 
exposed to the solution, i.e. the protein size, with only small random variations from 
protein to protein (140, 142). That is to say, the change of the cooperativity value 
usually indicates significant perturbation of the protein structure. These considerations, 
however, are applicable only to a homogeneous ensemble of protein molecules.  
In Fig. 3.12, we showed that for the different surfaces studied here, the decrease of the 
m-value resulted in a correlated decrease of the apparent protein stability, ∆GU-F (0), so 
that the midpoint of the folding/unfolding transition was conserved. This is an unlikely 
coincidence and indicates that we observe ensembles of molecules whose energetics are 
distributed (with different widths) around the same average values in all cases, 
specifically, around the stability and the cooperativity of the protein in solution. In this 
case, the majority of the molecules will unfold the same as in solution, at around 
1.7 M GdmCl, but, due to variations of the environment, some will unfold at lower and 
some at higher concentrations of GdmCl. This results in a broadening of the observed 
folding/unfolding transition and therefore in a decrease of the apparent mU-F and the 
extrapolated ∆GU-F (0) value. 
The largest difference from the solution m-value was observed for molecules on the 
physisorbed BSA surface. Indeed, variations in the BSA-film thickness would lead to 
very different environmental conditions for each molecule. Furthermore, the addition of 
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GdmCl also removes a large part of the BSA layer (Fig. 3.4), causing even more 
heterogeneity of the environment of the tethered RNase H than in the buffer conditions. 
Chemisorption/cross-linking of BSA or streptavidin onto the glass surfaces resulted in 
smoother, more reproducible and more stable protein layers. Therefore, less 
surface-induced heterogeneity is expected. Indeed, the free energy slope for the 
cross-linked protein surfaces approaches the slope for the solution measurements. 
In the case of the cross-linked streptavidin, small deviations from the solution 
parameters can be attributed to the very close proximity of RNase H to the surface. 
Regarding BSA, we propose that even though the cross-linking prevents complete 
unfolding of BSA by the surface and GdmCl, due to the high density of the BSA on the 
surface, there is a small possibility that unfolded RNase H will interact with a partially 
unfolded chain of BSA.  
To further prove that the deviation between the free energy slopes of RNase H in 
solution and on cross-linked protein surfaces is caused by the occasional surface-protein 
interactions rather than by strong systematic interactions changing size of RNase H, we 
compared the average FRET efficiency values of the unfolded state of RNase H 
immobilized on different surfaces. We found that the FRET efficiencies, and thus the 
size, of the unfolded RNase H are virtually indistinguishable for molecules on the cross-
linked protein surfaces and on cross-linked star PEG surface, which has the same slope 
of the free energy as in solution. Furthermore, the FRET values of the unfolded state 
can be converted to the radii of gyration, which yields RG ≈ 38 Å at 6 M GdmCl in 
agreement with 36 Å measured for RNase H by small-angle X-ray scattering (183) and 
with RG of other proteins of a similar size (184).  
In summary, we have shown that the chemisorbed/cross-linked protein-based surfaces 
provide homogeneous, slightly-interacting support for the immobilization of RNase H. 
Nevertheless, cross-linked BSA surfaces cause strong unspecific adsorption of the red 
fluorescent protein, eqFP611. Furthermore, we demonstrated that the interaction 
between chemisorbed BSA and eqFP611 results in partial unfolding of the fluorescent 
protein despite the known high stability of fluorescent proteins owing to their β-barrel 
structure. 
Although the majority of eqFP611 on the BSA surface was still fluorescent, and thus 
functional, for single molecule experiments we demand that the surface would show 
minimal-possible interaction with the protein under study. That is not the case for 
protein microarray technology, where protein-based surfaces are exploited due to their 
low cost and easy fabrication on glass substrates compatible with regular equipment 
(61-65).   MacBeath and co-wokers (61) have even proved that surfaces with covalently 
bound BSA could be stored for 2 months under vacuum conditions. However, before 
use, even freshly prepared substrates have to be passivated with an additional layer of 
physisorbed BSA, which can be disadvantageous for some applications, and certainly 
not acceptable for single molecule experiments. 

4.1.2.2 PEG 5000 

From the high resistance to unspecific adsorption and flat and homogeneous coverage, it 
would seem as though PEG 5000 coated surfaces are an excellent choice for single-
molecule experiments on immobilized proteins. To our surprise, however, we found that 
a large fraction of RNase H molecules irreversibly unfolds when immobilized on linear 
PEG 5000 surface.  
We propose that RNase H, once permanently linked to the surface, can eventually 
penetrate through the flexible PEG mushrooms to bind onto the underlying aminosilane 
layer, which stabilizes the unfolded state due to strong charge interactions. This is 
possible due to the low grafting density of large PEG chains on the surface. A similar 
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situation was described by Satulovsky et al. (76). The authors showed that polymer 
coatings, which are not attracted to the underlying surface (in our case PEG chains are 
not attracted to the charged amino layer), exhibit strong kinetic prevention to unspecific 
protein adsorption but they allow proteins to penetrate through the coating on long time 
scales. 
When PEG 5000 was bound not to amino-silane but to the cross-linked BSA surface, no 
unfolding of the surface-immobilized RNase H was observed. This is because of the 
fact that the underlying cross-linked BSA surface is itself resistant to unspecific 
adsorption and preserves the native state of RNase H. Moreover, we found that the 
presence of high PEG concentrations in solution does not induce the unfolding of 
RNase H. 
These results strongly advocate that in the case of linear PEG 5000 surfaces, unfolding 
of RNase H is caused by the underlying charged layer of amino groups rather than by 
PEG itself. However, we found that the red fluorescent protein, eqFP611, which has a 
similar size to RNase H and also is attracted to amino-silanized glasses, remains 
properly folded on the linear PEG 5000 surface. Furthermore, Schenk et al. showed that 
the flickering rates of eqFP611 are identical for the protein immobilized on the 
PEG 5000 surface and in solution (122). It is evident that the grafting density of PEG is 
not the only factor that determines whether a particular protein can penetrate through 
the PEG layer and then unfold on the surface. 
The main difference between RNase H and eqFP611 is the stability of the native 
structure. The structure of EqFP611 is a rigid β-barrel, which protects the chromophore 
from solution. The stiffness of the barrel was confirmed by molecular dynamics 
simulations (185). RNase H is an enzyme and, as such, should be able to fluctuate 
between several conformations in order to perform its function. We suggest that during 
one of these fluctuations, the flexible PEG chains are able to penetrate and bind into the 
protein interior, replacing some intra-protein interactions. The energy gained by the 
interactions between intermingled PEG and protein chains will compensate the entropic 
penalty for the protein to go inside the mushroom-like PEG and, subsequently, adsorb 
onto the underlying amino layer. 
The mechanism of PEG-protein interactions is still not completely understood. 
Kokufuta and co-workers studied the formation of complexes from proteins and PEG in 
aqueous solutions (179, 186, 187). Because the formation of complexes was strongly 
pH dependent, the authors proposed that protein-PEG binding is caused by hydrogen 
bonding. For pepsin, which has 59 acidic residues and only 5 basic groups, the 
complexes were observed at pH 3 but not at pH 4.5. For human serum albumin (HSA), 
which has 116 acidic and 100 basic groups, the complexes were detected at pH 3 and 
pH 8, but not at pH 5 (179, 186, 187). Therefore, at low pH, the ether groups of PEG 
could form hydrogen bonds with the protonated (uncharged) carboxylic acid and 
phenolic OH groups of the proteins (Fig. 4.1a). At high pH, hydrogen bonding is likely 
to be between deprotonated (uncharged) basic protein groups and PEG ethers 
(Fig. 4.1b). 
Alternatively, from studies on protein thermal stability in PEG solutions, Lee and Lee 
proposed that PEG chains interact with hydrophobic regions and avoid charged residues 
(188). They observed a decrease in the unfolding temperature for 4 different proteins in 
the presence of poly(ethylene glycol), which correlated with the average hydrophobicity 
of a protein. Additionally, they found that the destabilization caused by high molecular 
weight PEG 4000 was significantly less than for shorter PEG chains. This was 
rationalized that for long PEG chains it is more difficult to interact with the 
hydrophobic regions and simultaneously avoid charged groups on the protein surface. 
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Even though the details of PEG-protein interactions require further investigations, we 
propose that these interactions can be exaggerated when a protein is forced into close 
proximity to the dense PEG layer upon surface immobilization. Apparently, extensive 
cross-linking of PEG chains overcomes both of the problems which we met with 
RNase H on the linear PEG 5000 surface: penetration through the PEG layer to the 
underlying substrate and intermingling between PEG and protein chains. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4.1.2.3 Cross-linked PEG 

