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Summary 
In this thesis, the structural ensembles and interactions of three proteins in different states 
have been characterized by high-resolution solution nuclear magnetic resonance (NMR) in 
combination with several other techniques: (i) the lipopolysaccharide (LPS)-binding protein 
LBP, which is the first receptor of LPS by the innate immune system, (ii) the hepatitis B virus 
X protein (HBx), which is involved in hepatitis B virus entry and replication, and (iii) 
urea-denatured ubiquitin, as a model system for an unfolded state ensemble. 

Chapter 1 provides an introduction to the current state of Structural Biology, stating the im-
portance of the three-dimensional structure of biomolecules and of changes in the structure 
during function. However, it is now recognized that also highly disordered proteins with no 
fixed three-dimensional structure, such as intrinsically disordered proteins (IDPs), have im-
portant functional roles. Related to this phenomenon is the question how a specific amino ac-
id sequence determines the three-dimensional conformation of a protein. 

Chapter 2 describes the successful production of the human lipopolysaccharide 
(LPS)-binding protein (hLBP) in insect cells and its biophysical characterization. By circular 
dichroism (CD) it was shown to contain a mixture of secondary structure elements that is 
similar to the solved mouse LBP (mLBP) structure. Using a growth medium supplemented 
by isotope-labeled algal extract (AE) and yeast extract (YE), the protein was 15N-labeled and 
further characterized by NMR. A 1H-15N-TROSY HSQC spectrum allowed to resolve 324 out 
of 473 expected resonances. In addition, 15N T1 and T2 relaxation experiments led to the deter-
mination of the rotational correlation time (τc) of hLBP, verifying its monomeric state in solu-
tion. To characterize the interaction of hLBP with various glycolipids, two tryptophan resi-
dues on the N-terminal tip were used as a probe to assess the binding of glycolipid ligands. 
Upon binding, the internal quenching of the tryptophan fluorescence was released. This effect 
was more pronounced for LPS F515 and Lipid IVa than for smaller glycolipids. Additional 
surface plasmon resonance (SPR) experiments showed that hLBP binds to glycolipid aggre-
gates with low micromolar affinity. Further, it was shown by SPR that LBP covers LPS mi-
celles at a 1:3 LBP:LPS stoichiometry. However, only in the presence of the cluster of differ-
entiation 14 (CD14) protein the LPS disaggregates. 

Chapter 3 provides a detailed structural and dynamic characterization of the hepatitis B virus 
X protein (HBx). Using NMR, a nearly complete backbone and side-chain assignment was 
achieved. The analysis of secondary chemical shifts and 15N relaxation data showed that, de-
spite being highly mobile on the nanosecond time scale, the protein contains four regions 
with slower backbone dynamics and propensity to form transient secondary structure ele-
ments (α-helices and β-strand). Remarkably these regions overlap with known functional 
motifs of HBx. 
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Chapter 4 describes a comparison of single-molecule Förster Resonance Energy Transfer 
(smFRET), NMR and small-angle X-ray scattering (SAXS) data to describe the 
urea-denatured state of ubiquitin. The analysis showed perfect agreement between the dis-
tance-distributions derived from smFRET and NMR/SAXS-restrained ensembles. The NMR 
measurements supplied important details on local structural propensities and backbone dy-
namics, and provided even short- and long-range interactions that are only populated to a low 
percentage. The SAXS data complemented the NMR data with additional constraints of the 
overall shape of the unfolded-state. The smFRET provided subpopulation-specific distance 
distributions over a wide range of denaturant concentrations and revealed chain reconfigura-
tion times in the 50-100 ns range. Overall, the combination of the three methods presents the 
currently most comprehensive description of the structural and dynamic properties of an 
urea-denatured protein. 

 

Results from this thesis have been or will be published in the following peer-reviewed arti-
cles: 

 

Chapter 2: Delgado L, Zähringer U and Grzesiek S (in preparation) Biophysical analysis of 
the lipopolysaccharide (LPS)-binding protein LBP and its interactions with LPS 

 

Chapter 3: Delgado L, Casagrande F, Bieniossek C and Grzesiek S (in preparation) Structural 
and dynamic characterization of the intrinsically disordered hepatitis B virus X protein (HBx) 

 

Chapter 4: Aznauryan M, Delgado L, Soranno A, Nettels D, Huang J, Labhardt AM, Grze-
siek S and Schuler B Comprehensive structural and dynamical view of an unfolded protein 
from the combination of single-molecule FRET, NMR, and SAXS Proc Natl Acad Sci USA 
113(37):E5389–98 (2016) 
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1 General introduction 



 2 



 3 

Protein structure, flexibility and function 

Biological processes depend largely on proteins, nucleic acids and the interplay between the-
se macromolecules. A hundred years ago, we knew very little about the structure of these bio-
logical macromolecules. In the 1950s and early 1960s, crystal structures provided for the first 
time atomic details of DNA (1) and the proteins myoglobin (2) and hemoglobin (3).  

Since that time, 130102 entries have been deposited in the Protein Data Bank (PDB), of 
which 89.5 % were determined by X-ray crystallography, 9.1 % by nuclear magnetic reso-
nance (NMR), and 1.2 % by electron microscopy (EM). New structures are solved at an ever 
increasing rate and higher-resolution, which provide now an almost complete overview of the 
space of possible protein folds. 

However, the structure of a biological macromolecule is by no means static – indeed, it al-
most always must undergo conformational changes while performing its function. Thus, de-
fining the molecular structure and its dynamic behavior is essential for a complete under-
standing of the biological function. Recent years have witnessed significant progress in this 
area. Important fields are: protein folding (4), signal transduction (1, 5), catalytic cycles of 
enzymes (2, 6), and even the operation of molecular machines and motors (3, 7). 

A specific example of a relevant biological system where the function has been understood 
from the combination of structural, dynamical and biochemical data is the following: 

Protein kinases play an essential role in virtually all cellular processes. The very first 
atomic view on any protein kinase was provided in 1991 by the crystal structure of the cata-
lytic subunit of the protein kinase A (PKA) (8). It revealed structural features that are con-
served for all protein kinases. Furthermore, it allowed to explain substrate specificity and 
highlighted the importance of conformational flexibility. Subsequent structural analysis of 
PKA with both catalytic and regulatory subunits provided a molecular explanation for the 
inhibition of PKA and allowed to build a model for cAMP-mediated activation through bind-
ing to the regulatory subunit (9, 10). Recently, a 2.3 Å X-ray structure of the intact, tetramer-
ic PKA holoenzyme yielded insights into allosteric regulation, which has ramifications for 
understanding the regulation of other conserved kinases (11). In the field of allostery, im-
portant insights were also obtained by NMR, where Masterson et al. mapped the allosteric 
network in the catalytic subunit and showed that positive allosteric cooperativity is generated 
by nucleotide and substrate binding and lead to transitions between the major conformational 
states (apo, intermediate and closed) (12). 
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Intrinsically disordered proteins (IDPs) 

For a long time the textbook knowledge was that a unique amino acid sequence encodes a 
unique energetically stable three-dimensional fold associated with some conformational fluc-
tuations that allow for the biological function. In the last two decades, however, several stud-
ies have shown that many functional proteins do not always have a unique 3D structure under 
functional conditions (13).  

Such intrinsically disordered proteins (IDPs) have low sequence complexity with a low pro-
portion of bulky hydrophobic amino acids and a high proportion of charged amino acids (14). 
Despite being functional, they are unable to fold spontaneously into stable, well-defined, 

globular three‐dimensional structures. Instead, they are dynamically disordered and fluctuate 
rapidly through a range of conformations, spanning from extended statistical coils to col-
lapsed globules (15). 

Bioinformatics studies of the complete genome revealed that regions of disorder are very 
common in eukaryotic proteins (14, 16). It is now known that IDPs have a central role in the 
regulation of signaling pathways and crucial cellular processes, including the regulation of 
transcription, translation and the cell cycle (14, 17-19). The level of IDPs in the cell is tightly 
controlled to ensure precise signaling and deviations from the norm are associated with sev-
eral diseases (20-22). 

Protein folding & Computational approaches 

In contrast to IDPs, most other proteins must adopt a specific 3D structure to be functional. 
As shown by Anfinsen in his seminal experiment (23), all the information necessary to de-
termine the three-dimensional fold of a protein is incorporated in its amino acid sequence. 
However, the sequence of events to reach a stable conformation from the primary sequence - 
“the protein folding problem”, is still unsolved (24).  

As conclusion of the “Levinthal’s paradox” (25), folding must take place through predeter-
mined pathways (26). This statement was based on the fact that there are too many possible 
conformations for a protein to find the “needle” (the native structure) in the “haystack” (con-
formational space), by random search in the experimentally observed subsecond time scale 
(27).  

To get insights into the protein folding problem, computational approaches, able to generate 
high-resolution structural models from primary sequences, are becoming more and more im-
portant. Besides homology modeling, which can achieve accuracies of 1-2 Å in favorable 
cases of homologies higher than 30 %, the most successful de novo folding method is based 
on the Rosetta approach, which assembles protein structures from small fragments of local 
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structural homologues (28-30). For small proteins (< ~100 residues), these methods can yield 
accuracies of <1.5 Å.  

An important breakthrough for the understanding of folding has been achieved by using mo-
lecular dynamics (MD) simulations of millisecond trajectories, though which the folding of 
12 small proteins with accuracies of about 2 Å could be reproduced (31). This development is 
remarkable, since it allows very stringent tests and improvements of MD force fields by 
comparison to the observed micro- to millisecond range dynamics by NMR (32). 

Characterizing protein interactions and higher order protein assemblies is another crucial part 
for the complete understanding of the protein function. Prediction of molecular complexes is, 
however, difficult even when the structures of the interacting partners are known. This is evi-
dent from the recent first joint Computational Assessment of Structure Prediction 
(CASP)-Critical assessment of Predicted Interactions (CAPRI) competition (33). Results 
show that the prediction of homodimer assemblies by homology modeling techniques and 
docking calculations can be successful for targets featuring large subunit interfaces. The pre-
diction is, however, very poor for targets where a smaller pair-wise interface severely limits 
the ability to derive the correct structure (33). 

Advances in nuclear magnetic resonance spectroscopy 

Despite all the advancements in predicting the protein structure and interactions, experi-
mental information is still of utmost importance to guide the search for a rational connection 
between sequence, structure, dynamics and function. In this context, NMR studies play an 
important role since the method allows to investigate both structural and dynamical infor-
mation at atomic resolution with minimal invasiveness under nearly physiological conditions. 
Several progresses in solution NMR methods have extended the range of applications in re-
cent years: the use of methyl-TROSY along with optimized labeling methods to characterize 
large proteins up to 2.5 MDa (34); the detection of conformational exchange dynamics be-
tween protein substates using relaxation dispersion techniques (35, 36); the improved de-
scription of the structural distributions of unfolded states (37); and new strategies for detect-
ing protein NMR signals in cells (38). Also solid-state NMR becomes more and more im-
portant since it can provide structures of non-soluble, non-crystalline proteins such as amy-
loid fibrils (39-42) and membrane proteins in lipid bilayers (43, 44). 
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Aims of this work 

Using the described approaches, in particular in the field of NMR, we aimed to increase the 
knowledge on the structure and function relationships of three proteins:  

 

1 The lipopolysaccharide (LPS)-binding protein LBP, which is the first LPS receptor of 
the innate immune system, in order to gain insight in the interaction with the bacterial LPS. 

2 The hepatitis B virus X protein (HBx), an intrinsically disordered protein involved in 
hepatitis B virus entry and replication, in order to improve the understanding of its interac-
tions with cellular partners. 

3 The urea-denatured ubiquitin, an otherwise well understood, stable folded protein, by 
the combined use of NMR, single-molecule FRET and computational techniques to obtain a 
complete quantitative description of its unfolded state. 
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(LPS)-binding protein LBP and its interactions with 
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Abstract 
Lipopolysaccharide (LPS), the major component of the outer membrane of Gram-negative 
bacteria, is one of the most potent stimuli of the human immune system. Transfer of LPS to 
the toll-like receptor 4 (TLR4)-myeloid differentiation factor 2 (MD2) complex is catalyzed 
by the LPS-binding protein (LBP) in combination with the cluster of differentiation 14 
(CD14) protein. While a crystal structure of LPS-TLR4-MD2 exists, the binding of LPS to 
CD14 and LBP is less understood.  

In this study, the expression of the human LBP (hLBP) using the baculovirus/insect cell sys-
tem was successfully established and yielded, routinely, 2-2.5 mg of pure protein per liter of 
culture. The recombinant protein was extensively characterized by various biophysical meth-
ods and shown to possess seven glycosylation sites, with three of them overlapping with the 
predicted positions found in UniprotKB. Circular dichroism (CD) measurements showed that 
the hLBP is folded and contains a mixture of helices and strands in similar amount as de-
scribed for the mouse LBP (mLBP).  

For heteronuclear nuclear magnetic resonance (NMR), a labeling scheme based on a previ-
ously established strategy using isotope-labeled yeast extract (YE) was developed, which al-
lowed the incorporation of about 80 % of 15N nuclei in the LBP. Thus, it was possible to rec-
ord a 1H-15N-TROSY HSQC, where a total of 324 out of 473 expected backbone resonances 
were observable. Furthermore, the measurement of 15N T1 and T2 relaxation experiments al-
lowed the determination of a rotational correlation time of 22.8 ns for LBP, an expected value 
for a monomeric protein of approximately 50 kDa. 

The intrinsic fluorescence emission of LBP increases upon binding to different glycolipids, 
which indicates conformational changes in the vicinity of the LBP’s tryptophans. Compari-
son of the effects upon binding of different compounds indicated that heparin disaccharide 
does not bind, likely due to the lack of acyl chains and that Lipid X is the weakest binder due 
to its reduced number of acyl chains. The importance of the electrostatic interaction was 
shown, as binding is significantly reduced when the concentration of NaCl in the binding 
buffer changes from 0.2-2 M. 

By SPR, the binding affinity of LBP to the different glycolipids was determined to be in the 

low micromolar range, with GlcN(3-OH-14:0)-α-P and Lipid X showing the lowest affinity. 
Analysis of the binding stoichiometry revealed that LBP can bind LPS in a ratio of approxi-
mately 1:3, thus suggesting that the protein is capable of coating glycolipid surfaces. The dis-
aggregation of LPS micelles, however, is a complex process that requires the presence of 
both LBP and CD14. 
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Introduction 
Immunity and pathogen recognition 

Humans and other multicellular organisms are continuously challenged by the threat of in-
vading microbial pathogens. The ability to overcome infection depends in part on the adapta-
tive immune system, which generates immunological memory of previous infections in order 
to mount a specific response. Adaptative immune responses, however, are slow to develop on 
the first encounter with a new pathogen, as specific B and T cells have to be activated, which 
can take 4-7 days before the responses are effective (1). This late reaction can be disastrous 
considering that typical doubling times for bacteria of few hours (e.g. Salmonella in vivo) 
leads to a progeny on the order of 108, corresponding to a fully developed infection, in a sin-
gle day. Therefore, during the first critical hours and days of exposure to a new pathogen, the 
innate immune system is active, providing the first line of defense. 

The innate immune system has evolved proper mechanisms to sense specific arrangements of 
key molecules known as pathogen associated molecular patterns (PAMPs) (2) of invading 
pathogens, including fungi, viruses and bacteria. Well-known PAMPs are the bacterial lipo-
polysaccharide (LPS), peptidoglycans, flagellin, fungal polysaccharides and viral nucleic ac-
ids (3). The swift response carried out to eliminate the infection relies on the recognition of 
both microbes and their products by the pattern recognition receptors (PRRs) (4). Currently, 
in humans, ten toll-like receptors (TLRs) with different ligand-binding specificities have been 
identified. These are type I transmembrane proteins present on the plasma membrane (TLR1, 
TLR2, TLR4, TLR5, TLR6 and TLR11) or within the endosomal and lysosomal compart-
ment (TLR3, TLR7, TLR8, TLR9 and TLR10) (5). While the extracellular domain, contain-
ing varying leucine-rich-repeat (LRR) motifs, is involved in the recognition of PAMPs, the 
intracellular TIR (Toll/IL-1R) domain activates signaling pathways; this leads to the induc-
tion of inflammatory mediators such as cytokines and chemokines essential in host defense 
(6). While the inflammation originating from innate and adaptative immunity is a normal re-
sponse to infection, exaggerated inflammatory response is harmful to the host (7). Thus, a 
proper response level is necessary to preserve the host-pathogen homeostasis in order to 
avoid a prolonged or exaggerated activation of these responses. 
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LPS sensing and signaling 

LPS, or endotoxin, is a ubiquitous component of the outer-membrane of gram-negative bacte-
ria, being indispensable for growth and survival as it confers resistance to hydrophobic and 
hydrophilic antimicrobial compounds (8). Due to its external location, LPS participates in 
important interactions with other biological systems, especially in host-bacteria interactions. 
Once LPS is released from the infecting organism by bacterial lysis or other mechanisms, it 
plays an important role in the activation of both the innate and adaptative immune systems 
(9-11). The presentation of LPS associated with the bacterial surface is also capable of elicit-
ing such responses, albeit with significantly less potency than that observed for soluble LPS 
(12).  

LPS is composed of three distinct regions covalently linked to each other (Figure 1): a glyco-
lipid region named lipid A, a core oligosaccharide and the O-specific polysaccharide chain. 
The core region contains at least one residue of 3-deoxy-D-manno-oct-2-ulosonic acid (Kdo), 
which is a marker of LPS. Lipid A is inserted into the outer leaflet and anchors the LPS in the 
outer membrane (OM) with the carbohydrate chain oriented outwards. The complete LPS 
comprising all three regions is known as S-form (smooth form) whereas that in mutants lack-
ing the glycan is called R-form (rough form) LPS (13). 