Our cross-linked star PEG surface fulfilled all the criteria required for a biocompatible 
surface. The surface preparation yields a reproducibly smooth and homogeneous 
coating. It exhibits excellent resistivity to unspecific protein adsorption, and both of the 
probe proteins remained properly folded when immobilized on the surface. 
We demonstrated that the unfolding of RNase H on star PEG surfaces is completely 
reversible. Even after 50 denaturation/renaturation cycles, the vast majority of RNase H 
molecules returned to their native conformation. It is necessary to emphasize here that 
fast renaturation of proteins can be a problematic procedure. This is due to the fact that 
since the unfolded protein coil is not soluble in buffer, it will tend to aggregate with 
other unfolded molecules before it has time to refold (29, 30). In case of single-
molecule experiments, insoluble globules might interact with the surface coverage itself. 
However, this interaction is evidently prevented on the cross-linked star PEG surfaces. 
Our experiments also showed that the free energy profiles of the folding are practically 
identical for RNase H in solution and on cross-linked PEG. Moreover, the kinetics of 
folding/unfolding measured on single immobilized RNase H proteins was found to be in 
agreement with previously published data for RNase H in solution (25, 100). 
Finally, we confirmed that the folded state of the immobilized RNase H enzyme 
maintains full activity compared with native RNase H in solution. Furthermore, to our 
knowledge, we demonstrated for the first time that an immobilized enzyme completely 
recovers its functionality after following denaturation-renaturation.  To date, only a few 
coatings were proven to retain complete activity of the enzymes immobilized on a flat 
surface. One example is sulfotransferase bound via a His-tag to multi-armed PEG 

(a) 

(b) 

Figure 4.1: Hydrogen bonds between HSA and PEG.
(a) Bonding at pH 3. (b) Bonding at pH 8. Figures
adopted from Ref. (179). 

COOH

O

O

O

protein

O

O

O

NH2protein



 76

molecules grafted on silicon chips (189). Tampé and coworkers confirmed unperturbed 
activity of the 20S proteasome docked at chelator lipid membranes on mica (190). 
However, this approach cannot be directly used to study slow enzymatic or folding 
reactions at the single-molecule level because of lipid diffusion in the plane of the fluid 
membrane. 
So far, it has been published that the best surfaces for single-molecule fluorescence 
studies of enzymes have been chemisorbed streptavidin (57, 191) and biotinylated glass 
surfaces covered with streptavidin and additionally passivated with BSA (192). 
However, these papers provided qualitative rather than quantitative verification of the 
enzymatic activity on the surfaces. Furthermore, the detailed analysis presented in our 
work shows that, in general, protein-based surfaces are inferior to our cross-linked PEG 
surfaces on many levels. 
To conclude, the cross-linked, star-shaped PEG coating presented here is a protein 
biocompatible surface, which was specially designed for the fluorescence single-
molecule experiments.  No significant difference between the properties of the proteins 
immobilized on this surface and the proteins in solution was detected. Thus, this surface 
is an excellent platform to study intrinsic heterogeneity and complexity of protein 
folding or enzymatic reactions. 

4.2 Single-molecule conformational dynamics of RNase H under 
denaturing conditions 

4.2.1 Expansion of the unfolded state 
The key advantage of single-molecule FRET analysis is that we directly resolve 
different protein sub-populations rather than model the changes in an observed 
ensemble-averaged signal. Therefore, we can monitor changes within each 
sub-population (folded or unfolded) caused by a change in conditions. Here, we 
observed a pronounced decrease of the average FRET efficiency of the unfolded 
RNase H sub-population with increasing GdmCl concentration, indicating a significant 
expansion of the polypeptide coil. Moreover, the size difference between the folded 
(RG ~ 18 Å (183)) and the compact unfolded (RG ~ 23 Å) states was less than the 
difference between the compact unfolded and expanded unfolded (RG ~ 38 Å) 
conformations. Our results agree qualitatively with the theoretical predictions of Alonso 
and Dill based on the competition between hydrophobic effects and conformational 
entropy (193). They concluded that, at neutral pH, the radius of the unfolded protein is 
much smaller than for a non-interacting random coil, and strongly dependent on the 
average hydrophobicity of the protein and the length of the protein sequence. For 
example, for a 100-amino-acid protein, the volume increase upon denaturation relative 
to the native state was 2-fold and 8-fold, for average hydrophobicities of 0.46 and 0.38, 
respectively. An increase of GdmCl concentration to 6 M caused an additional 2-fold 
swelling of the protein volume. 
A similar expansion of the unfolded state was also observed in single-molecule studies 
on the cold shock protein CspTm (43) and, to lesser extent, the chymotrypsin inhibitor 2 
(42). In all 3 examples, the size changes were most pronounced near the 
folding/unfolding transition region. Apparently, the unfolded chain binds more and 
more guanidinium ions up to a saturation level. From the statistical theory of Alonso 
and Dill (193) follows that there exists a continuum of unfolded states, and that the free 
energy of the more expanded configurations is preferentially lowered by interactions 
with guanidinium. 



 77

It is generally believed that denatured RNase H has 2 distinct unfolded states (a compact 
intermediate and a loose unfolded states) (26, 104, 194, 195). However, careful analysis 
of the native-state hydrogen exchange data by Parker and Marqusee confirmed their 
hypothesis of a continuum of unfolded states (100, 101). Moreover, Parker and 
Marqusee observed a linear correlation between the free energies of the unfolded states 
and their cooperativities (101). 
For quantitative analysis of the expansion of the unfolded state observed in our 
experiments, we have to relate the cooperativity m-values with the protein size. 
Myers et al. compared 45 different proteins and found a linear correlation between the 
change of the solvent accessible surface area of the proteins and their m-values (140). 
Surface areas of the folded conformations were calculated directly from X-ray 
structures of the proteins and surface areas of the unfolded states were computed based 
on the protein sequences. This linear relationship is expected because, according to 
definition, the m-value is a derivative of the free energy versus denaturant 
concentration/activity, and guanidinium promotes protein unfolding by changing free 
energy of exposed protein backbone and side-chains. Multiple theoretical studies 
address the relationship between m-values and SASA in more detail, e.g., by including 
preferential interactions or excluded volume effects (141-143). Presuming that 
cooperativity m-values are proportional to SASA, the question reduces to how to relate 
the solvent accessible area and the protein size in a particular state. For proteins that can 
be represented by a sphere, 2

GRSASAm ∝∝ . With this approximation we would expect 
that, upon unfolding from RG ~ 18 Å to RG ~ 38 Å (the dimensions of folded and 
unfolded RNase H), the protein surface area increases by a factor of ~4.5. This is in 
contradiction to the current view that the accessible area increases between 2 and 3 
times upon unfolding (162). The upper boundary was obtained by Monte Carlo 
simulations of peptides with atoms treated as hard spheres and the lower boundary was 
calculated from fragments of proteins with known structure (162). Therefore, it would 
be more accurate to assume x

GRm ∝ , with an exponent x < 2. 
It has been discussed that only a small increase in protein size compared to the folded 
state is needed to cause solvent penetration into the protein interior, leading to a large 
increase of the solvent accessible area of the protein backbone and side chains (160, 
161, 163, 164). For example, molecular dynamics simulations of thermal denaturation 
of barnase showed that the accessible surface area increased nearly twice within the first 
70 ps whereas the radius of gyration increased from ~14 Å to only ~15 Å during the 
same time (160). Similarly, SAXS measurements on cytochrome c revealed that 
addition of imidazole resulted in only a 1 Å swelling of the folded protein (from ~14 Å 
to ~15 Å, whereas the radius of gyration of the unfolded protein is ~ 30 Å) but the 
cooperativity of unfolding decreased by a factor of 1.6 (163). For apomyoglobin, the 
molten globule state is only 2 Å larger than the folded state (~22 Å versus ~20 Å) and 
7 Å smaller than the acid unfolded state (~29 Å). However, the heat capacity change 
upon unfolding, which is also proportional to the difference in the accessible surface 
areas, for the molten globule is 2 times less than for the folded state (161, 196). 
Summing up these observations, we suggest that x

GGF F
RRmm )( −∝− , with x < 1, 

would be a more relevant approximation for the relationship between the cooperativity 
parameter and the size. 
Because the changes in the unfolded state influence the folding/unfolding equilibrium, 
we performed a global fit of the expansion of the unfolded RNase H and the free energy 
differences between the folded and unfolded conformations with the continuum model. 
In agreement with our expectations, we found 0.3 < x < 1.5 using x

GRm ∝ , and 
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0.2 < x < 1.2 using x
GGF F

RRmm )( −∝−  (90% confidence intervals). With both 
assumptions, the fits were very similar, indicating an insensitivity of the experimental 
data to the exact functional dependence m(RG), provided that the main features are 
adequately described.  
We compare our thermodynamical parameters for RNase H expansion with the data of 
Parker and Marqusee from the stopped-flow folding of RNase H* monitored by 
tryptophan fluorescence (100). The cooperativity values of the unfolded states are very 
similar in both works (Table 4.1). However, our data revealed steeper slopes of the free 
energies within the unfolded state and smaller difference between the most compact 
unfolded and the folded state (Table 4.1). 
 
 
 
Table 4.1: Comparison of thermodynamic parameters characterizing the continuum of the unfolded states 
of RNase H. The data were obtained from single-molecule FRET measurements (this work) and from 
stopped-flow folding experiments (100). 
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The extrapolated free energy profiles of the unfolded states from our and Parker and 
Marqusee’s studies are compared in Fig. 4.2a. The difference in the slopes is 
compensated by the difference in the free energy offsets, such that the profiles cross 
each other and the difference between the profiles is small. Therefore, we conclude that 
we and Parker and Marqusee have measured the same process even though completely 
different methods were used. We presume that the discrepancy in the extracted 
parameters (table 4.2) is caused by a difference in the sensitivity ranges of the different 
techniques. The stopped-flow and native state hydrogen exchange, employed by Parker 
and Marqusee, are sensitive at low denaturant concentrations, below the 
folding/unfolding transition midpoint. Hence, they reflect properties of the low-energy 
part of the unfolded ensemble. With the single-molecule FRET experiments performed 
in this work, we could characterize the unfolded state only when it was significantly 
populated, that is, near and above the folding/unfolding midpoint. Consequently, our 
measurements are more sensitive to higher-energy, extended unfolded conformations, 
which are especially repressed at native and weakly denaturing conditions, and may 
have a steeper dependence of G versus m. This is described schematically in Fig. 4.2b. 
To conclude, the linear dependence of G(m) can be considered only as a first-order 
approximation, and higher-order, non-linear terms are important to describe behavior of 
the unfolded ensemble in the wide range of GdmCl concentration.  
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4.2.2 Structural heterogeneity of the unfolded state 
Interestingly, the expansion of the denatured RNase H was accompanied by a narrowing 
of the measured distributions of the unfolded conformations. The apparent width 
decreased by a factor of 2.8 from 1.5 to 6 M GdmCl. This evidences the heterogeneous 
nature of the unfolded ensemble, which averages out at higher denaturant 
concentrations. Careful analysis of the single-molecule traces recorded at 1.7 M GdmCl 
showed that, on the 100-ms timescale, the distribution of sizes of the unfolded RNase H 
is 4.6 times broader than the expected scattering due to the overall noise of the 
measured signals (12 Å vesrus 2.6 Å). From the same traces, we could observe that the 
protein indeed fluctuates between multiple unfolded conformations. 
Analogous transitions between multiple unfolded states were recently observed with 
single-molecule FRET of adenylate kinase (27). The time scale of the transitions for 
adenalyte kinase was distributed from times below the resolution of the experiment 
(<10 ms) to seconds (27). In contrast, for RNase H, we could detect only sudden 
changes of the FRET efficiency within the statistical noise. 
Unfortunately, transitions with only small changes of FRET could not be resolved due 
to the noise of the fluorescence signal. We developed a statistical test, which allowed us 
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Figure 4.2: Free energy profile of the unfolded state continuum for RNase H. (a) Free energies of
unfolded states in buffer are plotted against their cooperativity values. The most compact and the
most extended denatured conformations are marked by symbols.  The gray line with squares and
the black line with diamonds show our data from fitting the expansion of the unfolded state with
assumptions                and                                     , respectively. The broken black line with circles
represents the data obtained from fitting the folding kinetics measured with intrinsic fluorescence
by Parker and Marqusee (100). (b) Nonlinear profile of the unfolded continuum. The states
populated at different concentrations of guanidinium are shown with gray ellipses. For the free
energy profile in buffer (upper panel), the states occupied at low denaturant concentrations have a
smaller slope of the free energy versus the cooperativity parameter than the higher energy states,
which will be occupied at higher denaturant concentrations. 
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to evaluate the probability that the observed FRET changes are due to the 
conformational changes of the protein and not due to random fluctuations of the 
detected signal. For the analysis, we used a confidence level of 99%. The resolved 
transitions were spread over all possible FRET efficiency values, indicating a high 
diversity in the folding/unfolding pathways. However, small changes occurred more 
frequently than large jumps. This observation is similar to single-molecule 
measurements on adenylate kinase (27).  
We found that the rate of the FRET transitions was relatively constant within the 
unfolded state and increased at its limits at high and low FRET efficiency values. 
Therefore, the barrier height does not vary significantly between the populated unfolded 
conformations. With this observation and presuming that once a barrier is overcome, the 
protein can adopt any unfolded conformation with lower energy, we showed that the 
measured width of the unfolded state quantitatively correlates with the distribution of 
the transitions. Therefore, the width of the denatured ensemble is determined by the 
existence of multiple unfolded substates, which is an intrinsic property of RNase H and 
not a surface-induced effect. 
We also observed FRET changes in the folded state of RNase H. However, the 
orientations of the dyes attached to the folded RNase H were not completely averaged 
out on the second timescale. Therefore, FRET changes can result from fluctuating 
orientations of the dyes rather than changes of the protein conformation. As a result, we 
cannot quantitatively analyze the detected transitions within the folded state. 