 

 
 
 
 
 

 
 

 
 
 
 
 
 

 
 

Figure 1: Architecture of E. coli LPS adapted from Wang et al. (14). Different sugar units are color coded as 
follows: dark yellow: glucosamine (GN); red: 3-deoxy-D-manno-oct-2-ulosonic acid (KD); light yellow: 
L,D-heptose; light blue: glucose; dark blue: galactose. Fatty acids attached to GN units are shown as wavy lines; 
red circles indicate phosphate groups. Dashed lines indicate variations in phosphorylation patterns, including a 
phosphoethanolamine. The lengths of LPS expressed by E. coli strains F515, EH100, and S-form (smooth-form) 
are shown as horizontal bars. LPS derived from F515 is predominantly pentaacylated. The respective missing 
fatty acid is shown in gray. 
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The immunostimulatory activity of LPS resides in the lipid A, which acts as a potent elicitor 
of the innate immune system by TLR4 or intracellular receptors (15). While this leads to a 
significant enhancement of the resistance to infection and is beneficial to the host, an uncon-
trolled and massive immune response caused by circulation of a large amount of LPS results 
in severe symptoms of sepsis, septic shock and multi-organ failure (16, 17).  

Chemical variations of lipid A affects its capacity to interact and activate receptors of the 
immune system, and it has been shown that its intrinsic conformation is responsible for the 
agonistic and antagonistic activity (18, 19). The bis-phosphorylated lipid A backbone, with 
an asymmetric (4 + 2) distribution of six acyl chains, is the most potent agonist of the innate 
immunity in humans (20, 21); different variations from this chemotype are less or not agonis-
tically active. The main elements that influence lipid A toxicity are the number and the distri-
bution of acyl chains, the phosphorylation pattern and the presence of charged groups on the 
polar heads (22).  

The structural elucidation of lipid A being of pivotal importance for the understanding of its 
biological properties, is hindered by its amphiphilic nature, namely the presence of hydro-
philic and hydrophobic groups conferring a tendency to form micelles with low solubility in 
any solvent system. The current approach for the structural characterization of LPS makes 
use of chemical analysis, mass spectrometry (MS) and nuclear magnetic resonance (NMR) 
spectroscopy (23). While MS allows determination of the differing numbers and nature of 
acyl residues and polar heads, and their distribution on the disaccharide backbone, NMR pro-
vides additional information on chemical nature, structure, and dynamics of LPS and its con-
stituents (14).  
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Role of the LPS-binding protein (LBP) in LPS recognition 

Cellular recognition of LPS involves the direct binding of its monomers to the TLR4-MD-2 
receptor complex (24, 25), as illustrated in Figure 2 (26). LPS aggregates, however, have to 
be monomerized by LPS-binding protein (LBP) and cluster of differentiation 14 (CD14) (27). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Cellular recognition of LPS adapted from Nijland et al. (26). LPS multimer is bound by LBP and its 
monomers are transferred to CD14. MD-2 binds to LPS and forms LPS-MD-2-TLR4 complexes. Dimerization 
of two of these complexes occurs, leading to the recruitment of adapter molecules: MyD88, the TIR-domain 
containing adapter protein-inducing IFN-β (TRIF) and the TRIF-related adapter molecule (TRAM). A signaling 
cascade is initiated, which leads to the release of the transcription factor NF-KB. NF-KB then moves into the 
nucleus and starts transcription of pro-inflammatory cytokines, such as IL-6 and TNF-α. Via a different path-
way, initiated by different adapter molecules, type I interferon genes are also transcribed, leading to the produc-
tion of IFN-α/β. 
 

LBP is a ~60 kDa glycoprotein synthesized in hepatocytes and released into the bloodstream 
upon acute-phase inflammatory response (28, 29). It belongs to the lipid-binding/transfer pro-
tein family that includes bactericidal/permeability increasing protein (BPI), phospholipid es-
ter transfer protein (PLTP), and cholesterol ester transfer protein (CETP) (30-32). Among 
these family members, BPI and LBP share the highest sequence identity (45 %) but markedly 
different functional roles. Whereas BPI neutralizes LPS and has potent bactericidal activity, 
LBP can transfer LPS to its cell-surface receptor and enhances cellular inflammatory re-
sponses to LPS (33, 34). 
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The first crystal structure of one of the family members, the human BPI (hBPI) (35), revealed 
two very similar, mixed α/β N- and C-terminal domains connected into a boomerang shape 
by a central β-sheet domain. The recent crystal structure of the mouse LBP (mLBP, Figure 3) 
(33), however, showed that while the individual domains are highly similar, the C-terminal 
domain of LBP is rotated relative to that of BPI. In addition, the mLBP crystal structure re-
vealed a large groove near the C-terminal. These structural differences probably underlie the 
functional difference between LBP and BPI in mediating host defenses against 
Gram-negative bacteria (36). 

A conserved cluster of positively charged residues (Arg119, Lys120 and Lys124, also shown as A 
patch in Figure 3A) in the N-terminal region of LBP has been identified by mutagenesis as 
part of the LPS-binding site (37). Recently, it has been shown that the positively charged res-
idues from the A patch are necessary but insufficient to maintain high-affinity binding of LPS 
to LBP (38). Mutagenesis showed that additional positively charged residues (Lys67, Lys69 and 
Arg173, shown as B patch in Figure 3A) are essential for LPS binding. While the mutation of 
either the A or B patch retains partial binding, mutation of both patches completely abolishes 
it. The electrostatic surface of mLBP (Figure 3B) confirms the accumulation of positive 
charges at the N-terminal, which likely attract the negatively charged phosphates of LPS. 

Using native polyacrylamide gel electrophoresis and sucrose density gradients, it was shown 
that LBP forms a high affinity complex with LPS and subsequently catalyzes the transfer of 
the monomers to a binding site on CD14 (39, 40). The transfer process exhibits first order 
kinetics, with even substoichiometric amounts of LBP being responsible for the movement of 
monomers from the aggregates to CD14 (41). Two models were proposed for explaining the 
LPS transfer to CD14 mediated by LBP: the “binary complex” model suggests that LBP first 
dissociates one LPS molecule from the micelle and, in a second bimolecular reaction, this 
complex binds to CD14 (40). The “ternary complex” model proposes a trimolecular complex 
formation involving LBP, LPS micelle and CD14 during the LPS monomer transfer to CD14. 

Recently, negative-stain electron microscopy has been used to directly visualize the binding 
of LBP to the surface of LPS micelles via its N-terminal tip (38). Moreover, new motifs were 
also identified in the LBP C-terminal domain that are essential for LPS transfer. Briefly, 
complementary charge interactions between the C-terminal tip of LBP (Lys319 and Arg322, also 
shown as C patch in Figure 3A) and a concave patch in CD14 C-terminal domain are re-
quired for the delivery of LPS from LBP to CD14. In addition, Asp311 in the LBP D patch near 
the C-terminal groove (Figure 3A) is necessary for the proper dissociation of CD14 from 
LBP-LPS complex after LPS transfer. Mutations of humans in this C-terminal region are 
linked to higher mortality rates resulting from bacterial infections (33), thereby supporting its 
functional significance.  

 



 19 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Crystal structure of the mLBP (PDB code 4M4D). A Basic residues in LBP’s N-terminal domain (A 
and B patches) are important for LPS-binding; basic residues in the C-terminal domain (C patch) and acidic 
residue (D patch) are involved in LPS transfer to CD14. B Electrostatic potential representation of mLBP gen-
erated by the Pymol adaptative Poisson-Boltzmann solver (APBS). Blue: positive charges; red: negative charg-
es; white: hydrophobic areas.  
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Although there has been tremendous progress in the structural characterization of the indi-
vidual components required for the LPS transfer, including LBP, CD14, TLR4-MD2, and the 
TLR-MD2-LPS complex, the sequence and dynamics of the interactions of these components 
are not well understood. The transient nature of these interactions is advantageous for a rapid 
response of the immune system, but has made it difficult to elucidate the molecular structures 
of the transient intermediates (i.e., LPS-LBP, LPS-CD14, CD14-LBP-LPS, and 
CD14-LPS-TLR4-MD2 complexes). Here, we present data on the characterization of the hu-
man LBP (hLBP) produced using the baculovirus expression vector system (BEVS)/insect 
cells. We have characterized the recombinant protein using MS, size exclusion chromatog-
raphy coupled to multi-angle light scattering (SEC-MALS), circular dichroism (CD) and 
NMR, and showed that the recombinant LBP is folded, monomeric, glycosylated, and com-
petent for binding to LPS. However, the large size of LBP poses a significant challenge for 
NMR studies. We have developed a 15N-labeling scheme for LBP, which produces an isotope-
labeled sample with ~80 % labeling efficiency. The binding to LPS and precursors was stud-
ied by tryptophan fluorescence and SPR. The data suggest that LBP binds to aggregates of 
LPS with high affinity and coats their surface. This interaction has an electrostatic compo-
nent, likely mediated by the positively charged residues on the N-terminal tip of LBP.  
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Results and Discussion 
Cloning, expression, purification and biophysical characterization of hLBP 

Construct design and small-scale expression optimization 

Structural studies usually require milligram quantities of fully functional biomolecules. Het-
erologous expression of proteins with BEVS/insect cells provides not only good yields of the 
recombinant material, but also post-translational modifications (PTMs) very similar to those 
occurring in the native environment (42). The strategy used in this study, to express the re-
combinant hLBP, was based on two considerations. First, we wanted to use a system that had 
been successfully used to express other functionally active LPS-binding proteins (33, 38, 43-
46). Second, we wanted to generate soluble hLBP as opposed to the inclusion body material 
produced when using E. coli in initial experiments (data not shown). 

The construct for protein expression used in this study was modified from the transfer vector 
pACEBac 1 (Geneva Biotech) and was designed to express a tagged hLBP protein under the 
control of the polyhedrin promoter (Figure 4A). The signal sequence used for direct secretion 
of the recombinant protein into the culture media was from honeybee melittin (Apis mellif-
era, HBM) (47). The HBM signal sequence is cleaved upon secretion, leaving behind an Asp 
residue linked to the N-terminus of the mature hLBP. The C-terminus of the hLBP was 
linked via a Gly-Ser-Gly-Ser-Gly-Ser sequence to a ten-residue histidine tag (His10) to facili-
tate purification by immobilized-metal affinity chromatography (IMAC). The Gate-
way-adapted BEVS (Invitrogen) transfer vector used in this study was designed to incorpo-
rate the target sequence via site-specific transposition into the genome of the bacmid. The 
final recombinant protein (from now on referred as LBP) expressed in insect cells consists of 
the sequence HBM-D-hLBP-GSGSGS-His10. 

The expression of LBP in insect cells was optimized in terms of viral titer and expression 
time using 25 mL test cultures. A viral titer of 10 mL/L gave consistently good results and 
was found to be the better compromise between virus amount and expression yield, with the 
optimal harvesting time being 60 hours post infection (Figure 4B). Subsequent Western blot-
ting analysis (anti-human LBP antibody biG 42, Biometec) of the expression media revealed 
that LBP occurs as a mixture of two species migrating as ~50 and 55 kDa bands on a 4-20% 
polyacrylamide gel (SDS-PAGE). The higher molecular form is produced in much larger 
amounts and is a result of the glycosylation machinery of the insect cells, which recognizes 
the HBM secretory signal, and therefore produces a glycoprotein (discussed below). 
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Figure 4: Cloning of the hLBP 
into the baculovirus expression 
vector. A Design of the expres-
sion construct showing the loca-
tion of the HBM signal peptide, 
GS linker region and His10 purifi-
cation tag upstream and down-
stream of the coding sequence for 
the LBP. B Small-scale cultures 
of Sf9 cells were infected with 
virus stock corresponding to the 
indicated functional titers of 1-40 
mL per 1 L of cell culture. Ex-
pression levels of LBP were de-
termined by Western blotting 
analysis (anti-human LBP anti-
body biG 42, Biometec) of the 
samples at the indicated time 
points. 
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Large-scale expression and purification 

For the large-scale production of LBP, the size of the expression media was scaled to 1 L, 
and the relative viral titer was kept at 10 mL/L. The purification of the recombinant protein 
from insect cell medium was achieved in three chromatographic steps: first, ion exchange 
chromatography (IEX, Figure 5A) is employed to recover LBP from large media volumes, 
while simultaneously providing a first separation of the proteins based on their net charge. 
The elution profile upon application of the salt gradient shows that LBP is successfully eluted 
on an NaCl concentration range of ~0.2-0.5 M. The eluate from IEX is however not pure; it 
still contains a mixture of other higher and lower molecular weight proteinaceous contami-
nants. At this point, the His10 of the recombinant LBP allows the use of IMAC (Figure 5B), 
thus giving rise to a much purer protein sample eluted at an imidazole concentration range of 
0.25-0.35 M. Finally, size-exclusion chromatography (SEC) (Figure 5C) is used to fully puri-
fy and evaluate the sample homogeneity. The SEC profile shows a homogeneous LBP eluted 
at ~15 mL of a Superdex 200 10/300 column (GE Healthcare), which corresponds to a mo-
lecular weight between ~35-67 kDa. The established purification procedure yields approxi-
mately 2-2.5 mg of highly pure and homogeneous LBP per liter of insect cell culture (Figure 
5D). 
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Figure 5: Large-scale purification of the LBP from 1 L insect cell medium, using a three-step chromatographic 
procedure. A IEX showing the profile of all proteins captured from the cell culture medium and eluted from the 
column using a linear gradient from 0 to 1 M NaCl. B IMAC profile of the pooled fractions resulting from the 
IEX step. A step-wise gradient from 0 to 0.05 M and from 0.05 to 0.5 M of imidazole was applied to the cap-
tured proteins, resulting in the separation of LBP (dashed box) from main impurities. C SEC profile of fractions 
collected in an imidazole concentration range of 0.25 to 0.35 M during the IMAC step. LBP is eluted in the re-
gion enclosed by the dashed box. D SDS-PAGE analysis of the fractions 1-9 collected between 12.5 and 17 mL 
of the SEC elution. 
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Analysis of LBP’s post-translational modifications (PTMs) 

In mammalian cells, LBP undergoes PTMs by addition of sugar groups to Asn300, Asn355, Asn386 
and Asn394 (UniprotKB). In order to investigate the glycosylation state of LBP, the purified 
sample was subjected to PNGase F (NEB), which hydrolyzes complex-type N-linked oligo-
saccharides between the proximal N-acetylglucosamine (GlcNac) and the asparagine residue 

of the recombinant protein (Figure 6A). PNGase F treatment caused a downward shift of ~4-
5 kDa as seen in Figure 6B, confirming that the LBP produced in insect cells is glycosylated. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: Verification of the glycosylation state of LBP. A Scheme of PNGase F cleaving between the 
N-acetylglucosamine and the Asn residue of the protein. B SDS-PAGE to verify the cleavage after incubation 
of an aliquot of 20 μL of baculovirus-infected Sf9 culture supernatant with 500 units of PNGase overnight at 
25 ºC. SDS-PAGE, stained by coomassie brilliant blue (CBB), and Western blot (anti-human LBP antibody biG 
42, Biometec). 
 

The follow-up MS analysis of the PNGase-treated/untreated forms of LBP allowed the identi-
fication of the sugar-modified sites (Table 1). The result confirmed three (Asn300, Asn386 and 
Asn394) out of the four glycosylation sites predicted in the UniProtKB entry P18428. The 
fourth (Asn355), however, was not glycosylated according to MS. This finding is likely a con-
sequence of the different N-glycosylation machineries of insect and mammalian cells (48). 
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Table 1: Identification of the sugar-modified sites in the LBP primary sequence by PNGase 
treatment and MS analysis. PNGase converts Asn to Asp at the site of glycosylation, MS is 
subsequently used to identify the positions. 

Peptide Modification (peptide) Modification 
(hLBP) 

LSVATnVSATLTFnTSKITGFLKPGK N6 (N->D), N14 (N->D) N386, N394 
LARLYPNmnLELQGSVPSAPLLnFSPGN-
LSVDPYmEIDAFVLLPSSSKEPVFR 

N9 (N->D), N23 (N->D) N336, N350 

MVYFAISDYVFNTASLVYHEE-
GYLNFSITDDmIPPDSnIR 

N38 (N->D) N313 

mVYFAISDYVFnTASLVYHEE-
GYLnFSITDDMIPPDSNIR 

N12 (N->D), N25 (N->D) N387, N300 

 

An accurate determination of the molecular weight of the glycosylated LBP could be ob-
tained by MS (Figure 7A) and SEC-multi-angle light scattering (SEC-MALS) (Figure 7B). 
Both methods show an agreement on the size of the recombinant protein of about 57 kDa. 
Moreover, MS shows other species with similar molecular weights, which indicates that there 
might exist different levels of glycosylation in LBP. The most abundant species (56847.6 Da) 
possess ~5 kDa of total sugars, which is less than the ones from the LBP isolated from acute 
phase serum (~8 kDa) (28). Additionally, SEC-MALS shows the profile of a homogenous 
and monomeric protein sample. Overall, the data suggest that the lower molecular band ob-
served in the supernatant of the insect medium from the small-scale expression optimization 
in Figure 4B consists of non-glycosylated or partially-glycosylated form of LBP, while the 
higher molecular weight band (Figure 4B and 5D) consists of higher-glycosylated forms. 