4.2.3 Origin of the structure in the unfolded state 
Surprisingly, we observed transitions within the unfolded state even at 6 M GdmCl. The 
transition timescale of a few seconds is 2 orders magnitude faster than the rate of the 
folding, and at least 2 orders of magnitude slower than the formation of secondary 
structure and re-equilibration within the unfolded continuum, as shown to occur within 
the dead time of stopped-flow experiments (~10 ms) (26, 100). 
A possible source of slow conformational changes in proteins is isomerization of 
prolines. However, the observed transitions appear to be too fast for proline cis-trans 
isomerization. Measurements on dipeptides containing a proline residue revealed that 
the isomerization rate decreases with increasing size of the second residue (197), so that 
the isomerization in a protein chain is slower than in a dipeptide. Taking the 
isomerization rate of Val-Pro at neutral pH and 22.5 °C, and multiplying it by 5 (our 
RNase H contains 5 prolines) we obtain a rate of 0.0125 s-1, which is tens times slower 
than the observed rate of FRET transitions. Unlike E. coli RNase H*, the folding of 
T. thermophilus RNase H* has two phases, the slowest believed to be influenced by 
proline isomerization (194). The rate of the slowest phase was 0.0047 s-1; again, much 
slower than the rate of the observed FRET transitions. Other proteins such as Barstar, 
chymotrypsin inhibitor 2 and SNase show proline cis-trans isomerization kinetics of 
0.016 s-1 (198), 0.024 s-1 (199) and 0.0015 s-1 (200), respectively, 1 − 2 orders of 
magnitude slower than the transitions observed in this work. It is unlikely that the rate 
of proline isomerization can increase tens times under denaturing conditions since it 
was observed to be independent of denaturant concentrations (198, 200, 201).  
Therefore, the observed FRET transitions provide evidence of the presence of residual 
non-random structure in the unfolded state even at high GdmCl concentrations. Until 
recently, proteins under high concentrations of denaturant were frequently considered as 
polypeptide “random coil” models (184). However, Fitzkee and Rose recently 
calculated for 33 different proteins that if 8% of the residues were disordered whereas 
the other 92% were fixed in the native structure, the protein end-to-end distance and the 
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radius of gyration were practically indistinguishable from the values obtained 
experimentally or with the random coil model (155). In particular, for RNase H with 
only 13 flexible residues, the authors evaluated RG ~ 39 Å with both models, in 
excellent agreement with the value of 38 Å measured in our single-molecule FRET 
experiments. 
In recent years, a growing body of studies reported detection of residual structure in 
“completely” unfolded proteins. Possible mechanisms causing pre-organization of the 
protein chain include long-range hydrophobic clustering (39, 109, 110, 113, 202-205) 
and local arrangement of the residues imposed by sterical or dipole interactions (203, 
206-211). Apparently, the unfolded proteins have a stronger bias towards the native 
state than it was previously assumed, which can be of high importance for in vivo 
protein synthesis, for example by preventing the aggregation with other proteins.  

4.2.4 Folding free energy landscape under denaturing conditions 
From the FRET transitions, we can calculate the free energy barriers separating the 
resolved unfolded substates and the barrier between the unfolded and folded ensembles 
can be calculated. The Kramers equation in the spatial-diffusion limit (i.e. high friction) 
can be used for such calculations (43), 
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Here, τ is the timescale of the conformational changes; ωmin and ωmax are angular 
frequencies describing the curvatures of the free energy profile along the reaction 
coordinate in the parabolic well of the initial state and at the top of the barrier, 
respectively. ∆G is the barrier height, and 2

min0 / ωτ mDRT=  is the reconfiguration time 
of the unfolded protein, where D and m represent the reconfiguration diffusion 
coefficient and the mass, respectively. For simplicity, this equation assumes that the 
diffusion coefficient is constant and we take the curvatures ωmin and ωmax to be equal, 
which has been supported by lattice (212) and off-lattice (213) protein models. 
The reconfiguration time, τ0, of the unfolded protein chain can be estimated from the 
fast fluctuations of the FRET efficiency. The single-molecule cross-correlation 
functions from individual unfolded RNase H molecules showed a decay in 2 steps. 
However, the slow, ~100-µs, component was present in the correlation functions of the 
dyes in the absence of FRET, and, therefore, originates from intrinsic fluctuations of the 
dye emission. Such slow emission dynamics was also observed in single-molecule 
studies on cyanine dyes (214, 215). For Alexa dyes, slow intensity fluctuations were 
recently hypothesized by Schuler et al. to explain the large width of the observed FRET 
distributions from the dyes attached to rigid polyproline molecules (43). In contrast, the 
fast decay of the correlation functions with a time constant of 20 µs was present only in 
our FRET experiments. Therefore, this can be attributed to the conformational 
fluctuations of the protein. For other unfolded proteins such as the fatty acid binding 
protein, the cold shock protein CspTm and cytochrome c, the reconfiguration times were 
also reprorted in a similar range, 1 − 40 µs (216-219). 
With τ0 = 20 µs and τUU = 1/kUU = 2.5 s for transitions within the unfolded ensemble at 
1.7 M GdmCl, we obtain the average free energy barrier between the unfolded substates 
∆GUU ≈ 24 kJ/mol (~10 RT). Similarly, using τUF = 1/kUF = 90 s at 1.7 M GdmCl, we 
evaluate the free energy for the folding ∆GUF ≈ 33 kJ/mol (~13 RT). 
Alternatively, we can estimate the upper limit of the reconfiguration time from the 
diffusion limits of the Gaussian chain (43, 220): 
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Here, re is the end-to-end distance, and D is the protein end-to-end diffusion coefficient. 
From measurements on random polypeptides, D ≈ 17 Å2/ns (220). With real proteins, 
we expect a smaller diffusion coefficient because of residual long-range interactions.  
For RNase H denatured by 6 M GdmCl, we found RG ≈ 38 Å, which corresponds to 
re = 6 RG ≈ 93 Å and, therefore, τ0 > 170 ns. At 1.7 M GdmCl, the unfolded state is 
more compact, i.e., re is smaller. However, due to an increased number of contacts 
between residues, friction also increases, resulting in a decrease of the end-to-end 
diffusion coefficient. With the estimate of τ0 > 170 ns, we obtain the upper limit of 
∆GUU < 33 kJ/mol (~13 RT) and ∆GUF < 45 kJ/mol (~18 RT). 
To summarize the results of our investigations of the folding of RNase H, Fig. 4.3a 
presents a schematic free energy landscape of RNase H folding. Two spatial 
coordinates, Q1 and Q2, have been introduced to describe the protein motions on 
different timescales. Transitions between unfolded conformations occur along the Q1 
coordinate, their slow rate is determined by significant free energy barriers, 
∆GUU ≈ 24 kJ/mol (Fig. 4.3b). Folding occurs along the Q2 axis, with a barrier 
separating the unfolded ensemble from the native state, ∆GUF ≈ 33 kJ/mol (Fig. 4.3c). 
This barrier can be approached by unfolded molecules on a sub-millisecond timescale, 
as was shown in fast-mixing experiments (25, 26, 98, 100). Therefore, the cross-section 
along the Q2 coordinate is relatively smooth and barrierless (Fig. 4.3c); this corresponds 
to spontaneous collapse of unfolded chain. The distribution of FRET efficiency values 
of transitions (Fig. 3.17) showed that folding occurs from many different unfolded 
substates, as we presented in Fig. 4.3. If folding were possible only from one particular 
unfolded conformation, this would require structural reorganization between unfolded 
substates along the Q1 coordinate until this particular state is found. This reorganization 
is more difficult (i.e., slower) in buffer than in 1.7 M GdmCl due to compaction and 
lower hydrophobic solvation of unfolded substates, which contradicts to the fast folding 
rate of ~1 s-1 measured in buffer (25, 26).  
Clearly, the presented scheme captures only the main features of the free energy 
landscape. With our single-molecule experiments, we resolved only the first level of the 
hierarchical organization of the residual structure in the unfolded ensemble. A closer, 
more detailed examination will undoubtedly reveal that the folded and the unfolded 
substates consist of a large number of conformational states separated by lower barriers, 
and that these conformational states, in turn, can be further divided in substates (13, 14, 
221-224). 
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4.3 Exploration of folding energy landscape by single-molecule 
spectroscopy 