 

Figure 7: Characterization of the size and homogeneity of the insect cell-produced LBP. A MS of 10 μM LBP 
shows different levels of glycosylation. Buffer: 5 mM HEPES, 200 mM NaCl, 1 mM EDTA, pH 7.5. B 
SEC-MALS of 16 μM LBP in 5 mM HEPES, 500 mM NaCl, 1 mM EDTA, pH 7.5 confirms the molecular 
weight of the most abundant LBP species and shows a monomeric elution profile. ΔLS is the light scattering 
detector; ΔRI is the refractive index detector. 
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Secondary structure analysis 

CD spectroscopic analysis was carried out on LBP to confirm the nature of its structural fold. 
The far-UV CD spectrum shows a minimum at 216 nm and a maximum at ~195 nm (Figure 
8), features characteristic of a folded β-sheet-like protein. Subsequent fitting of the data using 
Dichroweb (49, 50) revealed that LBP contains a mixture of α-helix and β-sheet.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8: CD spectrum of 5 μM LBP sample recorded at 25 °C and pH 7.5. Experimental data was fitted 
online (49) with the CDSSTR algorithm. 
 

A comparison of the secondary structure composition derived from CD and the mLBP crystal 
structure (33) is shown in Table 2. Both data agree on the β-strand content (~40 %) and the 
amount of disorder (~30 %). Small discrepancies are observed for the helical content, which 
is 17 % for mLBP and 6 % for hLBP, and also for the turns, which is 7 % for mLBP and 
21 % for hLBP. These data indicate that both proteins share a similar secondary structure, 
which is expected from their high sequence identity of 69.2 %. 
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Table 2: Secondary structure composition of LBP, as determined from CD and the crystal 
structure (PDB code 4M4D). 

 mLBP a  hLBP b 
% Helix 17 6 
% Strand 42 41 
% Turn 7 21 
% Unordered 34 31 

 
aPercentage of residues in secondary structure elements found in the crystal structure (33). The values were de-
rived by analysis of the PDB structure 4M4D using the DSSP software (51).  
bPercentage of residues in secondary structure elements, as derived from the fit of the experimentally measured 
CD data.  
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The protein folding status was further assessed by NMR using a 1-1 echo sequence (52). The 
one-dimensional 1H NMR was analyzed for signal dispersion in the indole, aromatic, and am-
ide region (6-11 ppm), and suggested presence of protein secondary structure (Figure 9). The 
broad lines observed are caused by the large size of LBP. The amide 1HN T2 was estimated by 
recording the 1-1 echo sequence at two different relaxation delays (0.1 and 2.9 ms), and 
yielded 5.1 ms; this small value of T2 imposes a challenge for recording high-dimensional 
spectra of LBP. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9: The 1-1 echo sequence of 100 μM LBP recorded at 37 ºC. The spectral dispersion of the amide reso-
nances suggests that LBP is folded. The 1-1 echo sequence recorded at 0.1 and 2.9 ms relaxation times allowed 
estimation of the 1HN T2 time. 
 

Further confirmation of the folded state of LBP was obtained from the 1H-1H NOESY spec-
trum (Figure 10), where cross peaks arise from dipolar couplings between spins via space (<5 
Å). Despite the inability to resolve the individual cross peaks due to low resolution, the NOE 
connectivities in the HN-HN region indicate the presence of formed α-helices. The presence of 
β-sheets is usually recognized by strong Hα-Hα NOEs. However, this region is obscured in the 
NOESY spectrum due to the 1-1 sine modulated detection mode of this experiment. There-
fore, signals between 4.5 and 5.5 ppm are rendered invisible. Finally, the upfield-shifted me-
thyl resonances appearing below 0 ppm also indicate the folded state of the protein.  
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Figure 10: 2D-NOESY, with 1-1 detection, spectrum of 100 μM LBP sample recorded at 37 ºC, for 9 hours 
and 36 minutes on a 900 MHz spectrometer.  
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15N-isotope labeling of LBP in insect cells 

A labeling strategy based on a previously reported recipe (53) was developed for the expres-
sion of LBP in insect cells using isotope-labeled yeast extract (YE). The complete procedure 
is described in the PhD thesis of Christian Opitz (54). Briefly, the production of Pichia pas-
toris YE is achieved as follows: first, cells are grown in a fermenter under fed-batch condi-
tions with typical volumes of 0.5-5 L. Growth on a glucose- and 15N ammonium-based mini-
mal medium yields up to 64 g cell wet weight of yeast biomass per liter of cell culture. Sub-
sequently, an optimized protocol for Pichia pastoris autolysis was developed, which maxim-
izes the amino acid content in the YE. The protocol yields on average 6.6 ± 0.7 g lyophilized 
YE per liter of cell culture, containing 38 ± 4 % of free amino acids. This material is supple-
mented to insect cell culture medium in order to produce labeled proteins.  

Sf9 insect cells maintained in SF-4 (Bioconcept) medium were either kept in SF-4 or ex-
changed to Insect Xpress (Lonza) commercial media to establish LBP reference expression. 
While an average of 2.4 mg/L of purified LBP was obtained in SF-4 (Figure 11, condition 1), 
expression in Lonza resulted in 50 % lower yield (Figure 11, condition 2). This decrease in 
yield is likely a consequence of the different medium composition. Whereas SF-4 is solely 
based on YE, Insect Xpress contains an additional hydrolysate of undisclosed composition 
(personal communication with supplier’s scientific report). Therefore, we decided to use SF-
4-adapted cells for labeling in amino acid-depleted SF-4 based medium. Hence all the follow-
ing labeling schemes were performed with SF-4-adapted cells. 
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Figure 11: Expression yield of the hLBP produced in Sf9 insect cells under various conditions. Reference ex-
pression was established in commercial SF-4 medium (1). Additionally, expression in commercial Insect Xpress 
medium (2) following adaptation to SF-4 medium was carried out. Different supplements to SF-4 medium de-
pleted in amino acids and yeastolate (ΔSF4) were tested (3-7).  
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For isotope labeling, amino acid-depleted, yeast extract-free SF-4 medium (ΔSF4) was sup-
plemented with 1 g/L of glutamine and 8 g/L of YE and the expression of LBP was analyzed 
(Figure 11, condition 3). Surprisingly, only 0.9 mg/L of purified material was obtained. This 
significant reduction had not been observed for the previously expressed proteins.  

To prevent the drop in yield, a commercial algal extract (AE, ISOGRO, Sigma) was used as 
source of amino acids in ΔSF4, as recently reported (55). Expression of LBP in ΔSF4 sup-
plemented with 8 g/L of AE and 1 g/L glutamine resulted in a yield of 1.2 mg/L of protein 
(Figure 11, condition 4). 

Restoration of the expression yield to 2.7 mg/L of purified LBP was obtained by supplement-
ing 1 g/L glutamine and 20 mg/L of tryptophan to the AE-containing expression medium 
(Figure 11, condition 5). The decision was based on the fact that the amino acids cysteine and 
tryptophan are lost during conventional acid hydrolysis for the preparation of commercial 
algal extract (AE), while glutamine and asparagine are converted to glutamic acid and aspar-
tic acid, respectively (56).   

To optimize the labeling, a strategy based on the combination of YE and AE was tested. This 
combinatorial approach might compensate the lack of tryptophan in the commercial AE and, 
perhaps, cure the negative impact of YE which may be due to an inhibitory factor influencing 
the production or secretion of LBP. Therefore, ΔSF4 was supplemented with 1 g/L of gluta-
mine, without addition of tryptophan, and two different ratios of AE/YE accounting for a to-
tal extract concentration of 8 g/L. Supplementing ΔSF4 with 4 g/L of AE and 4 g/L of YE 
yielded 2.4 mg/L of purified LBP (Figure 11, condition 6). On the other hand, blending 6 g/L 
of AE with 2 g/L of YE yielded 3.0 mg/L of recombinant protein (Figure 11, condition 7).  

From the limited number of experiments, the following conclusions can be drawn: 

(1) the low expression yields observed for the commercial AE can be recovered to levels 
similar to those observed in SF4 (Figure 11, condition 1) by supplementing tryptophan 
and glutamine to the growth medium;  

(2) the combination of AE, YE and glutamine produces an outcome similar to supplementa-
tion of AE with tryptophan and glutamine; 

(3) the data here presented is insufficient to draw extensive conclusions about the inhibitory 
effects of YE. However, if existent, this inhibition is not effective at concentrations until 
2 g/L YE, as the resulting yield is similar to that obtained in SF4 medium (Figure 11, 
condition 1); 

(4) a more thorough analysis of the effects of increasing the amount of AE or decreasing the 
amount of YE needs to be carried out in order to better understand the low yields ob-
served for YE alone. 
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Large-scale production and NMR characterization of the uniformly 15N-labeled LBP  

For the NMR analysis, 15N-labeled LBP was expressed in Sf9 insect cells using a 1:1 ratio of 
15N-labeled AE/YE as described above and reported by Opitz et al. (54). For this, ΔSF4 was 
supplemented with 1 g/L of unlabeled glutamine, 4 g/L of 15N-labeled AE (N-ISOGRO, Sig-
ma) and 4 g/L of 15N-labeled YE. After purification, 2.7 mg/L of 15N-labeled LBP was ob-

tained. Since it was previously observed that LBP concentrations exceeding 8 mg/ml (~150 
μM) led to irreversible precipitation of the protein, only a fraction of 1.5 mg was used to pre-
pare the 270 μL NMR sample. Figure 12 shows the resulting 1H-15N TROSY HSQC recorded 
for 60 h on the 111 μM 15N-labeled LBP. In total, 324 of the 473 expected backbone amide 
resonances were observable. To further characterize this sample, 15N-incorporation of LBP 
was analyzed by a 1JHN 1D spin echo difference experiment yielding an estimated 
15N-incorporation of 79 %. As expected for a protein of ~57 kDa, including glycosylation 
sites, further improvement of the spectral quality would require deuteration.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12: 1H, 15N-TROSY HSQC spectrum of 15N-labeled LBP. 15N-labeled LBP was expressed in Sf9 cells 
grown in a growth medium containing a combination of 15N-yeast extract and 15N-algal extract supplemented with 
unlabeled glutamine as described in the text. The spectrum was recorded in 60 h on a 111 μM sample of 15N-
labeled LBP on a 900 MHz NMR instrument equipped with a cryogenic probe. 
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To obtain information of the oligomeric state of LBP, 15N T1 and T2 relaxation times of 
2808 ms and 25 ms were measured using 1D 1H-detected 15N relaxation experiments  (Figure 
13) (57). Using the obtained values, the rotational correlation time (τc) could be derived by 
Eq. 1 (58): 

 

  𝜏! ≈
6𝑇1
𝑇2
−7

4𝜋𝜈𝑁
       (Eq. 1) 

 

where νN is the Larmor frequency of the 15N nuclei. 

We obtained a τc of 22.8 ns for LBP at 37 ºC, which agrees with the expected rotational corre-
lation time of proteins of approximately 50 kDa. This indicates that LBP exists in solution as 
a monomer. 

 

Figure 13: The determination of LBP relaxation times from 1D traces of the 15N T1 and T2 relaxation experi-
ments recorded using short (red) and long (blue) relaxation delays Δ at 37 ºC.  
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Local probing of the LBP-LPS interaction by the intrinsic tryptophan fluo-
rescence 

Characterization of the intrinsic tryptophan fluorescence of LBP  

LBP contains two conserved tryptophan residues (Trp116 and Trp176) embedded in its N-terminal 
tip (Figure 14A,B). After excitation at 295 nm, these two amino acids show a broad intrinsic 
fluorescence emission spectra with a maximum centered at ~320 nm (Figure 14C black), af-
ter subtraction of the Raman signal (59) from a separate buffer experiment. The LBP fluores-
cence spectrum is blue-shifted relative to free tryptophan, for which the emission maximum 
occurs at ~350 nm in aqueous solvent (Figure 14C blue). A red shift of the emission spectrum 
is well known as a solvent relaxation effect, where reorientation of the solvent molecules oc-
curs around the fluorophore’s excited-state dipole thereby lowering its energy (59). There-
fore, one can conclude from the blue-shifted emission of the tryptophans in LBP that they 
reside in a more hydrophobic environment. 

A comparison of the emission spectrum of 0.333 μM LBP (corresponding to 0.333 μM of 
Trp116 + 0.333 μM of Trp176) with 0.333 μM of free tryptophan shows that the summed fluores-
cence intensity of LBP’s tryptophans is quenched by a factor of four. A possible cause for the 
observed quenching of LBP fluorescence is the proximity of Trp116 and Trp176 to internal 
quenchers (59), such as the side-chain of His70 at a distance of 5.4 Å from Trp176; the side-chain 
of Tyr76 at a distance of 13.5 and 10.6 Å from Trp176 and Trp116, respectively; and the proximity 
between the tryptophans themselves, since they are at an average distance of 8.6 Å from each 
other. 
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Figure 14: Usage of the LBP tryptophan fluorescence as a probe for the local environment. A Cartoon repre-
sentation of the N-terminal domain of the hLBP modeled (SWISS-MODEL) using the mLBP crystal structure 
(PDB 4M4D). Tryptophans (yellow), basic residues (orange) and possible fluorescence quenchers (green) are 
shown as sticks. B Space-filling representation of the N-terminal domain of the hLBP model. C Emission spec-
trum of 0.333 μM LBP and 0.333 μM free Trp solution at 23 ºC after buffer subtraction. The excitation wave-
length used was 295 nm, and the bandwidths of excitation and emission were 5 and 3 nm, respectively. The 
photomultiplier voltage was 550 V, and the scanning speed 200 nm/min at a step size of 1 nm. Both samples 
contain 5 mM HEPES, 500 mM NaCl, 1 mM EDTA, pH 7.5.  
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Tryptophan fluorescence changes upon LBP binding to LPS aggregates 

Upon addition of increasing amounts of LPS F515 (chemical structure shown in Figure 16) to 
a 0.5 μM solution of LBP, a significant increase of its intrinsic fluorescence emission maxi-
mum was observed until a plateau was reached at 4.6 μM (Figure 15A). The very pronounced 
emission peak in Figure 15A with maximum centered at approximately 327 nm is a result of 
Raman scattering of the incoming light by the solvent. It is removed when subtracting the 
fluorescence spectrum of the buffer alone (Figure 15B). Apparently, the increase in fluores-
cence emission upon the addition of LPS is not accompanied by a shift of the emission wave-
length (Figure 15B,D). The increase in fluorescence was quantified by integrals over the 
emission spectrum (Figure 15C), and the plot of the resulting values versus the glycolipid 
concentrations corresponds to a sigmoidal binding isotherm with a midpoint at about 2.5 μM. 
Clearly, the binding of LPS F515 reduces the quenching of LBP’s tryptophan fluorescence by 
about 10 % relative to free tryptophan, which indicates local conformational changes at the 
N-terminal tip of LBP in the vicinity of the putative binding site comprising the cluster of 
positively charged residues (37, 38, 60, 61). On the other hand, the absence of changes of the 
maximum wavelength indicates that the polarity of the tryptophans’s environment is not af-
fected. Therefore, it is unlikely that Trp116 and Trp176 get further exposed to solvent upon LPS 
binding. 
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Figure 15: Effect of increasing concentrations of LPS F515 on the environment of LBP’s tryptophan residues. 
A Emission spectra of a solution of 0.5 μM LBP upon addition of increasing concentrations (0, 0.125, 0.25, 
0.372, 0.5, 0.741, 1, 1.465, 1.938, 2.404, 2.862, 3.314, 3.759, 4.198, 4.629 and 5.055 μM) of LPS F515, at 
23 ºC. The blue line at the bottom is the (signal) spectrum of the buffer alone (see Figure 14), showing the Ra-
man peak. B Emission spectrum after buffer subtraction. C Titration curve of the fluorescence integral between 
308-318 nm and 335-380 nm. D Wavelength of the maximum emission as a function of the glycolipid concen-
tration. All the details of the fluorescence measurements were as described in Figure 14. 
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In order to define the relative contribution of the lipidic or carbohydrate domains in the inter-
actions with LBP, we analyzed the spectral properties upon interaction with various other 
structurally related glycolipids (chemical structures shown in Figure 16). 

 

Figure 16: Chemical structures of the glycolipids used for the interaction studies with LBP. The glycolipids 
GlcN(3-OH-14:0)-α-P, Lipid IVa, Lipid X and Re-like LPS (E.coli F515) were kindly provided by Professor 
Ulrich Zähringer. The compounds Heparin disaccharide and Ra-like LPS (E.coli EH100), with product codes 
H1001 and L9641, were purchased from Sigma-Aldrich. 
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The result of the interaction of the LPS precursor Lipid X, the synthetic Lipid IVa, and the 
charged heparin disaccharide with LBP is shown in Figure 17 A,B. All the glycolipids pro-
moted a significant increase of the fluorescence emission, the largest change was observed 
for LPS F515 and Lipid IVa. However, while the emission wavelength did not change upon 
titration of LPS F515 and Lipid IVa, Lipid X caused a red shift of 7.5 nm even at a concen-
tration of 0.125 μM. Since this effect occurred well below the concentration of LBP (0.5 μM) 
and was concentration-independent, it is likely due to a contaminant in the Lipid X prepara-
tion. 

Both heparin disaccharide and buffer alone (used as negative control) failed to produce any 
changes upon titration, except for a decay of the fluorescence signal, which was also ob-
served even for free tryptophan in the absence of any glycolipids. This reduction is apparent-
ly due to photobleaching, since decreasing the excitation bandwidth reduced the effect, albeit 
at the expense of sensitivity.  

The effect observed upon adding increasing amounts of the different compounds suggests 
that the increase in fluorescence emission is a direct consequence of the binding. The larger 
signal increase observed for LPS F515 and Lipid IVa compared to Lipid X is possibly a con-
sequence of their larger size.  

 

Figure 17: The effect of increasing concentrations of different glycolipid moieties on the fluorescence signal. 
A Plot of the integrated fluorescence signal (308-318 nm and 335-380 nm) of a 0.5 μM LBP solution, upon ti-
tration of increasing concentrations of the different ligands. B Plot of the wavelength of the maximum emission 
as a function of the glycolipid concentration. All the details of the fluorescence measurements were as described 
in Figure 14. 
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Investigation of the influence of the electrostatic interaction on the binding 

To better understand the effect of the electrostatics on LBP-Lipid X binding, fluorescence 
measurements were also carried out in buffers with increasing concentrations of NaCl as 
shown in Figure 18. The binding-induced fluorescence response decreases continuously from 
0.2 to 2 M NaCl, indicating the importance of electrostatics in the interaction.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 18: Effect of increasing concentrations of NaCl on the fluorescence signal. Plot of the integrated fluo-
rescence signal (308-318 nm and 335-380 nm) of a 0.25 μM LBP solution at increasing concentrations (0, 
0.125, 0.25, 0.372, 0.5, 0.741, 1, 1.465, 1.938, 2.404 and 2.862 μM) of Lipid X. All the details of the fluores-
cence measurements were as described in Figure 14. 

Influence of mechanical stress on LBP probed by Trp fluorescence and CD  

We observed that the fluorescence emission of LBP in solution increased continuously over 
the period of about an hour upon stirring the solution in the quartz cuvette with a magnetic 
stirrer (Figure 19A-C). The increase in florescence does not occur in the absence of stirring 
and could be explained by a reduction of quenching due to an increased distance of quenchers 
to the LPB tryptophan residues (Figure 14B). In addition, CD spectroscopy showed that the 
fluorescence increase is accompanied by a decrease of the molar ellipticity (Figure 19D), cor-
responding to a loss of secondary structure. Therefore, the data are consistent with unfolding 
upon stirring and also indicate that quenching is an intrinsic property of the folded LBP. 
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Figure 19: Effect of mechanical stirring on the fluorescence signal and the CD spectrum. A Emission spec-
trum of a 0.5 μM LBP solution stirred over a period of 60 min in a 5 x 5 mm quartz cuvette with a magnetic bar 
stirrer at about 200 RPM. The line coloring correspond to different time points indicated in subpanel B, with the 
exception of the blue line at the bottom that is the fluorescence signal of the buffer alone. All details of the fluo-
rescence measurements were as described in Figure 14. B Emission spectrum after buffer subtraction. C Plot of 
the integrated fluorescence signal (between 308-318 nm and 335-380 nm) as function of the total stirring time. 
D CD spectrum of LBP recorded (0.2 cm quartz cuvette), before and after stirring and fluorescence measure-
ment.  
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LBP-LPS interaction probed by surface plasmon resonance (SPR) 

LBP immobilization on the SPR sensor chip surface 

The use of SPR for studying protein-glycoconjugate interactions has been increasing over the 
last two decades (62). Here, we used SPR to obtain kinetic information on the binding of 
LBP to LPS and other glycolipids. First, LBP was covalently coupled to the dextran surface 
of a gold sensor chip from the SIA KIT AU (GE Healthcare) using primary amines groups 
(Figure 20). The total amount immobilized was 238.5 RU, which corresponds to an average 
distance of 199 Å between LBP molecules on the chip surface (see legend to Figure 20). 

 

 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
Figure 20: Coupling of LBP to the sensor chip using amine chemistry. The chip surface was activated with 
NHS/EDC, flushed with LBP and blocked with ethanolamine, at pH 7.5. For coupling, a stock solution of 3.5 
μM LBP was injected at 2 μL/min for 300 sec. The LBP immobilized produced a total change in RU of 238.5. 
The experiment was carried out in 5 mM HEPES, 200 mM NaCl, 1 mM EDTA, pH 7.5. Since 1 RU corre-
sponds to 1 pg/mm2, relation between SPR response R and average distance is given by 
 𝑅 = 238.5 RU = 0.2385.10-9g

mm2
. mol
57.103g

= 2.52.10-5

Å
2  ;  𝑑 = 1

R
=199 Å. 
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Analysis of the interaction of LBP with LPS and its precursors 

The interaction of LBP with the glycolipid ligands resulted in the binding sensorgrams shown 
in Figure 21. Binding curves were collected for different ligands at different concentrations, 
and all produced an increase of the SPR response upon titration of increasing concentrations 
of the different glycolipids, clearly confirming the binding of these molecules to the immobi-
lized protein. The comparison of the sensorgrams for the different ligands showed that the 
dissociation of Lipid X, although also slow, is faster than the dissociation of Lipid IVa, LPS 
F515 and LPS EH100. This result indicates that Lipid X has a larger dissociation rate (koff) 
compared to the other glycolipids. The SPR equilibrium binding experiments (Table 3, dis-
cussed below) show that the binding affinity increases in the following order: Lipid X < Lipid 
IVa < LPS F515 < LPS EH100. Thus the lowest affinity corresponds to the fastest dissocia-
tion rate. In contrast, the association rates (kon) could not be determined reliably since simple 
reaction models did not provide a satisfactory fit. 

 

 
 

 
 

 
 

 
 

 
 
 
Figure 21: Sensorgrams of the titrations using different glycolipids. A 0, 0.125, 0.25, 0.5, 1, 2, 3, 4 and 5 μM 
of LPS F515, injected over the surface with a contact-time of 400 s B 0.01, 0.02, 0.03, 0.06, 0.125, 0.25, 0.5, 1, 
2, 3, 4 and 5 μM of LPS EH100, injected over the surface with a contact-time of 750 s. C 0, 0.125, 0.25, 0.9, 
1.5, 3, 5, 7.5 and 10 μM of Lipid IVa, injected over the surface with a contact-time of 800 s. D 0, 0.125, 0.25, 
0.5, 1, 2, 3, 4 and 5 μM of Lipid X, injected over the surface with a contact-time of 400 s. All experiments were 
run at 25 ºC in 5 mM HEPES buffer, 200 mM NaCl, 1 mM EDTA, pH 7.5.  
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The equilibrium binding could be fitted well by the Hill equation (Eq. 2): 

 

  𝑅 = !!"#
!!(!! [!])!

      (Eq. 2) 

 

where [L] corresponds to the concentration of ligand and n is the Hill coefficient. The fits are 
shown in Figure 22 and the corresponding fit parameters are given in Table 3.  

The equilibrium SPR response (Rmax) of the different glycolipids follows the trend Lipid IVa > 
LPS F515 > LPS EH100 > Lipid X > GlcN(3-OH-14:0)-α-P. In the concentration range from 
0 to 10 μM, only glycolipids with more than one acyl chain (Lipid IVa, LPS F515, LPS 
EH100 and Lipid X) produced an SPR response (Figure 22), but the single lipid chain 
GlcN(3-OH-14:0)-α-P did not show any binding. As shown below, however, 
GlcN(3-OH-14:0)-α-P produced an SPR response at 170 μM (Figure 24), which is close to 
its critical micelle concentration (CMC). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 22: Plot of the equilibrium SPR responses (filled circles) for the different glycolipids versus their con-
centrations. The solid lines correspond to a fit of the Hill equation (Eq. 2, see text). 
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Table 3: Binding data derived from the SPR equilibrium experiments, and aggregate sizes 
determined by DLS. 

 Glycolipid 
[Da]a RLBP [RU]b RGlyc 

[RU]c 
Aggregate 

[kDa]d 

Glycolipid 
monomerse 

Kd [μM]f ng CMCLit
 

[μM]h 
CMCDLS 
[μM]l 

GlcN(3-OH-14:0)-
α-P 485.5 353.9 0.0 - - - - - 62.5-

125.0 
Lipid X 711.9 238.5 562.7 134.5 189 2.0 2.5 40i 3.9-31.3 
Lipid IVa 1405.7 353.9 1821.8 293.4 209 1.3 1.2 < 0.1j - 
LPS F515 2237.3 238.5 1343.4 321.1 144 1.1 1.4 ~0.04k - 
LPS EH100 5500.0 238.5 1045.9 250.0 45 0.5 1.2 > 0.04k - 

aMolecular weight of the glycolipid monomer. 
bSPR response produced upon coupling of LBP to the sensor chip surface. 
cMaximum response produced upon binding of glycolipids to surface-immobilized LBP. Calculated from fit to 
the Hill equation. 

dMW of bound glycolipid aggregate per LBP monomer determined as: 𝑀𝑊!""#$"%&$ =
!"!"#×!!"#!"#$%$&

!!"#
 and 

MWLBP is 57 kDa. 
eNumber of glycolipid monomers forming the interacting aggregate. Obtained from the molecular weights of the 
aggregate and the monomers. 
fEquilibrium binding constant derived from Hill equation. 
gHill coefficient of cooperativity. 
hCMC of the glycolipids reported in literature.  
iReference (63).  
jReference (64).  
kReference (65). 
lCMC of the glycolipids determined experimentally by DLS. 
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Rmax is dependent on the surface capacity of the immobilized LBP and the molecular mass of 
the glycolipids. While saturation means that all the interaction sites have been occupied, the 
maximum amplitude response gives an indication of the total amount of the glycolipid bound. 
It is noteworthy that the much smaller Rmax observed for Lipid X corresponds approximately to 
the same number of bound glycolipid monomers as Lipid IVa and LPS F515. 

The Hill coefficient n resulting from the binding of the different glycolipids to the sur-
face-immobilized LBP is a measure of the degree of cooperativeness of these interactions. 
The values obtained for most are approximately 1, which indicates lack of cooperativity. In 
contrast, the interaction of LBP with Lipid X was well fitted with a value n of 2.5 indicating 
cooperativity. The midpoint of the binding isotherm occurs at about 2 μM Lipid X, which is 
close to the determined range of its CMC (3.9 – 31.3 μM, see below). Very likely the ob-
served cooperativity describes the formation of Lipid X micelles, which bind to LBP.  

As remarked before, the binding affinity decreases slightly as follows: LPS EH100 > LPS 
F515 > Lipid IVa > Lipid X. It is remarkable that LPS EH100, closest to full-length LPS, 
displays the highest affinity towards LBP. 

Critical micelle concentration (CMC) of Lipid X and GlcN(3-OH-14:0)-α-P glycolipids 

In order to better understand the binding behavior of the Lipid X and GlcN(3-OH-14:0)-α-P, 
their apparent CMC was determined using the change of aggregation size determined by 
DLS. For Lipid X, we observe that the transition between small to very large particle size oc-
curs in the concentration range above 3.9 μM and below 31.3 μM (Figure 23A), while for 
GlcN(3-OH-14:0)-α-P the transition occurs above 62.5 μM and below 125 μM (Figure 23B). 
This indicates that the corresponding CMC of both glycolipids lies in those ranges. While no 
CMC values were found in the literature for GlcN(3-OH-14:0)-α-P, the CMC of Lipid X was 
reported to be 40 μM (63), which is close to the upper limit of 31.25 μM found in this study.  
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Figure 23: Determination of the CMC of Lipid X and GlcN(3-OH-14:0)-α-P. A Measured size of Lipid X at 
the concentrations of 0.98, 1.95, 3.90, 31.25 and 62.5 μM. B Size of GlcN(3-OH-14:0)-α-P at the concentra-
tions in of 5, 16.5, 31.25, 62.5, 125 and 225 μM. The grey box indicates the concentration range were the transi-
tion from monomers to micelles takes place. All experiments were carried out in 5 mM HEPES, 200 mM NaCl, 
1 mM EDTA, pH 7.5. 
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As described before, the GlcN(3-OH-14:0)-α-P does not produce an SPR response in the 
concentration range of 0-10 μM (Figure 22). However, when the concentration was increased 
to 170 μM, an SPR response was observed (Figure 24). This indicates that at higher concen-
trations, GlcN(3-OH-14:0)-α-P micelles bound to LBP produce a large enough SPR re-
sponse. At concentrations below the CMC, however, the detection limit imposed by the 
Biacore instrument makes it difficult to detect a clear binding of monomers. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 24: SPR response produced upon injection of 10 μM and 170 μM GlcN(3-OH-α-P) over the surface 
with a contact-time of 650 s.  
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Investigation of the importance of electrostatic interactions on the binding 

The effect of electrostatics on the LBP-glycolipid binding observed in the fluorescence ex-
periments was also verified by SPR (Figure 25). The SPR response upon binding of Lipid X 
to the surface-immobilized LBP is continuously reduced in buffers of increasing concentra-
tions of NaCl. In fact, as judged by the maximal SPR response, the total bound lipid mass per 
LBP molecule is greatly reduced from 165 to 67 kDa (Table 4). On the other hand, a compar-
ison of the inflection points of the binding isotherms indicates that the Kd at 0.2 and 1.0 M 
NaCl is approximately 2 and 3 μM, respectively; this suggest only a slightly reduced affinity 
at higher ionic strengths. This could result from either smaller micelles being formed or a re-
duced number of surface-immobilized LBP molecules interacting with these micelles. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 25: Effect of varying the NaCl concentration on the equilibrium SPR response. 
 
 

Table 4: Effect of electrostatics on the binding of LBP to Lipid X micelles. 

NaCl [M] R LBP [RU] a R Lipid X [RU] b MW aggr 
[kDa] c 

Glycolipid 
monomers d 

0.2 353.9 1025 165 232 
1.0 353.9 415 67 94 

aSPR response produced upon coupling LBP to the sensor chip surface. 
bMaximum SPR response produced upon binding of Lipid X to the sensor-immobilized LBP. 
cMW of the bound glycolipid aggregate per surface-immobilized LBP molecule. 
dNumber of bound glycolipid monomers per immobilized LBP molecule. 
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Characterization of the LBP-LPS interaction 

The following experiments were carried out with the purpose to better understand (i) the stoi-
chiometry of the LBP-LPS interaction and (ii) the role of CD14 for the LBP-LPS interaction. 

After immobilizing LBP on the SPR surface, 100 nM of LPS F515 was injected, producing 
an SPR response of 67.5 RU. This response level is about twenty-fold smaller than the one 
obtained upon saturation of the surface-immobilized LBP (Table 3). Since the saturation ex-
periment (Figure 22) showed no cooperativity, it can be assumed that the micelle sizes are 
similar. Therefore only a fraction of the LBP molecules are “occupied” with these micelles. 
The total response of 67.5 RU upon binding of LPS F515 indicates that 7.3 glycolipid mon-
omers are bound per total immobilized LBP.  

Subsequently, either LBP (Figure 26B) or CD14 (Figure 26C) was injected over the immobi-
lized LBP-LPS complex. Flowing free LBP produced a response corresponding to the bind-
ing of 1.1 LBP molecules per LBP immobilized. This corresponds to 7.3 LPS molecules per 
2.1 (1.1 + 1) LBP molecules, in other words a ratio of ~ 3:1. This important result indicates 
that many LBP molecules can cover/coat the surface of LPS aggregates almost completely. 

The addition of CD14 (50 kDa) did not produce a significant response (Figure 26C) on the 
immobilized LBP-LPS complex. This result indicates that CD14 either does not bind or pos-
sesses a very slow association rate. 
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Figure 26: Characterization of the LBP-LPS-CD14 interaction. A Scheme for the experimental setup for the 
immobilization of 100 nM LPS F515 (67.5 RU) on the chip-immobilized LBP (238.5 RU). The total SPR re-
sponse upon interaction corresponds to the binding of 7.1 LPS monomers per molecule of surface-immobilized 
LBP. B Scheme of the injection of free LBP on the immobilized LPS produces a response of 255 RU. This re-
sponse corresponds to the binding of 1.1 molecules of free LBP per molecule of surface-immobilized LBP. C 
Injection of free CD14 on the immobilized LPS F515 produces a response of 12 RU, consistent with the binding 
of 0.1 molecules of free CD14 per molecule of surface-immobilized LBP.  
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LBP-induced disaggregation of glycolipids requires CD14 

After immobilization of LBP on the surface of the SPR chip, the effect of injecting either 
glycolipids alone (Lipid X, Lipid IVa, LPS F515; Figure 27A) or in combination with CD14 
(Figure 27B) was investigated. The results indicate that injecting a mixture of glycolipids and 
CD14 produces on average only half of the SPR response as compared to injecting the glyco-
lipids alone (Figure 27C). This seems to indicate the onset of disaggregation. The data sug-
gest that disaggregation may require an initial transient interaction between LBP and CD14, 
which can only be accomplished when LPS and CD14 are injected simultaneously. This hy-
pothesis would explain the absence of micelle disaggregation when CD14 is injected after 
LPS has been immobilized as previously shown in Figure 26C. 

 

Figure 27: Comparison of the interaction of LBP and glycolipids, in presence or absence of CD14. A Scheme 
of injecting glycolipid over surface-immobilized LBP. B Scheme of injecting a mixture of glycolipid and CD14 
over surface-immobilized LBP. C Bar plot showing that the response produced upon injection of the mixture 
(blue) of glycolipid (100 nM) and CD14 (100 nM) is half of that produced when injecting the glycolipids (100 
nM) alone (black).  
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Conclusions  
In this study, we performed large-scale expression and purification of the hLBP from insect 
cells. We characterized this material using several biophysical methods and showed that it is 
an ~57 kDa folded glycoprotein containing a mixture of α-helices and β-sheets similar to that 
found for the mLBP. Furthermore, we developed a labeling scheme using a combination of 
AE and the homemade YE that allowed ~80 % 15N isotope incorporation. A 15N-TROSY 
HSQC spectrum was for the first time reported for any of the receptors that bind to LPS. The 
spectrum showed 324 backbone resonances out of 473 expected. However, the spectral quali-
ty can be further improved by deuteration as has been shown by Opitz et al. for other proteins 
(54). The 15N T1 and T2 measurements on the labeled LBP confirmed its monomeric state. 