The very first single-molecule folding experiments were published in 1997. Unfolding 
and refolding trajectories of a giant muscle protein titin were obtained by stretching and 
relaxation of individual molecules by forces applied with an AFM tip (225) or laser 
tweezers (226). Since then, these methods, especially AFM, have provided a wealth of 
information on protein unfolding and refolding pathways. However, both approaches 
are generally applied for folding/unfolding experiments on multi domain proteins (17, 
227-229) or on chemically connected chains of small molecules (230, 231). Unfolding 
experiments on individual membrane proteins, bacteriorhodopsin and halorhodopsin, 
have been reported by Müller and coworkers (232-236). A pioneering work, showing 
single-molecule unfolding and refolding of a membrane protein, sodium-proton 
antiporter, was published by the same group in 2004 (237). It was mentioned by the 
authors that although unfolding of membrane proteins by mechanical force may not be 

(a) (b) 

(c) 

Figure 4.3: Schematic presentation of the RNase H folding free energy landscape. (a) Free energy surface
as a function of two structural coordinates Q1 and Q2, which describe conformation of the protein.
(b) Cross-section along Q1 shows high barriers between the unfolded substates resulting in conformational
transitions on the second timescale. (c) Cross-section along Q2 shows the barrier between the folded and
unfolded state. 
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physiological, single-molecule AFM provides important information about energy 
barriers stabilizing protein conformations (237). 
Single-molecule FRET microscopy, utilized in this thesis, allows investigation of 
folding free energy landscape on the level of individual protein units. Moreover, 
fluctuations between different conformational states can be studied at dynamic 
equilibrium. The discussion will further focus on this highly sensitive method. 

4.3.1 Past (… −  2000) 
First applications of single-molecule fluorescence microscopy to study dynamics of 
biomolecules were demonstrated in 1995. At a video rate of 1/30 s-1, groups of Kinosita 
and Yanagida observed sliding of actin filaments along meromyosin (238) and 
individual ATP-turnovers by single myosin molecules (239), respectively. The first 
paper addressing protein folding by single-molecule FRET microscopy appeared in 
1999 from a collaboration between groups of Hochstrasser and DeGrado (52). A 
modified GSN-4 peptide was labeled with fluorescent dyes and cross-linked to produce 
a dimer with a FRET donor and acceptor on different strands. The construct was 
adsorbed via charge interactions on an aminosilanized glass surface. Transitions 
between folded coiled-coil and unfolded forms of the dipeptide were observed as a 
function of added denaturant, urea. A subsequent publication by the same groups 
provided a quantitative analysis of conformational fluctuations of the peptide and 
showed that folding occurs on a similar time scale in single-molecule experiments on 
the surface and ensemble measurements in solution (53). However, it was also found 
that peptide molecules interact with the aminosilanized surface, which was visible as an 
additional slow decay in the correlation functions and improper shape of the 
distributions of the inter-dye distances (53). 
The power of single-molecule spectroscopy to study protein folding was demonstrated 
by Deniz et al. in 2000 (42). FRET efficiency histograms at different GdmCl 
concentrations were measured from a small protein, chymotrypsin inhibitor 2, freely 
diffusing in solution. The histograms revealed clearly that separated peaks of folded and 
unfolded molecules coexisted near the midpoint of folding/unfolding transition. The 
authors observed that the average FRET efficiency of the unfolded state decreases upon 
addition of denaturant and calculated free energy profiles of folding from distribution of 
FRET efficiency values. However, without statistical analysis and control over dye 
properties, this was only a demonstration of new possibilities offered by 
single-molecule detection (43). 

4.3.2 From 2001 to 2005 
In 2002, Schuler et al. published an analysis of single-molecule FRET efficiency 
distributions from freely diffusing cold-shock protein CspTm (43). In addition, the 
authors measured FRET efficiency distributions from polyproline peptides with sizes 
similar to sizes of folded and unfolded CspTm molecules. Polyproline helices provided 
a rigid spacer between dyes and, thus, allowed to separate effects of the dyes and 
conformational dynamics of CspTm molecules. This control experiment made the paper 
a real breakthrough in single-molecule folding studies. Although the distribution of 
FRET efficiency values in the unfolded state of CspTm was very wide (similar to the 
work of Deniz et al. (42)), the same wide distributions were observed for polyproline 
molecules. Careful analysis revealed that the fluctuations of the end-to-end distances in 
the unfolded protein should be faster than 200 µs, otherwise the FRET distributions for 
the unfolded protein would be detectably larger than for the polyproline (43, 240). 
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Substituting limits on the reconfiguration time of the unfolded protein in Kramers 
equation (Eq. 4.4), the authors calculated limits on the free energy barrier between 
folded and unfolded protein conformations. The second important finding of this paper 
was significant expansion of the unfolded protein upon addition of denaturant. Because 
the largest effect was observed at the midpoint of folding/unfolding transition, this 
phenomenon could so far escape detection with conventional ensemble techniques. 
Characterization of the unfolded state with equilibrium single-molecule FRET 
microscopy is limited to denaturant concentrations at which this state is significantly 
populated. In 2003, the same group measured folding kinetics of CspTm by coupling 
single-molecule confocal detection system with a microfabricated laminar-flow mixer 
(44). A GdmCl solution with denatured molecules was mixed with buffer and pumped 
through a channel of the mixer. By varying the distance between the mixing region and 
the detection in the channel, it was possible to measure FRET efficiency histograms 
from molecules in solution at different times after refolding was initiated. The authors 
demonstrated that collapse of the unfolded state at low denaturant concentrations 
precedes protein folding and is faster than the dead time of their device, < 50 ms. In 
contrast to ensemble measurements, this was a direct observation rather than modeling 
of the relaxation kinetics.  
Observation of individual molecules in solution is constrained to the time that it takes 
the molecule to diffuse through a detection volume, < 1ms. In 2003, Haran and 
coworkers reported their studies of folding/unfolding conformational changes of 
adenylate kinase encapsulated within surface-bound lipid vesicles (27).  The size of 
vesicles was large enough to let the protein freely diffuse inside but small compared 
with the detection volume of a confocal microscope. In contrast to the above-mentioned 
chymotrypsin inhibitor 2 and CspTm, equilibrium and kinetic folding/unfolding of 
adenylate kinase deviates from a two-state model and at least one intermediate state was 
expected (see references in (27)). Single-molecule FRET efficiency distributions of 
adenylate kinase revealed two distinct populations, “folded” and “unfolded”, but both of 
the conformations changed their properties upon addition of denaturant. Moreover, 
single-molecule fluorescence time traces showed transitions between nearly all possible 
initial and final FRET efficiency values. This was a clear indication of multiple 
conformations comprising “folded” and “unfolded” ensembles and demonstrated 
heterogeneity of the folding pathways. In 2004, the same group in collaboration with 
Schuler published similar measurements of CspTm, which displayed a simple two-state 
behavior (60).  
During the period discussed in this section, 2001 − 2005, we have developed a novel 
surface preparation which allows immobilization of protein molecules without 
interfering with protein folding and function (tested on RNase H and eqFP611). We 
utilized this surface to study folding free energy landscape of RNase H. Single-molecule 
FRET efficiency histograms showed that conformational space of RNase H molecules 
consists of two, a folded and an unfolded, states with a free energy barrier between 
them. As for other proteins studied by single-molecule FRET spectroscopy, we 
observed that the unfolded state of RNase H expands upon addition of denaturant. This 
expansion is most pronounced near the folding/unfolding midpoint. We have developed 
a quantitative thermodynamic model of the process, which allows analysis of free 
energy profile of the continuum of unfolded conformations.   
Similar to observations on adenylate kinase (27), our single-molecule fluorescence time 
traces revealed that unfolded RNase H molecules fluctuate between many different 
substates on the second time scale. We have developed a statistical analysis for 
automatic extraction of significant FRET transitions from noisy single-molecule traces. 
This allowed us to increase the number of analyzed events by one order of magnitude as 
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compared with the work of Haran and coworkers (27). Unlike in the case of adenylate 
kinase, the existence of multiple unfolded substates with a lifetime on the order of 1 
second was not expected for RNase H.  This can be explained by the presence of some 
residual structure in unfolded molecules even at the highest possible denaturant 
concentrations, which escaped detection by ensemble techniques due to the enormous 
heterogeneity of unfolded ensemble. We have also measured correlation functions of 
individual unfolded RNase H molecules and extracted reconfiguration time of 20 µs, in 
agreement with data from other proteins (216-219). Applying Kramers’ theory as 
suggested by Schuler et al. (43), we calculated free energy barriers between unfolded 
substates, and between unfolded and folded ensembles. Finally, we have introduced a 
two-dimensional scheme of the folding free energy landscape of RNase H, which brings 
together ensemble and single-molecule data. 

4.3.3 Outlook 
The progress of the last five years promises that the single-molecule approach in 
combination with theory will improve our understanding of protein folding considerably 
(37, 241, 242). Statistical analysis of single-molecule data should be further developed. 
For example, higher order correlation functions provide information on non-Markovian 
protein dynamics (57). A major limitation of single-molecule FRET experiments is dye 
photobleaching and photodynamics and a finite range of Förster distances, ~50 − 80 Å, 
available for sufficiently bright dyes. Development of novel dyes (243) and new 
spectroscopic ideas (244) are, therefore, required. 
It is important to perform systematic studies of model proteins with selected properties, 
e.g. to compare “two-state folders” and proteins with intermediate states, or pure 
α-helical and β-sheet proteins and proteins with mixed αβ fold. With the help of protein 
engineering, one can introduce fluorescent labels at different positions in the protein 
sequence and investigate folding pathways and interactions of particular parts of a 
protein. For instance, it would be especially interesting to clarify what forms a residual 
structure in unfolded RNase H molecules. Combination of fast-mixing devices and 
protein immobilization on biocompatible surfaces will allow the investigation of long, 
non-equilibrium folding trajectories from individual molecules. Undoubtedly, joined 
single-molecule fluorescence and force microscopy will be a powerful tool to study 
protein conformational space and intra-molecular interactions (245). These directions 
are currently under development in our lab. 
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Summary 