The fluorescence of the two LPB tryptophans Trp116 and Trp176 located in the N-terminal tip 
was used as a local probe of their environment. Their emission spectrum is blue-shifted and 
quenched by a factor of four when compared to free tryptophan in aqueous solution. This in-
dicates that the environment of LBP’s two tryptophan residues is more hydrophobic than wa-
ter and that adjacent residues quench the tryptophan fluorescence in apo LBP. Binding of dif-
ferent glycolipids reduces this quenching indicating local conformational changes in the vi-
cinity of the tryptophans and lipid binding pocket of LBP. Higher fluorescence intensities 
were observed for the larger glycolipids (LPS F515 and Lipid IVa). Using tryptophan fluo-
rescence we also observed that the binding of LBP to the glycolipids is greatly reduced as the 
ionic strength of the medium is increased, therefore suggesting an important role of electro-
static interactions.   

SPR was used to get a better understanding of the kinetics, affinity and binding stoichiometry 
of the LBP-glycolipid interactions. Equilibrium binding experiments showed a binding affini-
ty in the low micromolar range for most investigated glycolipids, which increases slightly 
with their size. For GlcN(3-OH-14:0)-α-P binding was observed only above its CMC at 170 
μM and no equilibrium binding could be carried out. Its affinity is apparently the lowest of all 
investigated glycolipids. The biacyl chain Lipid X is the second weakest binder. Fitting of the 
data using the Hill model to the equilibrium binding isotherms showed that most of the inter-
actions are non-cooperative (n ~ 1). The binding of Lipid X, however, produced an n of 2.5, 
indicating cooperativity among the glycolipid monomers consistent with aggregate for-
mation. The transition is close to the determined concentration range of its CMC. Thus for 
both GlcN(3-OH-14:0)-α-P and Lipid X binding was only observed in the aggregated form. 
Monomeric binding would have been below the detection limit of the SPR experiment. 

By SPR, we also showed that LBP can bind to LPS with a stoichiometry of approximately 
1:3. This is an interesting result as it indicates that LBP binds multiple LPS’s, and suggest 
that in presence of large aggregates it can coat their surface. However, the disaggregation of 
the LPS micelle only takes place in the presence of CD14.   
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Materials and Methods 
Generation of expression construct  

A synthesized gene sequence of the hLBP was purchased from a commercial supplier 
(Genscript). Recombinant Baculovirus was prepared by insertion of the hLBP gene into the 
modified pACEBAC 1 vector (Geneva Biotech), fused downstream of the HBM secretory 
sequence (MKFLVNVALVFMVVYISYIYAD), and upstream of the GS linker (GSGSGS) 
and the ten-residue histidine (HHHHHHHHHH). The final sequence is 

MKFLVNVALVFMVVYISYIYADANPGLVARITDKGLQYAAQEGLLALQSELL-
RITLPDFTGDLRIPHVGRGRYEFHSLNIHSCELLHSALRPVPGQGLSLSISDS-
SIRVQGRWKVRKSFFKLQGSFDVSVKGISISVNLLLGSESSGRPTVTASSCSSDIAD-
VEVDMSGDLGWLLNLFHNQIESKFQKVLESRI-
CEMIQKSVSSDLQPYLQTLPVTTEIDSFADIDYSLVEAPRATAQ-
MLEVMFKGEIFHRNHRSPVTLLAAVMSLPEEHNKMVYFAISDYVFNTASLVYHEE-
GYLNFSITDDMIPPDSNIRLTTKSFRPFVPRLARLYPNMNLELQGSVPSAPLLNF-
SPGNLSVDPYMEIDAFVLLPSSSKEPVFRLSVATNVSATLT-
FNTSKITGFLKPGKVKVELKESKVGLFNAELLEALLNYYILNTFYPKFND-
KLAEGFPLPLLKRVQLYDLGLQIHKDFLFLGANVQYMRVGSGSGSHHHHHHHHHH 

where the blue residues correspond to the mature hLBP sequence (UniprotKB entry P18428). 

Preparation of recombinant baculovirus  

Handling and maintenance of Sf9 cell culture was based on established protocols (66). Per-
manent cultures were subcultured in mid-log phase and kept in full SF4 medium (Biocon-

cept) Insect Xpress medium (Lonza) at 27 ºC and shaken at 80 rpm. Recombinant bacmid 
DNA was generated, according to supplier’s protocol, in E. coli DH10Bac cells using a modi-
fied pACEBAC 1 (Geneva Biotec) compatible with the Gateway technology (Invitrogen). 
Baculovirus was generated in adherent cultures as reported by O’Reilly et al. (66). Subse-
quently, high-titer virus stocks for expression were produced by two additional amplification 
rounds in suspension cultures. In the first amplification round, 50 mL of Sf9 cell culture con-
taining 1 x 106 cells/mL in serum-free medium were infected with recombinant virus and cul-
tured until cell viability decreased to ≤90 %. The supernatant (P1) was collected by centrifu-

gation at 1000g and 4 ºC for 15 min. For the second amplification round, 100 mL of serum-
free Sf9 cell culture containing 1 x 106 cells/mL was infected with P1 and processed as before 
to yield a P2 virus stock. 

Functional titration of the P2 virus stock was applied to determine the optimal amount for the 
expression. Briefly, small-scale cultures of Sf9 cells were infected in full SF-4 medium at a 
cell density of 1.5 x 106 cells/mL with P2 virus stock corresponding to functional titers of 
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1-40 mL per 1 L of cell culture. The yield of purified protein was then quantified for different 
expression times. 

Expression and purification of the insect cell-produced hLBP 

For large-scale expression, SF-4 or Insect Xpress-adapted Sf9 cells were grown to a density 
of 2 x 106 cells/mL and inoculated with a P2 virus titer of 10 mL per 1 L of cell culture. hLBP 
was subsequently expressed until the cell viability decreased to 80-85 %, usually between 60-
72 hours post-infection. 

Following expression, medium containing secreted hLBP was separated from the cells by 
centrifugation at 1000g for 10 min (4 °C). The supernatant was filtered through a 0.22 μm 
filter and directly loaded on a strong cation exchange column (SP-Sepharose Fast Flow 
2 × 5 mL, GE Healthcare Life Sciences) equilibrated with 25 mM HEPES (pH 7.5), 100 mM 
NaCl and 5 % glycerol (buffer A). Following a washing step with 2 column volumes (CV) of 
buffer A, hLBP was eluted using a gradient of 25 mM HEPES (pH 7.5), 1 M NaCl and 5 % 
glycerol (buffer B) from 0-100 % over 20 CV. Fractions containing hLBP were combined 
and subsequently loaded onto a Ni Sepharose column (HisTrap HP 5 ml, GE Healthcare Life 
Sciences) initially equilibrated with 25 mM HEPES (pH 7.5), 500 mM NaCl and 5% glycer-
ol. The column was washed with 2 CV of buffer A, followed by gradient from 0-5 % in 4 CV 
of 25 mM HEPES (pH 7.5), 500 mM NaCl, 500 mM imidazole and 5 % glycerol. Bound 
hLBP was finally eluted by a gradient of buffer B from 5-100 % in a total volume of 4 CV. 
Fractions containing hLBP were combined and concentrated by centrifugation in a 30 kDa 
MWCO filter (VivaSpin 15, Sartorius). The concentrated supernatant was loaded onto a size-
exclusion column (Superdex 200 10/300 GL, GE Healthcare Life Sciences) equilibrated with 
5 mM HEPES (pH 7.5), 500 mM NaCl and 1 mM EDTA (buffer E). Fractions containing 
hLBP were combined and concentrated for further analysis (VivaSpin 15, Sartorius). 

Gel electrophoresis and Western blotting 

Protein electrophoresis was performed on precast 4-20 % gradient gels (Bio-Rad) according 
to manufacturer’s protocol. Samples were mixed with 2x non-reducing SDS sample buffer 
before loading, but not heated. The staining was carried out with the standard coomassie bril-
liant blue (CBB) procedure. 

For Western blots, the protein was transferred to nitrocellulose membranes using a 
Trans-Blot Turbo system (Bio-Rad). The transfer time was 3 min at 1.3 A and 25 V for a 
Mini-PROTEAN TGX gel (Bio-Rad). The membrane was blocked for 1 h in 3 % BSA in 
Tris-buffered saline with 0.1 % Tween-20 (TBST). Subsequently, the membrane was incu-
bated (30 min) with a 1:8000 dilution of primary monoclonal antibody anti-human LBP biG 
42 (Biometec), previously prepared as described by manufacturer, in TBST supplemented 
with 3 % BSA. This was followed by incubation (30 min) with a 1:4000 dilution of horserad-
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ish peroxidase (HRP)-conjugated secondary antibody, previously prepared according to man-
ufacturer) in TBST. Washing was performed for 3 x 5 min after incubation with the primary 
and secondary antibody using TBST. Protein bands were visualized using a chemilumines-
cent HRP substrate (Roche) according to manufacturer’s instructions.  

Size exclusion chromatography and static light scattering 

Purified hLBP (70 μL) was applied to an equilibrated Superdex 200 10/300 GL size exclu-
sion chromatography column. Buffer E was used for equilibration of the column as well as 
for the experimental run. Fractions were analyzed by UV and static light scattering (Wyatt 
Technology Corporation). 

CD spectroscopy 

For analysis of the hLBP secondary structure composition, CD spectra of purified hLBP were 
recorded on a Chirascan CD spectrometer (Applied Photophysics Ltd.). The protein (5 μM) 
was in 5 mM HEPES (pH 7.5), 500 mM NaF and 1 mM EDTA (Buffer F). Measurements 

were performed in a 0.2 cm quartz cuvette at 25 °C. A sampling of 7 s/nm was used and data 
recorded in a range of 185-260 nm. Data was corrected for the buffer contribution and ana-
lyzed online using DichroWeb (49, 50).   

NMR spectroscopy 

NMR experiments were recorded on a Bruker Avance III 900 MHz spectrometer equipped 
with a triple-resonance cryoprobe. All experiments on LBP were acquired at a temperature of 
37 °C. Amide proton T2 values were determined from a jump-return spin-echo experiment 
(52). The 2D 1H-15N-TROSY experiment on 15N-hLBP was recorded with 130 (15N) x 1024 (1H) 
complex points, acquisition times of 26 ms (15N) and 43 ms (1H), with a total experimental 
time of 60 h. INEPT transfer times were optimized for amide proton T2 values of hLBP. NMR 
data were processed and analyzed with the NMRPipe software package (67). 

Preparation of glycolipid samples 

1 mg of LPS/Lipid A (Na+, K+, Ca2+, Mg2+, etc. mixed salt forms) was dissolved in 1.5 mL dis-
tilled water and ultra-sonicated for 5 min and kept on ice. Subsequentlly, 2-5 μL of 5 % tri-
ethylamine (TEN, Sigma) was added until the opalescence of the sample disappeared 
(~pH 9). Special care was taken to avoid pH > 9.5, where ester-bound fatty acids are saponi-
fied and hydrolyzed. The sample was ultra-sonicated under temperature control and immedi-
ately cooled down on ice. After 10-15 min, 150 μL of 1 M HCl (pre-cooled) was added and 
the sample was shaken to better mix the components. At this point, the Lipid A dispersion 
became more opalescent as a sign of aggregation. The sample was centrifuged at 13,000 
rpm/min for 20 min at 4 °C. The supernatant was discarded. The sediment contains the 
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LPS/lipid A in its water-insoluble H+-form. At this point, the desired amount of distilled water 
(ca. 0.5-1 mL) was added to adjust the final concentration. The sample was kept on ice. Fol-
lowing, 1-5 µL of 20 % TEN was added to achieve pH ~ 7-8. The maximum “solubility” of 
the Lipid A-TEN-form salt in water is 4-5 mg/mL (~3 mM). This mixture appeared still 
slightly opalescent but it represents the best water-soluble form of lipid A or LPS.  Stock so-
lutions of ~0.5 mg/mL were prepared, aliquoted and frozen at -20 °C for further studies using 
fluorescence and SPR. 

The glycolipids GlcN(3-OH-14:0)-α-P, Lipid IVa (compound 406) (68, 69), Lipid X and 
Re-like LPS(E.coli F515) were kindly provided by Professor Ulrich Zähringer. 

Surface plasmon resonance 

A commercial plain gold sensor chip from the SIA Kit AU (GE Healthcare) was coated with 
a mixture containing 200 μL of 1 mM carboxy-thiol (CT)-PEG and 100 μL of 1 mM me-
thyl-thiol (MT)-PEG. The mixture was injected over the SPR chip surface at 2 μL/min for a 
total of 2400 s, at 25 ºC.  

For attaching LBP, the PEGylated SPR chip surface was first activated with a mixture of 
N-hydroxysuccinimide and N-ethyl-N’-(dimethylaminopropyl)carbodiimide. Subsequently, 
LBP was captured by flowing 3.5 μM of LBP (in 5 mM HEPES, pH 7.4, 200 mM NaCl, 1 
mM EDTA) over the surface at 2 μL/min for 300 s. The unreacted NHS moieties on the sur-
face were blocked with ethanolamine.  

For analysis of the biospecific interaction, glycolipids were injected over the surface at vary-
ing concentrations and at a flow-rate of 10 μl/min, 25 ºC. The surfaces were regenerated by a 
60 s flow of 40 mM β-octyl glucoside (β-OG) at 10 μl/min, and then followed by an injection 
of 5 M NaCl at 10 μL/min. All measurements were carried out in 5 mM HEPES, pH 7.4, 200 
mM NaCl, 1 mM EDTA.  

Table 5 shows the experimental difficulties in reproducing the absolute size of the SPR signal 
in repeated experiments with the glycolipid-LBP system. 
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Table 5: Variation of the absolute size of the SPR signal in repeated experiments with the 
glycolipid-LBP system. Responses generated by injection of either 100 or 125 nM F515 LPS 
on the immobilized LBP, and the resulting binding stoichiometry. 

Experiment R LBP [RU] a LPS F515 
[nM] R LPS [RU] b LPS F515 

Monomers c 
1 353.9 125 25 2 
2 238.5 125 50 5 
3 238.5 100 200 21 
4 238.5 100 120 13 
5 238.5 100 67.5 7 
6 238.5 100 75 8 
7 238.5 100 70 7 

aResponse upon coupling of LBP to the sensor chip surface. 
bResponse upon injection of LPS F515 on the immobilized LBP. 
cNumber of bound LPS F515 monomers per immobilized LBP. 

Tryptophan fluorescence measurements 

Fluorescence measurements were carried out on a Jasco fluorescence spectrophotometer us-
ing a 5x5 mm quartz fluorescence cuvette. The excitation wavelength chosen for all spectra 
was 295 nm with a slit width of 5 mm and an integration time of 0.05 s. The background in-
tensity of the samples without protein was recorded. Titration experiments were performed 
by pipetting different aliquots of glycolipids suspended in HEPES buffer into the cuvette con-
taining 0.25 or 0.5 μM LBP dissolved into the same buffer. The temperature of the cuvette 
was maintained at 25 °C. 

Mass spectrometry 

Identification of hLBP glycosylation sites was carried out by the in-house MS facility using 
PNGase F (New England Biolabs) cleavage. 
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Abstract 
The hepatitis B virus X protein (HBx) is important for viral infection and replication. Despite 
its multiple assigned cellular roles, the molecular details of its involvement in the pathogene-
sis of hepatitis B virus (HBV)-induced hepatocellular carcinoma (HCC) remain unclear. The 
intrinsically disordered nature of HBx and its tendency to aggregate in solution have hindered 
its structural analysis. In this study, we show that addition of a detergent mixture of foscho-
line 12 (FOS-12) and 1,2-diheptanoyl-sn-glycerol-3-phosphocholine (DHPC) reduces HBx 
aggregation, and improves the NMR spectral quality, thus allowing the first complete charac-
terization of the full-length viral protein. The chemical shifts provide evidence of the exist-
ence of four regions (α1, α2, α3 and β) with higher secondary structure propensity. The 15N 
relaxation data of the backbone amide sites indicate that slower local motions characterize 
these regions, as they show an increase of the 15N R1, R2 relaxation rates and {1H}-15N NOEs. 
Remarkably, these four regions overlap with functional motifs described in the literature, 
suggesting that HBx uses conformational selection with pre-formed secondary structure ele-
ments for the recognition of its cellular targets. 

Introduction 
Despite the existence of vaccines and antiviral treatments, more than 240 million people are 
still chronically infected with human hepatitis B virus (HBV) and are at a significant risk of 
developing hepatocellular carcinoma (HCC), the second cause of death from cancer world-
wide (1, 2). Thus, there is a strong need to understand the mechanism of HBV replication and 
persistence. 

HBV is a member of the Hepadnaviridae family, characterized by a small, enveloped DNA, 
capable of infecting a limited range of mammals and birds. The HBV genome, with a total 
length of 3.2 kb, consists of four overlapping open reading frames (ORFs): core, polymerase, 
surface and X (3).  

The smallest ORF X encodes the ~17 kDa HBV protein X (HBx) (4), which is expressed dur-
ing acute and chronic HBV infections, and is found in both the nucleus and the cytoplasm of 
the cell (5, 6). Although the functions of HBx are not fully understood, it has been assigned a 
key role in HBV infection and replication (7-9).  