The heterogeneity of individual trajectories of a protein adopting its native 
conformation from the myriad of denatured states can be studied by single-molecule 
spectroscopy. However, to study timescales longer than a few milliseconds, the protein 
has to be fixed in space, for example by immobilization on a surface. The delicate 
structure of proteins requires surface coatings which neither interfere with the energetics 
of the folding nor introduce additional, surface-induced heterogeneities. In this work, 
we characterize and compare several surfaces devised for single molecule fluorescence 
experiments for their biocompatibility and employ the best of the designed surfaces to 
investigate the complex folding landscape of the Ribonuclease H (RNase H) protein. 
Our studies were focused on two classes of biocompatible surfaces, based on coating 
with proteins and poly(ethylene glycols) (PEGs). In the first case, the glass surface was 
passivated with bovine serum albumin (BSA) or streptavidin protein molecules. We 
adsorbed these proteins by either physical (electrostatic) interactions or by chemical 
bonding and concurrent cross-linking (via peptide bonds). In the second case, the 
studied PEG coatings were either monolayers of linear PEG chains with molecular 
masses of 2000 and 5000 or films of cross-linked star-shaped PEG molecules with a 
molecular mass of 12000. In both cases, proteins of interest could then be tethered to the 
surfaces via a biotin-streptavidin linkage. The protein conformations were studied by 
fluorescence resonance energy transfer (FRET) spectroscopy. 
For physisorbed protein layers, we found that (i) they were irreproducible from sample-
to-sample, (ii) on average, they showed poor resistance to unspecific protein adsorption 
(by interactions other than the biotin-streptavidin coupling), (iii) they were unstable in 
the presence of guanidinium chloride (GdmCl), the denaturant solution used to study 
protein folding and (iv) the folding free energy profile of RNase H was altered for the 
immobilized molecules compared to RNase H freely diffusing in solution. 
Chemisorption and cross-linking of the protein layers on the surface radically improved 
the performance and reproducibility of the protein-based coatings. They exhibited 
excellent resistance to unspecific adsorption of RNase H, and, moreover, the 
immobilized RNase H could be reversibly unfolded and folded by GdmCl. Only small 
deviations compared to RNase H in solution were detected for the protein stability and 
cooperativity of the folding process. However, the application of protein-based surfaces 
to study an arbitrary protein is limited because of the uncontrollable protein-protein 
interactions. For example, we found that fluorescent protein eqFP611 is strongly 
attracted to the chemisorbed/cross-linked BSA surface, which results in partial loss of 
its intrinsic fluorescence. 
Both linear PEG 5000 and cross-linked star PEG resisted unspecific adsorption of the 
proteins of interest. However, for the shorter linear PEG 2000, there were coexisting 
micrometer-sized areas with both low and high resistance. We rationalize this by the 
different architectures of linear PEG on the surface, existing either as highly resistant 
mushroom-like structure or as low resistant, more densely grafted, brush-like structure. 
Furthermore, specific immobilization of RNase H on PEG 5000 resulted in irreversible 
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protein unfolding whereas eqFP611 seemed to be unperturbed on this surface. The 
unfolding of RNase H can be explained by the interplay of two effects: (i) intermingling 
of the PEG and polypeptide chains following structural fluctuations of the protein, and 
(ii) once it is fixed in close proximity to the surface, the protein can occasionally 
penetrate between the flexible PEG chains and bind and unfold onto the underlying 
charged surface. The cross-linking of PEG chains solves both of these problems. 
Denaturation/renaturation of RNase H on the cross-linked star PEG surface was 
completely reversible. There were no differences in the free energies of the folded and 
unfolded states for RNase H on this surface compared to the protein in solution and the 
folding and unfolding rates of immobilized RNase H were identical with the published 
data for RNase H freely diffusing in solution. Moreover, the enzymatic activity of 
RNase H on this surface was identical to its activity in solution and completely 
recovered after protein denaturation with 6 M GdmCl and renaturation in buffer. The 
fluorescence properties of eqFP611 were also unperturbed upon immobilization on this 
surface. Therefore, the cross-linked star PEG surface is the optimum platform for 
single-molecule studies on immobilized proteins, and all of the following results were 
obtained using this surface. 
Careful analysis of the single-molecule data revealed that, in contrast to the folded state, 
the average radius of gyration of unfolded RNase H molecules increases with increasing 
GdmCl concentration. The most pronounced expansion was observed near the midpoint 
of the folding/unfolding transition, while at stronger denaturing conditions the size 
changes were much smaller. Apparently, upon increasing the GdmCl concentration, the 
unfolded polypeptide chain binds more Gdm+ ions up to a saturation point. We modeled 
our data as a shift of the equilibrium within a continuum of unfolded states and obtained 
various thermodynamic parameters such as their free energies and cooperativity values. 
The fluorescence time traces recorded from individual RNase H molecules showed that 
unfolded RNase H molecules fluctuate between many conformations on the second 
timescale. Therefore, these substates are separated by large free energy barriers. The 
transitions were spread over all possible initial and final FRET efficiency values, 
indicating a high diversity in the folding pathways. However, smaller changes occur 
more frequently than larger ones. The existence of long-lived unfolded structures 
resulted in a significant width of the FRET efficiency distribution of the unfolded state. 
We developed a model that connects the distribution of the transition magnitudes with 
the observed width of the unfolded state. With this model, we proved quantitatively that 
the width of the unfolded state is determined by multiple substates and is not a surface-
induced artifact. 
The increase of GdmCl concentration was accompanied by a narrowing of the unfolded 
distribution, implying greater averaging between the unfolded substates. However, the 
transitions between unfolded substates were still observed even at highest-possible 
GdmCl concentration, 6 M. The existence of structure in RNase H under such strong 
denaturing conditions is the most intriguing finding of this work. We suggest that it is 
determined by hydrophobic clustering and local arrangement of the residues due to 
steric and dipole-dipole interactions. 
From the cross-correlation functions of the donor and acceptor emission measured on 
individual molecules, we found that the reconfiguration time of unfolded RNase H 
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chains is ~20 µs (at 1.7 M GdmCl). Applying Kramer’s theory, which relates the 
reconfiguration time and the free energy barriers with the rate of the barrier crossing, we 
evaluated the average height of the barriers between the unfolded substates to be 
~24 kJ/mol and the barrier from the unfolded to the folded ensemble to be ~33 kJ/mol 
(at 1.7 M GdmCl). 
Finally, we present a two-dimensional scheme of the free energy landscape. The first 
spatial coordinate, Q1, describes transitions between the unfolded substates, separated 
by barriers. The other reaction coordinate, Q2, describes protein folding. The folded 
state is separated from the unfolded ensemble by a larger barrier, which can be 
approached from the unfolded states by smooth valleys along the Q2 coordinate.  
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Zusammenfassung 
Die Vielfalt von individuellen Trajektorien eines Proteins, das den Weg zu seiner 
nativen Konformation aus der Myriade von denaturierten Zuständen sucht, kann man 
mittels Einzelmolekülspektroskopie untersuchen. Um jedoch das Protein länger als 
einige Millisekunden untersuchen zu können, muss das Protein räumlich fixiert werden, 
zum Beispiel durch Immobilisierung auf einer Oberfläche. Die feine Struktur der 
Proteine verlangt Oberflächenbeschichtungen, die weder die Energielandschaft der 
Faltung beeinflussen noch oberflächenbedingte Artefakte verursachen. Wir 
charakterisieren und vergleichen in dieser Studie mehrere Oberflächen, die für die 
Fluoreszenzspektroskopie an einzelnen Molekülen entwickelt wurden, und wenden die 
optimale Oberfläche zur Untersuchung der komplexen Landschaft der Proteinfaltung 
der Ribonuklease H (RNase H) an. 
Unsere Untersuchungen wurden auf zwei Klassen von biokompatiblen Oberflächen 
gerichtet – proteinbeschichtete und Poly(Ethylen-Glykole)(PEG)-beschichtete. Im 
ersten Fall war die Glasoberfläche mit Rinder Serum Albumin (bovine serum albumin, 
BSA) oder Streptavidinmolekülen beschichtet. Wir adsorbierten diese Proteine 
entweder durch physikalische (elektrostatische) Wechselwirkungen oder durch 
chemische Bindungen und Quervernetzung durch Peptidbrücken. Im zweiten Fall waren 
die benutzten PEG-Oberflächen entweder Monoschichten von linearen PEG-Ketten mit 
einem Molekulargewicht von 2000 und 5000 oder Schichten von querververnetzten, 
sternförmigen PEG-Molekülen mit einem Molekulargewicht von 12000. In beiden 
Fällen konnten die zu untersuchenden Proteine durch eine Biotin-Streptavidin-Bindung 
auf einer Oberfläche immobilisiert werden. Die Proteinkonformationen wurden dann 
mittels Fluoreszenz-Resonanz-Energie-Transfer (FRET) untersucht. 
Wir fanden, dass die physisorbierten Proteinoberflächen (i) nicht reproduzierbare 
Ergebnisse lieferten, (ii) im Schnitt nicht resistent gegen unspezifische 
Proteinadsorption sind, (iii) instabil in Präsenz von Guanidinium Chlorid (GdmCl) 
waren, einer Denaturierungslösung, die in Untersuchungen von Proteinfaltung benutzt 
wird, und (iv) die Energielandschaft der Proteinfaltung beeinflussten, so dass die auf der 
Oberfläche immobilisierten RNase H Moleküle im Vergleich zu den in der Lösung frei 
diffundierenden Molekülen andere Eigenschaften aufwiesen. Chemisorption und 
Quervernetzung der Proteinschichten auf der Oberfläche verbesserten die Leistung und 
Reproduzierbarkeit der Proteinoberflächen erheblich, die nun resistent gegen 
unspezifische Adsorption waren. Außerdem ließ sich RNase H auf solchen Oberflächen 
durch GdmCl reversibel entfalten und falten. Proteinstabilität und Kooperativität der 
Faltung zeigte nur kleine Abweichungen zu den Eigenschaften von RNase H in der 
Lösung. Jedoch ist die Anwendung der proteinbasierten Oberflächen in den 
Untersuchungen beliebiger Proteine wegen unkontrollierbarer Protein-Protein-
Interaktionen begrenzt. Wir fanden zum Beispiel, dass das Fluoreszenzprotein eqFP611 
stark zu der chemisorbierenden / quervernetzten BSA-Oberfläche angezogen wird, was 
einen Teilverlust der intrinsischen Fluoreszenz zur Folge hat. 
Die beiden PEG-Formen – lineares PEG 5000 und querverntztes, sternförmiges PEG – 
waren resistent gegen unspezifische Adsorption bei den zu untersuchenden Proteinen, 
obwohl es bei der kürzeren, linearen Form PEG 2000 Mikrometerbereiche mit hoher 
und niedriger Resistenz gab. Wir erklären dies durch unterschiedliche Architekturen 
von linearer PEG auf der Oberfläche; entweder eine hochresistente pilzförmige 
Architektur oder eine niedrigresistente, dichtere, bürstenförmige Architektur. Außerdem 
hatte spezifische Immobilisierung von RNase H auf PEG 5000 irreversible 
Proteinentfaltung zur Folge, wobei eqFP611 auf dieser Oberfläche nicht gestört wurde. 
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Die RNase H-Entfaltung kann durch Zusammenspiel von zwei Faktoren erklärt werden: 
(i) Verflechtung von PEG und Polypeptidketten nach strukturellen Proteinfluktuationen 
und (ii) Eindringen des in der Nähe der Oberfläche fixierten Proteins zwischen flexiblen 
PEG-Ketten und damit verbundene Bindung und Enfaltung auf der darunterliegenden 
geladenen Oberfläche. Die Quervernetzung von PEG-Ketten löst die beiden Probleme. 
Die Denaturierung / Renaturierung von RNase H auf der quervernetzten, sternförmigen 
PEG-Oberfläche war vollständig reversibel. Es gab keine messbaren Unterschiede in 
der freien Enthalpie und den Faltungs-/Entfaltungsraten von gefalteten und entfalteten 
Konformationszuständen von RNase H auf dieser Oberfläche im Vergleich zu frei in der 
Lösung diffundierender RNase H. Darüber hinaus war die enzymatische Aktivität von 
RNase H auf dieser Oberfläche identisch zu der Aktivität in Lösung und konnte nach  
Denaturierung mit 6 M GdmCl und anschließender Renaturierung in Puffer völlig 
wiederhergestellt werden. Die Fluoreszenzeigenschaften von eqFP611 waren durch die 
Immobilisierung auf dieser Oberfläche auch nicht beeinträchtigt. Deswegen ist die 
quervernetzte, sternförmige PEG-Oberfläche die optimale Plattform für 
Einzelmolekülexperimente mit immobilisierten Proteinen. Demzufolge wurden alle 
folgenden Ergebnisse mit dieser Oberfläche erzielt. 
Sorgfältige Analyse von Einzelmoleküldaten ergab, dass im Gegensatz zum gefalteten 
Zustand der mittlere Trägheitsradius der entfalteten RNase H-Moleküle mit steigender 
GdmCl-Konzentration zunimmt. Die ausgeprägteste Expansion war im Bereich des 
Faltung-Entfaltung-Überganges zu beobachten, wohingegen in stärker denaturierender 
Umgebung die Radiusveränderungen viel geringer waren. Anscheinend bindet bei 
zunehmender GdmCl-Konzentration das entfaltete Polypeptid mehr Gdm+ Ionen bis 
zum Sättigungspunkt. Wir modellierten unsere Daten als eine Verschiebung des 
Gleichgewichts innerhalb des Kontinuums entfalteter Zustände und bekamen 
verschiedene thermodynamische Parameter wie deren freien Enthalpien und 
Kooperativitätsparameter. 
Die an einzelnen RNase H-Molekülen gemessene zeitaufgelöste Fluoreszenzemission 
zeigte, dass entfaltete RNase H-Moleküle zwischen mehreren Konformationen auf der 
Sekunden-Zeitskala fluktuieren. Daher sind diese Konformationen durch große 
Barrieren der freien Enthalpie getrennt. Die Übergänge waren bei allen denkbaren 
FRET-Effizienzen möglich, was eine hohe Vielfalt der Faltungsvorgänge zeigt. 
Dennoch kamen kleine Veränderungen öfter vor als große. Die Existenz von 
langlebigen, entfalteten Strukturen hatte eine ausgeprägt breite FRET-
Effizienzverteilung beim entfalteten Zustand zur Folge. Wir entwickelten ein Modell, 
das die Verteilung von Übergangsamplituden mit der beobachteten Breite des 
entfalteten Zustandes in Verbindung bringt. Mithilfe dieses Modells bewiesen wir 
quantitativ, dass die Breite des entfalteten Zustandes durch mehrere Unterzustände 
hervorgerufen wird und nicht ein oberflächebedingtes Artefakt ist. 
Die Zunahme der GdmCl-Konzentration war durch die Einengung der Verteilung des 
entfalteten Zustandes begleitet, was auf ausgeprägtere Mittelung zwischen entfalteten 
Unterzuständen hinweist. Dennoch waren die Übergänge zwischen entfalteten 
Unterzuständen sogar bei der höchstmöglichen GdmCl-Konzentration – 6 M – zu 
beobachten. Die Existenz von stabilen Strukturen der RNase H unter solch 
denaturierenden Umständen ist die interessanteste Erkenntnis dieser Arbeit. Wir 
vermuten, dass dies durch einen hydrophoben Cluster und eine lokale Anordnung der 
Aminosäurereste durch sterische und Dipol-Dipol-Interaktionen verursacht wird. 
Aus den Kreuzkorrelationsfunktionen für die Donor- und Akzeptoremissionen, 
gemessen an Einzelmolekülen, fanden wir, dass die Rekonfigurierungszeit entfalteter 
RNase H-Ketten ca. 20 µs beträgt (in 1.7 M GdmCl). Mit Hilfe Kramers’scher Theorie, 
die die Rekonfigurierungszeit und die Barrieren der freien Enthalpie mit der Rate des 



 113

Barrierüberganges in Verbindung bringt, schätzten wir die mittlere Höhe der Barrieren 
zwischen den entfalteten Unterzuständen auf ca. 24 kJ/mol und die Barriere vom 
entfalteten zum gefalteten Ensemble auf ca. 33 kJ/mol (in 1.7 M GdmCl). 
Schließlich stellen wir ein zweidimensionales Schema der Energielandschaft vor. Die 
erste räumliche Koordinate, Q1, beschreibt die Übergänge zwischen den entfalteten 
Unterzuständen, die durch die Barrieren getrennt sind. Eine andere 
Reaktionskoordinate, Q2, beschreibt die Proteinfaltung. Der gefaltete Zustand ist vom 
entfalteten Ensemble durch eine hohe Energiebarriere getrennt, die man aus entfalteten 
Zuständen über flache Täler entlang der Q2-Koordinate erreichen kann. 
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