The HBx amino acid sequence comprises several functional sites (Figure 4) for modulating 
cellular activities. These are: i) transcriptional activation by interactions with transcription 
factors (10, 11); ii) cell proliferation and viability by interactions with p53 (12), suggesting a 
link to apoptosis (13, 14); iii) transcriptional transactivation of cellular and viral promoters 
(15-17). 
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The most studied HBx interaction partner is the damage-specific DNA binding protein 1 
(DDB1) (18-20), a multifunctional protein known for its role in the recognition of 
UV-damaged DNA (21), and also as a component of the ubiquitin proteasome system (UPS) 
(22, 23). Evidence for the binding of HBx to DDB1 comes from several observations. The 
interaction was first demonstrated using the yeast two-hybrid assay (24). HBx contains a con-
served binding motif common in other cellular proteins that bind DDB1 (25). Recently, the 
crystal structure of DDB1 in complex with this motif Ile88-Leu100 (Figure 1) (26) has shown 
that it adopts a three-turn α-helical conformation upon binding to DDB1 at a large pocket en-
closed by the β-propeller domains (BPA-BPC). Other studies (27), however, suggest that fur-
ther structural contacts exist. Thus, the complete structural and dynamic characterization of 
the full-length HBx is needed for a better understanding of its interactions with different cel-
lular targets. 

 

 
 

 
Figure 1: A Structure of DDB1 (wheat, PDB code 3I7H) in complex with the minimal helical fragment 
(Ile88-Leu100) of HBx (green). B Surface representation of DBB1, highlighting the accommodation of the helical 
fragment in the BPA-BPC double propeller pocket.  

 

So far, an high-resolution structural information on the full-length HBx has been lacking due 
to the difficulties in producing high yields of the soluble protein (28, 29). The first published 
1D NMR spectrum of a truncated mini-HBx(5CS)(18-142) lacked proton signals below 0 
ppm (30), and showed a very narrow signal dispersion between 7.0 and 8.5 ppm. Later, a 
1H-15N HSQC spectrum of this construct showed only 80 (unassigned) cross peaks instead of 
the expected 118 (31). These results indicated an unstructured nature for HBx.  

In the current study, we set out to determine a more complete structural and dynamic picture 
of the viral protein. Initial tests showed that a careful selection of a detergent mixture of fos-
choline 12 (FOS-12) and 1,2-diheptanoyl-sn-glycerol-3-phosphocholine (DHPC) reduces 
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HBx aggregation. This new condition improves the spectral quality and increases the number 
of observable backbone 1H-15N resonances. Hence, we were able to assign a total of 113 out of 
142 expected backbone cross-peaks and nearly all side-chain atoms. Besides providing the 
unequivocal confirmation of the unfolded structure, the secondary chemical shifts show that 
HBx contains 4 regions with transient local structural elements with slower local backbone 
motions, as indicated by the increase of their 15N R1, R2 relaxation rates and {1H}-15N NOEs. 
These regions overlap with the important functional sites described in the literature. 
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Results and Discussion 
Backbone and side chain resonance assignments 

The reason for the lack of structural information on HBx stems from its inherent tendency to 
aggregate. In this study, HBx(9CS) was successfully solubilized with a detergent mixture of 
2.8 mM FOS-12 and 100 mM DHPC, which increases both the stability and the NMR spec-
tral quality of the viral protein. Hence, the assignment of the backbone and side chain reso-
nances was possible using standard triple-resonance NMR experiments (for details see Ma-
terials and Methods) on samples of detergent-solubilized 15N,13C-labeled HBx(9CS). 

The assignment comprise a total of 113 1H-15N backbone resonances (Figure 2A), correspond-
ing to 79.6 % of the HBx(9CS) amino acids excluding 11 prolines and the non-native 24 resi-
dues (MGSSHHHHHHSSGRENLYFQGSGS) that precede the native protein (full construct 
shown in Materials and Methods). The N-terminal non-native amino acids (decreasing 
numbering from Ser1 to Met-22) were almost completely assigned, except Met-22, Gly-21, His-17, 
His-13 and Gln-3, which showed severe overlap of their 13C chemical shifts. The 1H-15N HSQC 
spectrum shows further 28 broad, weak resonances (Figure 2B) that could not be assigned 
since these were not detected in the 3D experiments. Apparently, this broadening is caused 
by chemical exchange in the micro- to millisecond time range. These resonances very likely 
belong to the C-terminal region comprising the amino acid ranges Thr105-Glu121 and Leu123-Leu134 
(29 residues). 

Cis-trans isomerism of the proline residues was identified as the cause of conformational het-
erogeneity at several locations in HBx(9CS). The 1H-15N HSQC spectrum (Figure 2C) shows 
several examples of the equilibrium between major (trans) and minor (cis) isomers, with 
population ratios of approximately 80 % and 20 %, respectively. The structural heterogenei-
ties, as indicated by the additional set of resonances, are localized in the vicinity of the pro-
lines. Nevertheless, the global conformations of the different isomers must be very similar 
due to their similar chemical shifts. In total, we identified 39 residues showing such hetero-
geneity, with 8 of these having even a third minor population resulting from the vicinity of a 
second proline residue (Figure S1 in Supplementary Information). 

Side-chain assignments were obtained from the 3D experiments C(CO)NH and H(CCO)NH 
(Figure 3A,B), which correlate all the aliphatic 1H or 13C resonances of a given amino acid di-
rectly with the amide of the next residue. This approach provided the assignment of 77.5 % 
of the non-methyl aliphatic side-chains and 60.8 % of the methyl group resonances. 
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Figure 2: A 1H-15N HSQC spectrum of the uniformly 15N,13C-labeled HBx(9CS), including the assignments of 
the backbone resonances. Residues Met-22-Ser1 belong to the N-terminal non-native sequence. His-13-His-17 reso-
nances (marked by asterisks) could not be assigned unequivocally due to overlap of their 13C frequencies. B Re-
gion of (A) showing some of the residues affected by exchange broadening. C Region of (A) showing the split-
ting of the resonances Ser17, Ser38, Ser64, Thr74, and Thr152 due to cis-trans isomerization of the adjacent prolines Pro20, 
Pro40, Pro68 and Pro147.  
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Figure 3: Strip plots of correlations observed for the amides of residues A2 to L5 of HBx(9CS) taken from A 
C(CO)NH and B H(CCO)NH. Each amide correlates with the aliphatic side-chain carbon and proton frequen-
cies of the preceding residue, respectively. 
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Secondary structure propensities 

The chemical shifts of nuclei are very sensitive probes of the local chemical structure. The 
secondary chemical shifts, determined as the difference between the experimentally measured 
and the chemical shifts of random-coil structures, properly corrected for the primary se-
quence effect, indicate whether a protein segment attains, even if only for a fraction of time, 
some secondary structure. Relative secondary structure propensities can be estimated from 
the ratio of measured 13Cα secondary shifts relative to secondary shift averages of fully formed 
α-helices (+2.6 ppm) and β-sheets (-1.4 ppm), from the Biological Magnetic Resonance 
Databank (BMRB). 

The positive Cα and C’, and the negative 15N secondary shifts shown in Figure 4 are consistent 
with a higher α-helical propensity. Therefore, we defined the regions Ala2-Arg28 as α1, Arg56-
Thr105 as α2 and Leu134-Ala146 as α3. As judged by their 13Cα secondary shifts, these regions cor-
respond to a propensity of about 19 % α-helical structure. Noteworthy, the defined α2 region 
coincides with the fragment of HBx that binds to DDB1 (26).  

The range Gly50-Ser54 shows negative 13Cα and 13C’ secondary shifts corresponding to 36 % of a 
fully formed β-strand and was defined as β in Figure 4. 
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Figure 4: 13Cα, 13Cβ, 13C’, and 15N secondary shifts and derived secondary structure propensities along the amino 
acid sequence of HBx(9CS). A schematic representation of the functional sites of HBx is shown at the top: regu-
latory domain (blue) (32), transactivation domain (magenta) (11, 15, 16), proteasome-binding domain (green) 
(22) and the DDB1-binding domain (red) (26). Note that the assignment of residue Glu122 is tentative. 
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Backbone dynamics 

To characterize the backbone dynamics of HBx(9CS), we used 15N R1, R2 relaxation rates  and 
{1H}-15N NOEs measured on a 600 and 900 MHz spectrometer (Figure 5). Evaluation of these 
data revealed several prominent details. 

The R1 values are largely independent of the magnetic field strength. This indicates that the 
residues move faster than the rotational correlation time of the R1 maximum, i.e. about 2-3 ns. 
Furthermore the R1 values show a significant variability within the amino acid sequence. The 
largest values are found in the α1, β, α2 and α3 regions indicating the slowest motions. In 
contrast, R1 values are smaller in the amino acid region connecting α1 and β, as well as in the 
C-terminal region after α3. These faster motions are corroborated by respective reductions in 
the R2 and {1H}-15N NOE values. The unfolded state and its overall very fast motions are also 
evident from all {1H}-15N NOE values, which are significantly lower than the values of > ~0.8 
observed in folded proteins (33). The field dependence of the {1H}-15N NOEs is as expected 
for such fast motions with values in the range of -0.5 to 0 at 600 MHz, but between 0 and 
+0.5 at 900 MHz. 

The behavior of the R2 values reveals additional slower motions. This is visible from in-
creased R2 values at higher fields in the region of residues Ala85-Ser104 at the end of α2 and 
Gly135-Arg138

 at the beginning of α3. This behavior is a clear sign of broadening due to confor-
mational exchange on the microsecond time scale of chemical shifts. This is also consistent 
with the absence of observable resonances between α2 and α3, which are apparently broad-
ened beyond detection by this exchange. 
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Figure 5:  15N relaxation data of HBx(9CS). 15N R1, R2 and {1H}-15N NOE values are shown versus the primary 
sequence. Measurements were carried out at 600 MHz (blue) and 900 MHz (green). Secondary structure pro-
pensities derived from chemical shifts (Figure 4) are shown at the top. Note that the assignment of residue Glu122 
is tentative. 
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Disorder prediction from primary sequence in comparison to experimental da-
ta  

Disorder predictors based on the amino acid sequence are often used to identify potential dis-
ordered regions in proteins. Three of these predictors were tested on the sequence of 
HBx(9CS): 

GlobPlot2 (34) determines the tendency for disorder in a protein based on the cumulative 
sum of the propensity for coil conformation of each amino acid in the protein sequence. Po-
tential disordered (ordered) regions are identified from sequence regions with increasing (de-
creasing) coil propensities (see Figure 6B). 

IUPred (35) determines the probability of a given amino acid to be disordered from the 
number of stabilizing interactions with its sequential neighbors. These are estimated based on 
the amino acid pairing frequencies in known crystal structures. Disordered (ordered) regions 
are then identified from contiguous disorder probabilities higher (lower) than 0.5 (see Figure 
6C). 

PONDR VLXT (36, 37) uses amino acid properties such as hydropathy or net charge to 
calculate a disorder score. Disorder (order) is then identified by a score higher (lower) than 
0.5 (see Figure 6D). 
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Figure 6:  Prediction of structural disorder based on the HBx(9CS) primary sequence. A Derived secondary 
structure propensities based on the secondary chemical shifts. B-D predicted disorder propensity using: 
B GlobPlot2 C IUPred and D PONDR VLXT algorithms. The grey box highlights the coil region Arg28-Gly50 
derived from the chemical shifts.  
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Analysis of the HBx(9CS) primary sequence using the three disorder predictors revealed the 
following: 

GlobPlot2. The amino acid region Gly22-Gly50 is disordered and Ala51-Ser153 is ordered. 

IUPred. The regions Arg4-Val15, Gly22-Arg28 and Gly50-Ala154 are ordered. However, Pro29-Asp48 
is disordered. 

PONDR. The ranges Ala2-Arg13 and Arg28-Ala51 are disordered; and the ranges Asp14-Gly27 and 
Leu53-Ala154 are ordered. The range Ala146-Asn149 is too short to be considered disordered. 

All these predictors agree on the range Arg28-Gly50 being disordered and Leu53-Ser153 being or-
dered, whereas these algorithms diverge in the range Ala2-Gly27. The consensus regions from 
the predictions agree well with the results from the NMR analysis based on chemical shifts 
and 15N relaxation data, which indicate that the range Arg28-Gly50 is a highly flexible coil, 
whereas the range Leu53-Ser153 is more ordered with propensities for slowly moving, nascent β, 
α2 and α3 secondary structure elements. 
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Conclusions 
The present NMR analysis provides the first detailed structural and dynamical characteriza-
tion of HBx in solution. It is based on the nearly complete backbone and side-chain assign-
ments, which allowed the analysis of the secondary structure propensities on the basis of 
chemical shifts and 15N relaxation data. 

HBx(9CS) is a largely unfolded protein. However, deviations from random coil chemical 
shifts clearly indicate that the protein contains four segments, which form transiently stable 
secondary structure elements (α1, β, α2, α3). The 15N relaxation data show the different flexi-
bility of these segments in the nanosecond and microsecond regime. Particularly slow micro-
second motions are evident from chemical exchange broadening in the region of the nascent 
secondary structure elements α2 and α3. The residual structure detected in the HBx polypep-
tide chain coincides with structure predictions from three widely used sequence analysis al-
gorithms. 

Interestingly, the regions with higher secondary structure propensity overlap with the func-
tional sites of HBx. This suggests that these transiently stable structural elements represent 
the seeds for recognition of a partner and the subsequent transition to a fully folded confor-
mation by conformational selection (38). 

 



 83 

Materials and methods 
HBx(9CS) construct 

The full-length mutant HBx(9CS) was constructed by site-directed mutagenesis as an 
MGSS-HHHHHH-SSGR-ENLYFQ-SGS-HBx(-Cys)(Ala2-Ala154) fusion protein. As com-
pared to the wild type (green), all cysteines were replaced by serines and an N-terminal hexa-
histidine-tag (red) together with a TEV cleavage site (blue) were introduced. The final se-
quence is: 

MGSSHHHHHHSSGRENLYFQGSGSAARLSSQLD-
PARDVLSLRPVGAESRGRPFSGSLGTLSSPSPSAVPTDHGAHLSLRGLPVCAFSSAG-
PCALRFTSARRMETTVNAHQILPKVLHKRTLGLSAM-
STTDLEAYFKDCLFKDWEELGEEIRLKVFVLGGCRHKLVSAPAPSNFFTSA 

Expression and purification 

The full-length mutant HBx(9CS) was overexpressed in Escherichia coli. The protein in form 
of inclusion bodies was resuspended in denaturing buffer (10 mM Tris, 8 M urea, 10 mM 
EDTA, 2.8 mM FOS-12 (Anatrace), 100 mM DHPC (Avanti Polar Lipids, Inc.), 10 mM 
DDT, pH 8.0) and sonicated on ice for 5 min (5 sec on and 10 sec off). The sample was acidi-
fied to pH 4.0 using HCl and the soluble fraction was separated by centrifugation (10’000 xg 
for 10 min). This was followed by desalting using a sodium acetate column (5, 10 or 25, GE 
Healthcare Life Sciences). The equilibration and elution buffer was 20 mM sodium acetate, 2 
mM EDTA, 2.8 mM FOS-12, 100 mM DHPC, 10% D2O, pH 4.0. 

NMR experiments 

NMR samples were measured in Shigemi NMR tubes: 250 μL volumes of either 589 μM or 
886 μM HBx(9CS), 20 mM sodium acetate, 2 mM EDTA, 2.8 mM FOS-12, 100 mM DHPC, 
10% D2O, pH 4.0. All NMR measurements were carried out at 310 K on a 600 MHz or 900 
MHz Bruker Avance III spectrometer equipped with a cryogenic probe.  

Temperature calibration was performed as described using a standard methanol sample (39). 
1H, 15N, and 13C chemical shifts were referenced relative to the 2H lock resonance of water at 
310 K.  
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NMR Resonance Assignments 

Backbone assignments were obtained from standard triple-resonance two-, three- and 
four-dimensional experiments, including HNCO, HNCA, HN(CO)CA, CBCANH, (H)NNH, 
CBCA(CO)NH, C(CO)NH, and H(CCO)NH (40). For details about duration and acquisition 
times see Table S3 (Supplementary Information). All NMR data were processed using 
the NMRPipe suite of programs (41). Spectra were displayed and analyzed with the program 
SPARKY (42).  

In brief, the assignment strategy consists of classifying all the HN, N-frequency pairs accord-
ing to cross peaks in the HNCO spectrum, which is the most well resolved and most sensitive 
of the above set of experiments. Corresponding Ci

α, Ci-1
α, Ci

β, Ci-1
β, Ci-1

γ, Ci-1
δ, Hi-1

α, Hi-1
β, Hi-1

γ, Hi-1
δ, and 

HNi frequencies are extracted from the above-mentioned experiments. These frequencies are 
associated with one HNCO cross peak, assuming that it represents a unique amide bond with-
in the protein backbone. The spin systems associated with each HNCO peak are then matched 
against all others for possible interresidue correlations to generate sequential stretches of 
amino acid spin systems. These stretches are, in turn, assigned to locations in the primary se-
quence of the protein based on the amino acid type probability derived from the Cα and Cβ 
chemical shifts of these stretches (43).  

NMR Relaxation Experiments and Analysis 

Standard 15N relaxation data were recorded as described elsewhere (40). Peak intensities were 
determined using the program nLinLS contained in the NMRPipe package. Decay curves 
were fitted by an in-house written routine implemented in MATLAB (MathWorks, Inc.) us-
ing a nonlinear search minimization (Fmin) and a Monte Carlo estimation of the errors. Ex-
perimental errors were estimated from the deviations of two repeated measurements. For de-
tails about duration and acquisition times see Table S4 and S5 (Supplementary Infor-
mation). 
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Figure S1: Number of splitted peaks of 1H-15N amide resonances attributed to proline cis-trans isomerization 
equilibria.  
 

Table S1: Sequence specific assignment of 1HN, 15N, 13Cα, 13Cβ, and 13CO chemical shifts of 
HBx(9CS). 

Residue 1H N (ppm) 15N (ppm) 13C α (ppm) 13C β (ppm) 13CO (ppm) 
A2 8.284 125.506 53.008 19.032 177.786 
A3 8.052 122.289 52.934 19.042 178.033 
R4 8.078 119.379 56.367 30.723 176.641 
L5 8.171 122.461 55.581 42.417 177.69 
S6 8.229 115.634 58.953 63.752 174.975 
S7 8.179 117.004 58.893 63.742 174.692 
Q8 8.203 121.211 56.144 29.423 175.77 
L9 8.018 121.75 55.129 42.544 176.534 

D10 8.222 121.047 51.885 40.323  
P11   63.963 32.086 177.06 
A12 8.204 121.696 52.976 18.949 178.067 
R13 7.92 118.229 56.512 30.844 176.339 
D14 8.229 119.882 54.142 39.867 176.086 
V15 7.956 119.436 63.037 32.409 176.324 
L16 8.122 123.279 55.624 42.111 177.4 
S17 8.017 115.276 58.464 63.764 174.313 
L18 8.017 123.179 55.131 42.43 176.849 
R19 8.086 121.879 53.933 30.395  
P20   63.055 31.982 176.965 
V21 8.209 120.22 62.585 32.816 176.875 
G22 8.444 112.22 45.336  174.163 
A23 8.174 123.761 52.838 19.338 178.043 
E24 8.435 119.055 56.49 29.323 176.493 
S25 8.221 116.437 58.491 63.823 174.671 
R26 8.266 122.527 56.332 30.715 176.684 
G27 8.329 109.234 45.185  173.646 
R28 8.086 121.192 53.957 30.324  
P29 8.299  63.26 31.959 176.586 
F30 8.298 119.979 57.9 39.456 175.859 
S31 8.178 117.526 58.367 63.989 174.724 
G32 7.829 110.123 45.451  174.039 
S33 8.16 115.416 58.407 64.005 174.733 

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

1

2

Residue number
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L34 8.318 123.655 55.573 42.392 177.841 
G35 8.314 108.744 45.546  174.387 
T36 7.957 113.507 61.949 69.85 174.709 
L37 8.213 124.006 55.376 42.418 177.207 
S38 8.163 116.02 58.178 64.027 174.075 
S39 8.184 118.463 56.373 63.584  
P40   63.168 32.115 176.753 
S41 8.349 117.323 56.355 63.514  
P42   63.535 32.095 177.001 
S43 8.217 115.199 58.276 63.922 174.167 
A44 8.194 125.954 52.341 19.461 177.288 
V45 8.007 120.459 59.875 32.613  
P46   63.34 32.171 177.14 
T47 8.138 113.719 61.841 69.841 174.359 
D48 8.263 121.825 53.876 40.611 176.075 
H49 8.522 119.034 55.679 28.629 174.924 
G50 8.436 109.027 45.392  173.76 
A51 8.056 123.277 52.538 19.345 177.489 
H52 8.464 117.148 55.093 28.965 174.252 
L53 8.287 123.087 55.255 42.734 176.785 
S54 8.301 116.74 57.856 64.151 174.369 
L55 8.368 123.932 55.275 42.356 177.039 
R56 8.224 120.136 56.56 30.489 176.499 
G57 8.278 108.577 45.169  173.774 
L58 7.889 122.112 52.977 42.171  
P59   62.949 31.52 176.917 
V60 8.148 119.48 63.07 32.548 176.674 
S61 8.223 117.235 58.721 63.649 174.826 
A62 8.144 124.97 53.118 19.123 177.419 
F63 7.953 116.88 57.797 39.465 175.827 
S64 7.996 115.658 58.569 64.048 174.656 
S65 8.254 117.456 58.612 63.868 174.151 
A66 8.16 125.024 52.53 19.678 177.648 
G67 8.094 107.523 44.89   
P68   63.797 32.065 177.721 
S69 8.345 115.411 59.246 63.566 174.928 
A70 8.191 124.909 53.128 19.228 177.891 
L71 7.903 119.089 55.413 42.093 177.21 
R72 7.908 120.035 56.361 30.795 176.136 
F73 8.122 119.925 57.93 39.553 175.998 
T74 8.002 114.243 62.125 69.861 174.621 
S75 8.211 117.478 58.715 63.861 174.511 
A76 8.226 125.519 52.983 19.184 177.793 
R77 8.123 119.38 56.408 30.674 176.476 
R78 8.222 121.747 56.424 30.715 176.439 
M79 8.344 121.397 55.732 32.959 176.226 
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E80 8.388 121.57 56.471 29.639 176.395 
T81 8.173 114.727 62.066 69.769 174.73 
T82 8.111 116.529 62.126 69.836 174.65 
V83 8.113 122.087 62.615 32.728 175.769 
N84 8.391 122.075 53.116 38.965 175.115 
A85 8.267 124.342 53.107 19.152 177.656 
H86 8.392 116.195 55.524 28.74 174.339 
Q87 8.19 120.522 56.061 29.702 175.657 
I88 8.176 121.993 61.264 38.679 175.864 
L89 8.254 126.22 53.71 41.571  
P90   63.465 32.053 176.913 
K91 8.161 120.326 56.934 32.959 176.91 
V92 7.989 120.215 62.511 32.705 175.791 
L93 8.168 124.522 55.071 42.515 176.874 
H94 8.346 118.826 55.251 29.013 174.306 
K95 8.312 122.386 56.707 33.264 176.42 
R96 8.436 122.298 56.368 30.957 176.28 
T97 8.137 115.452 61.814 69.817 174.322 
L98 8.274 124.128 55.404 42.722 177.257 
G99 8.275 108.697 45.498  174.441 
L100 8.168 121.316 55.971 42.482 177.716 
S101 8.262 114.364 59.219 63.767 174.337 
A102 8.072 124.035 52.629 19.422 177.606 
M103 7.926 118.41 55.962 34.062 175.662 
S104 8.529 116.87 57.725 64.887  
T105 8.191 115.255    
T106      
D107      
L108      
E109      
A110      
F111      
F112      
K113      
D114      
S115      
L116      
F117      
K118      
D119      
W120      
E121   55.154 28.885 174.176 
E122 8.497 119.114 55.186 29.004  
L123      
G124      
E125      
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E126      
I127      
R128      
L129 8.013 121.813    
K130      
V131      
F132      
V133      
L134   56.132 42.185 178.308 
G135 8.129 107.142 45.926  175.011 
G136 8.115 108.1 45.701  174.497 
S137 8.158 115.165 58.858 63.758 174.856 
R138 8.187 121.445 56.44 30.449 176.196 
H139 8.298 118.271 55.332 29.055 174.074 
K140 8.236 121.9 56.439 33.251 176.136 
L141 8.304 123.531 55.35 42.462 176.99 
V142 8.038 119.977 62.057 33.018 175.725 
S143 8.221 118.819 58.011 64.035 173.518 
A144 8.162 126.622 50.467 18.548  
P145   62.897 32.004 176.111 
A146 8.262 124.911 50.385 18.434  
P147   63.396 32.033 176.995 
S148 8.243 114.672 58.647 63.811 174.424 
N149 8.259 119.735 53.367 38.944 174.928 
F150 8.07 119.673 58.562 39.656 175.264 
F151 8.041 118.728 57.844 39.59 175.564 
T152 7.919 114.345 61.726 69.922 174.127 
S153 8.168 118.015 58.303 64.153 173.365 
A154 8.019 129.732 53.189 19.963  
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Table S2: 15N relaxation data recorded at 310 K on a 600 and 900 MHz Bruker Avance III 
spectrometer. 

 900 MHz 600 MHz 

Residue R 1 [s -1]  SD* 
[s -1]  R 2 [s -1]  SD* 

[s -1]  NOE SD* R 1 [s -1]  SD* 
[s -1]  R 2 [s -1]  SD* 

[s -1]  NOE SD* 

A2 1.233 0.029 3.618 0.021 0.216 0.010 1.262 0.011 3.045 0.081 -0.183 0.021 
A3 1.296 0.016 3.363 0.151 0.162 0.042 1.344 0.015 3.380 0.033 -0.366 0.001 
R4 1.323 0.009 4.033 0.019 0.332 0.025 1.372 0.009 3.939 0.077 -0.116 0.016 
L5 1.380 0.080 3.950 0.031 0.223 0.039 1.471 0.001 3.871 0.032 -0.226 0.089 
S6 1.386 0.011 3.668 0.126 0.216 0.007 1.372 0.039 4.558 0.001 -0.306 0.024 
S7 1.340 0.037 3.798 0.221 0.226 0.011 1.411 0.040 4.662 0.022 -0.106 0.027 
Q8 1.369 0.030 4.407 0.056 0.346 0.023 1.439 0.023 3.590 0.163 -0.065 0.021 
L9 1.487 0.004 3.968 0.038 0.274 0.012 1.524 0.026 3.661 0.016 -0.228 0.043 

D10     0.251 0.010 1.422 0.058 3.206 0.217 -0.063 0.011 
P11             
A12 1.394 0.013 4.722 0.045 0.321 0.013 1.484 0.011 3.912 0.032 -0.055 0.000 
R13 1.348 0.067 4.884 0.131 0.431 0.064 1.494 0.036 5.236 0.166 0.116 0.094 
D14 1.529 0.046 4.516 0.208 0.309 0.019 1.482 0.012 4.206 0.095 -0.103 0.009 
V15 1.378 0.035 5.054 0.096 0.412 0.021 1.517 0.076 4.614 0.035 0.069 0.040 
L16 1.466 0.028 5.341 0.120 0.348 0.032 1.472 0.086 4.807 0.313 -0.065 0.041 
S17 1.370 0.021 4.426 0.119 0.375 0.001 1.468 0.015 4.746 0.021 -0.039 0.027 
L18 1.394 0.034 3.934 0.068 0.287 0.033 1.457 0.037 3.897 0.106 -0.093 0.012 
R19 1.335 0.022 4.427 0.018 0.340 0.075 1.424 0.091 3.705 0.118 -0.086 0.034 
P20 1.357 0.012           
V21 1.303 0.054 3.551 0.034 0.225 0.026 1.355 0.001 3.387 0.008 -0.275 0.014 
G22 1.329 0.010 2.632 0.088 0.207 0.052 1.356 0.028 2.578 0.087 -0.352 0.045 
A23 1.299 0.003 2.664 0.063 0.232 0.056 1.295 0.042 2.841 0.011 -0.377 0.013 
E24 1.342 0.006 2.403 0.089 0.057 0.035 1.301 0.004 2.845 0.042 -0.449 0.003 
S25 1.323 0.018 2.466 0.062 0.147 0.017 1.293 0.004 3.404 0.002 -0.363 0.071 
R26   2.441 0.179 0.181 0.022 1.349 0.021 2.644 0.048 -0.350 0.008 
G27 1.338 0.075 2.326 0.113 0.106 0.067 1.301 0.040 2.453 0.013 -0.405 0.036 
R28 1.317 0.021 2.899 0.138 0.185 0.016 1.329 0.015 2.597 0.054 -0.303 0.057 
P29             
F30 1.406 0.025 3.289 0.065 0.178 0.044 1.419 0.006 3.060 0.074 -0.227 0.027 
S31 1.274 0.010 3.883 0.003 0.308 0.004 1.308 0.036 4.061 0.137 -0.062 0.075 
G32 1.221 0.001 2.364 0.047 0.152 0.003 1.282 0.022 2.437 0.084 -0.454 0.058 
S33 1.320 0.028 3.329 0.080 0.310 0.003 1.309 0.013 3.780 0.042 -0.225 0.018 
L34 1.244 0.008 2.567 0.053 0.136 0.013 1.279 0.006 2.893 0.088 -0.397 0.070 
G35 1.226 0.027 2.984 0.007 0.104 0.015 1.231 0.050 2.749 0.026 -0.326 0.007 
T36 1.223 0.057 2.575 0.013 0.171 0.041 1.238 0.021 2.811 0.141 -0.436 0.068 
L37 1.275 0.020 2.557 0.070 0.028 0.038 1.250 0.017 2.702 0.026 -0.485 0.043 
S38 1.186 0.001 2.425 0.015 0.077 0.018 1.148 0.041 3.294 0.045 -0.491 0.066 
S39 1.200 0.026 2.413 0.069 0.152 0.048 1.111 0.047 2.961 0.016 -0.423 0.026 
P40             
S41 1.081 0.002 2.900 0.046 0.153 0.008 1.151 0.017 3.453 0.008 -0.388 0.012 
P42             
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S43 1.254 0.003 2.480 0.084 0.031 0.037 1.195 0.029 3.190 0.000 -0.341 0.006 
A44 1.207 0.009 2.402 0.004 0.080 0.095 1.215 0.003 2.204 0.007 -0.498 0.044 
V45 1.270 0.008 3.133 0.082 0.225 0.029 1.244 0.005 2.757 0.044 -0.188 0.081 
P46             
T47 1.276 0.057 2.592 0.155 0.093 0.034 1.284 0.053 2.907 0.163 -0.453 0.041 
D48 1.434 0.006 4.089 0.021 0.297 0.011 1.404 0.016 3.461 0.116 -0.076 0.000 
H49 1.470 0.019 3.316 0.279 0.120 0.010 1.431 0.048 3.444 0.045 -0.325 0.053 
G50 1.355 0.037 2.939 0.072 0.164 0.012 1.359 0.107 2.873 0.018 -0.310 0.024 
A51 1.368 0.081 3.259 0.032 0.296 0.072 1.376 0.003 3.122 0.062 -0.166 0.009 
H52 1.429 0.102 3.245 0.004 0.155 0.065 1.362 0.030 3.975 0.002 -0.185 0.021 
L53 1.380 0.024 3.993 0.019 0.245 0.018 1.426 0.082 3.641 0.063 -0.187 0.012 
S54 1.367 0.026 3.909 0.133 0.259 0.050 1.387 0.035 4.383 0.138 -0.187 0.016 
L55 1.359 0.004 4.624 0.153 0.281 0.035 1.424 0.020 4.131 0.128 -0.106 0.004 
R56 1.370 0.018 3.833 0.047 0.258 0.018 1.380 0.005 3.723 0.076 0.155 0.050 
G57 1.319 0.022 4.454 0.045 0.325 0.031 1.445 0.018 3.544 0.185 -0.155 0.016 
L58     0.426 0.022 1.516 0.069 4.137 0.051 0.059 0.125 
P59             
V60 1.375 0.003 4.842 0.049 0.299 0.000 1.426 0.013 4.446 0.142 -0.038 0.043 
S61 1.412 0.028 5.189 0.322 0.342 0.003 1.444 0.037 5.681 0.176 -0.060 0.030 
A62 1.419 0.016 4.800 0.045 0.447 0.045 1.471 0.017 3.784 0.034 -0.088 0.047 
F63 1.389 0.009 4.881 0.159 0.263 0.037 1.405 0.004 4.906 0.067 -0.096 0.119 
S64 1.314 0.021 5.088 0.223 0.316 0.011 1.394 0.001 4.807 0.138 0.016 0.022 
S65 1.323 0.006 4.084 0.189 0.298 0.036 1.411 0.034 4.338 0.135 -0.088 0.020 
A66 1.361 0.016 4.242 0.054 0.381 0.047 1.385 0.007 3.238 0.226 -0.098 0.047 
G67 1.153 0.031 3.176 0.251 0.209 0.062 1.209 0.044 2.730 0.000 -0.378 0.064 
P68             
S69 1.297 0.031 4.589 0.117 0.170 0.020 1.324 0.023 4.595 0.050 -0.064 0.050 
A70 1.470 0.065 5.217 0.081 0.446 0.052 1.431 0.036 3.741 0.142 -0.099 0.062 
L71 1.330 0.054 5.298 0.271 0.222 0.009 1.431 0.078 4.549 0.109 0.079 0.014 
R72 1.470 0.070 5.287 0.054 0.306 0.006 1.512 0.030 4.330 0.174 -0.002 0.013 
F73 1.468 0.029 5.695 0.211 0.424 0.028 1.515 0.005 4.322 0.143 0.028 0.005 
T74 1.514 0.067 5.353 0.148 0.384 0.068 1.418 0.076 4.506 0.348 -0.076 0.110 
S75 1.285 0.024 4.390 0.019 0.384 0.001 1.434 0.030 5.042 0.222 -0.050 0.055 
A76 1.301 0.079 5.162 0.324 0.424 0.014 1.416 0.003 4.164 0.036 -0.077 0.003 
R77 1.364 0.005 4.797 0.040 0.301 0.003 1.418 0.035 4.445 0.009 -0.074 0.026 
R78     0.325 0.022 1.449 0.007 4.070 0.020 -0.053 0.002 
M79 1.290 0.004 4.612 0.270 0.260 0.079 1.341 0.104 3.587 0.155 -0.073 0.002 
E80 1.455 0.050 4.718 0.182 0.186 0.010 1.349 0.141 3.707 0.046 -0.092 0.005 
T81 1.369 0.049 4.316 0.057 0.211 0.073 1.312 0.012 4.349 0.068 -0.166 0.006 
T82 1.299 0.018 4.267 0.144 0.277 0.004 1.343 0.104 4.470 0.045 -0.061 0.006 
V83 1.351 0.051 3.804 0.163 0.281 0.073 1.352 0.022 3.514 0.036 -0.156 0.033 
N84 1.441 0.025 4.597 0.041 0.179 0.005 1.384 0.036 3.615 0.152 -0.155 0.054 
A85 1.257 0.065 4.937 0.199 0.308 0.030 1.395 0.077 3.652 0.140 -0.092 0.031 
H86 1.321 0.010 5.814 0.134 0.275 0.003 1.434 0.048 5.148 0.392 -0.137 0.068 
Q87 1.354 0.030 6.753 0.193 0.194 0.024 1.383 0.093 4.894 0.287 -0.214 0.003 
I88 1.410 0.141 8.162 0.090 0.210 0.032 1.299 0.147 5.686 0.306 -0.058 0.022 
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L89 1.210 0.050 11.372 0.160 0.219 0.099 1.316 0.083 7.305 0.449 -0.033 0.116 
P90             
K91 1.339 0.082 6.615 0.020 0.232 0.043 1.467 0.206 5.928 0.026 -0.154 0.012 
V92 1.356 0.034 9.523 0.195 0.233 0.027 1.353 0.002 6.306 0.600 -0.177 0.084 
L93 1.293 0.191 14.247 2.206 0.551 0.146 1.271 0.025 8.329 0.157 0.039 0.222 
H94 1.329 0.012 5.715 0.177 0.281 0.035 1.544 0.052 5.564 0.414 -0.088 0.025 
K95 1.342 0.017 7.216 0.176 0.288 0.080 1.395 0.064 5.562 0.051 -0.141 0.028 
R96 1.448 0.082 6.019 0.017 0.349 0.062 1.543 0.009 4.456 0.091 -0.084 0.010 
T97 1.338 0.014 3.974 0.045 0.333 0.034 1.346 0.003 4.785 0.044 -0.173 0.035 
L98 1.261 0.022 6.178 0.408 0.333 0.044 1.476 0.018 5.393 0.081 -0.096 0.013 
G99 1.284 0.007 4.118 0.075 0.257 0.004 1.404 0.003 4.208 0.039 -0.206 0.013 
L100 1.295 0.005 7.226 0.223 0.434 0.014 1.490 0.039 6.061 0.044 0.072 0.023 
S101 1.236 0.041 8.847 0.013 0.365 0.014 1.437 0.075 7.554 0.678 0.155 0.065 
A102 1.270 0.092 10.788 0.012 0.483 0.001 1.395 0.027 6.625 0.131 0.380 0.157 
M103 1.256 0.049 7.202 0.198 0.406 0.046 1.427 0.091 6.442 0.082 0.114 0.077 
S104 1.065 0.033 9.162 0.404 0.424 0.181 1.252 0.074 8.285 0.827 0.292 0.114 
T105             
T106             
D107             
L108             
E109             
A110             
F111             
F112             
K113             
D114             
S115             
L116             
F117             
K118             
D119             
W120             
E121             
E122     0.041 0.032 1.165 0.142 3.272 0.480 -0.485 0.009 
L123             
G124             
E125             
E126             
I127             
R128             
L129             
K130             
V131             
F132             
V133             
L134             
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G135 1.065 0.086 13.665 1.455 0.700 0.114 1.318 0.000 11.262 0.725 0.375 0.235 
G136 1.258 0.021 9.656 0.044 0.530 0.129 1.463 0.024 6.996 0.689 0.259 0.028 
S137 1.278 0.043 6.451 0.027 0.345 0.011 1.469 0.038 5.875 0.160 -0.180 0.007 
R138 1.346 0.008 6.501 0.036 0.355 0.013 1.447 0.013 5.431 0.073 -0.011 0.015 
H139     0.535 0.002 1.561 0.020 6.138 0.062 0.369 0.002 
K140 1.390 0.011 4.834 0.019 0.348 0.014 1.443 0.030 4.421 0.125 -0.077 0.005 
L141 1.302 0.053 4.295 0.014 0.172 0.012 1.382 0.040 4.395 0.140 -0.345 0.101 
V142 1.276 0.019 4.671 0.266 0.222 0.028 1.304 0.022 3.870 0.227 -0.188 0.086 
S143 1.163 0.054 4.551 0.173 0.321 0.051 1.279 0.054 4.331 0.076 0.019 0.062 
A144 1.143 0.022 3.714 0.096 0.147 0.021 1.174 0.028 2.619 0.268 -0.155 0.157 
P145             
A146 1.204 0.020 3.845 0.112 0.304 0.052 1.243 0.037 2.931 0.214 -0.318 0.113 
P147             
S148 1.247 0.053 3.909 0.064 0.188 0.001 1.293 0.080 3.757 0.004 -0.199 0.112 
N149 1.415 0.020 3.810 0.159 0.290 0.036 1.303 0.020 3.443 0.018 -0.157 0.025 
F150 1.349 0.014 4.061 0.186 0.352 0.005 1.293 0.020 4.017 0.009 -0.095 0.007 
F151 1.407 0.035 4.090 0.318 0.229 0.064 1.396 0.014 4.212 0.108 -0.167 0.059 
T152 1.300 0.017 3.001 0.095 0.020 0.018 1.273 0.016 3.509 0.024 -0.478 0.161 
S153 1.130 0.005 2.099 0.058 -0.040 0.023 1.132 0.005 2.936 0.059 -0.691 0.021 
A154             

* The experimental errors were estimated as the root mean square deviation of two experiments.  
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Table S3: NMR double and triple-resonance experiments duration and acquisition times for 
the assignment of HBx(9CS)  

Experiment Time (h) Acquisit ion t imes (ms) 
HSQC 0.3 90 (N) 107.5 (HN)   
HNCO 11 27 (N) 79 (HN) 49.6 (CO)  
HNCA 39.83 22.3 (N) 79.9 (HN) 9 (CA)  
HN(CO)CA 24.65 28.6 (N) 79.9 (HN) 9.1 CA)  
CBCANH 17.47 21.8 (N) 80 (HN) 6.6 (CBCA)  
CBCA(CO)NH 10.93 27 (N) 80 (HN) 6.6 (CBCA)  
C(CO)NH 42.25 25.85 (N) 79.9 (HN) 6.6 (C)  
H(CCO)NH 39 25.85 (N) 80 (HN) 15 (H)  
(H)NNH 67.65 26.4 (N1) 26.4 (N2) 25 (HN1) 82.9 (HN2) 

 

 

Table S4: 15N relaxation experiment duration and acquisition times recorded on the 600 
MHz Bruker Avance III spectrometer. 

Experiment Time (h) Acquisit ion t imes (ms) 
15N T 1 24.4 107 (HN) 99 (N) 
15N T 2 24.5 107 (HN) 99 (N) 
{ 1H}- 15N NOE 44.3 107 (HN) 66 (N) 

 

 

Table S4: 15N relaxation experiment duration and acquisition times recorded on the 900 
MHz Bruker Avance III spectrometer. 

Experiment Time (h) Acquisit ion t imes (ms) 
15N T 1 53.6 189 (HN) 110 (N) 
15N T 2 53.9 189 (HN) 110 (N) 
{ 1H}- 15N NOE 11.9 107 (HN) 44 (N) 
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Introduction 
To fulfill their function, proteins have to be assembled into sophisticated three-dimensional 
structures. As shown by Anfinsen four decades ago (1), the structure of a protein is dictated 
by its amino acid sequence, since the protein unfolded in a denaturant regains its 
three-dimensional structure when brought into physiological buffer conditions. However, a 
complete understanding of this protein folding process is still missing, despite strong progress 
in recent years using different experimental and computational techniques (2-4).  

A prerequisite for understanding protein folding is the accurate structural and dynamical de-
scription of the denatured state, the partially folded intermediates and of course also the na-
tive state. However, a precise description of the unfolded state remains challenging, since it 
consists of an ensemble of conformations and only a limited number of measurable parame-
ters are available to describe the very large structural space (5). 

Denatured states of proteins can be created by various methods including temperature (6) or 
pressure (7) changes, addition of denaturants such as guanidinium chloride (8), urea (9) or 
acid (7), and usage of destabilizing mutations (10). 

Among other biophysical methods, three experimental methods have provided the most de-
tailed insights of the unfolded state: nuclear magnetic resonance (NMR) (5, 11), small-angle 
X-ray scattering (SAXS) (12) and single-molecule Förster Resonance Energy Transfer 
(smFRET) (13). The large number of experimental data from NMR on unfolded polypeptides 
provide powerful input for computer models to create representative ensembles of the un-
folded state. Recently, Huang et al. used restrained ensemble structure calculations to create a 
minimal-size ensemble of urea-denatured ubiquitin that satisfied 419 residual dipolar cou-
plings (RDCs) and 253 paramagnetic relaxation enhancements (PREs) restraints obtained by 
NMR (14).  

In the current study, we have extended the calculations of structural ensembles by including 
restraints from the SAXS profiles (15) and 71 backbone 3JHNHα-couplings (16) of urea-denatured 
ubiquitin. The resulting ensembles are very similar to the previously calculated ones (14), as 
observed from the Cα-Cα contact maps that show a surprisingly similar intramolecular interac-
tions corresponding to both native and nonnative structure elements.  

To validate this model description by an independent method, we probed the distances be-
tween different segments of the polypeptide chain by smFRET. For this, we created seven 
double-cysteine variants of ubiquitin pairwise separated by 26 to 68 amino acids, which were 
labeled by fluorophores. We then used single-molecule fluorescence spectroscopy to obtain 
transfer efficiency histograms of ubiquitin at different urea concentrations. With increasing 
concentrations of urea, we observe a gradual change in the relative populations of folded and 
unfolded states and disappearance of the folded peak at urea concentration of ~5.5 M. How-
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ever, whereas the position of the folded state signal is unaffected by the addition of urea, the 
unfolded peak shifts to lower transfer efficiencies, indicating a continuous expansion of the 
chain with increasing concentration of urea. 

Remarkably, both the averages as well as the distributions of the intramolecular distances de-
rived from smFRET and from structural ensembles calculated using the program X-PLOR-
NIH based on NMR and SAXS restraints agree exceedingly well. 

Single-molecule fluorescence spectroscopy additionally allowed obtaining information about 
the reconfiguration dynamics of unfolded ubiquitin, which is difficult to assess by NMR. To 
this end, we used nanosecond-fluorescence correlation spectroscopy (nsFCS) to determine 
the distance dynamics between the donor and acceptor fluorophores and found the reconfigu-
ration times for all variants of ubiquitin to be in the range of 50 to 90 ns. 

Overall, in this chapter we show for the first time, the combined usage of NMR, SAXS and 
smFRET, for the investigation of an unfolded state to quantitatively test the consistency and 
complementarity of the data. This provided a very comprehensive view of the unfolded-state 
ensemble of the protein ubiquitin.   
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The properties of unfolded proteins are essential both for the
mechanisms of protein folding and for the function of the large group
of intrinsically disordered proteins. However, the detailed structural
and dynamical characterization of these highly dynamic and confor-
mationally heterogeneous ensembles has remained challenging. Here
we combine and compare three of the leading techniques for the
investigation of unfolded proteins, NMR spectroscopy (NMR), small-
angle X-ray scattering (SAXS), and single-molecule Förster resonance
energy transfer (FRET), with the goal of quantitatively testing their
consistency and complementarity and for obtaining a comprehensive
view of the unfolded-state ensemble. Using unfolded ubiquitin
as a test case, we find that its average dimensions derived from
FRET and from structural ensembles calculated using the program
X-PLOR-NIH based on NMR and SAXS restraints agree remarkably
well; even the shapes of the underlying intramolecular distance
distributions are in good agreement, attesting to the reliability of
the approaches. The NMR-based results provide a highly sensitive
way of quantifying residual structure in the unfolded state. FRET-
based nanosecond fluorescence correlation spectroscopy allows
long-range distances and chain dynamics to be probed in a time
range inaccessible by NMR. The combined techniques thus provide
a way of optimally using the complementarity of the available
methods for a quantitative structural and dynamical description
of unfolded proteins both at the global and the local level.

protein folding | unfolded protein ensemble | Förster resonance energy
transfer | nuclear magnetic resonance | small-angle X-ray scattering

Proteins exist as ensembles of interconverting conformations.
Obviously, unfolded polypeptide chains, such as chemically

or physically denatured proteins and intrinsically disordered
proteins (IDPs), can access extremely large numbers of confor-
mations (1). A comprehensive description of their structural and
dynamical behavior is a prerequisite for understanding protein
folding (2–4) and the function of IDPs in health and disease (5, 6).
Due to the very large number of conformational degrees of free-
dom of the unfolded polypeptide ensemble, it is of utmost im-
portance to obtain as many independent experimental parameters
as possible for a quantitative description of its behavior. Three
experimental methods have been particularly informative in this
respect: NMR spectroscopy (2, 5, 7–9), small angle X-ray scattering
(SAXS) (10, 11), and single-molecule Förster resonance energy
transfer spectroscopy (single-molecule FRET) (12, 13).
NMR in solution provides very rich local structural and dy-

namical information at virtually any atom site with the exception
of oxygen. Distance and angular information can be obtained
from nuclear Overhauser enhancements (14), three-bond scalar
couplings (15), paramagnetic relaxation enhancements (PREs)
(16), pseudo contact shifts (17), residual dipolar couplings
(RDCs) (8, 18), chemical shifts (19), and hydrogen bond scalar
couplings (20). Thus, on the order of 10 geometric parameters
per amino acid can be obtained with relative ease on unfolded

polypeptides (21). Information on dynamics is also available
from solution NMR but is restricted to three timescales: the
pico- to low nanosecond range of the Larmor frequencies, the
micro- to low millisecond range of the chemical shift (19), and
the larger-than-seconds range of real-time NMR (22). The large
number of experimental data from NMR on the geometry of
unfolded polypeptide ensembles together with the knowledge on
the covalent structure of the polypeptide chain provide powerful
input for computer models of representative ensembles of the
unfolded state. Typically, ensembles containing tens of thousands
of conformers are simulated in an unrestrained manner and re-
duced by various methods (23–26) to smaller-size ensembles that
satisfy the measured parameters. As an alternative, we have re-
cently used restrained ensemble structure calculations (27) to
create minimal-size ensembles of urea-denatured ubiquitin (76 aa)
that satisfy a very high number of 419 RDC and 253 PRE restraints
obtained by NMR (21). The analysis of the ensemble revealed
significant (10–20%) populations of a native-like first β-hairpin and
α-helix and nonnative α-helical conformations in the C-terminal
half. Thus, the urea-denatured state has similarities to ubiquitin’s
methanol/acid-denatured A-state (28).
Information from SAXS comes at lower resolution but provides

important information on the overall shape of a biomolecule in
solution (10, 11), which ideally complements the predominantly
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local information from NMR. The SAXS scattering profiles yield
the solution-averaged autocorrelation of the molecular elec-
tron density, often reported in simplified form as a radius of
gyration, Rg.
Single-molecule FRET has recently emerged as an additional

method to study unfolded proteins (12, 13). Single-molecule FRET
provides intramolecular distance information in the range of tens of
angstroms by measuring the Förster transfer between fluorescence
donor and acceptor dyes attached to the polypeptide. Because the
signal is recorded on single molecules, structural and dynamic
heterogeneity can be resolved that is often impossible to detect by
ensemble-averaged methods. An example is the investigation of the
properties of the unfolded state of a protein in the presence of a
folded subpopulation, as it is commonly the case under near-
physiological conditions or for IDPs in the presence of ligands (29,
30). The resulting subpopulation-specific transfer efficiencies and
fluorescence lifetime distributions can be analyzed in terms of
intramolecular distance distributions based on models from poly-
mer physics (3, 31) or combined with molecular simulations (32–34)
to quantify global parameters such as mean-squared distances, ra-
dius of gyration, or persistence length. In addition to this in-
formation relating to equilibrium distances, distance dynamics can
be determined on a broad range of timescales with methods such as
fluorescence correlation spectroscopy (FCS, ∼10−8 to 10−3 s),
transfer efficiency histogram analysis (∼10−4 to 10−1 s), microfluidic
mixing (∼10−3 to 102 s) and measurements on immobilized mole-
cules (∼10−5 to 103 s) (4). Typical reconfiguration times of unfolded
proteins as measured by nanosecond-FCS (nsFCS) (30, 35) range
between ∼20 ns and ∼200 ns, a time window that is not accessible
by NMR in solution. Thus, the precise long-range and the dynam-
ical information on the >10-ns timescale makes single-molecule
FRET highly complementary to both NMR and SAXS.
Despite their obvious complementarity, SAXS, NMR, and

single-molecule FRET data on unfolded proteins or IDPs have
only rarely been directly combined or compared, and concerns
have been raised about the validity of the individual methods for
correctly quantifying unfolded-state properties (36, 37). Here we
present a direct comparison of the properties of urea-denatured
ubiquitin as quantified from all three methods and enhance the
description of the ensemble by the FRET-specific single-molecule,
time-dependent, and long-range distance information. Compared
with previous structural ensembles calculated only from NMR re-
straints (21), the addition of SAXS restraints (38) did not change
significantly either the overall dimensions of the ensemble or its
10–20% secondary structure content similar to ubiquitin’s A-state.
To obtain a detailed description of the denatured ensemble by
single-molecule FRET, seven double-cysteine variants of ubiquitin
were created, labeled for FRET, and analyzed. The resulting
FRET distance distributions were then compared with the struc-
tural ensembles based on NMR and SAXS restraints. The results
show good agreement of not only the FRET- and NMR/SAXS
ensemble-derived average distances, but also of their distributions.
Furthermore, the single-molecule FRET data reveal the reconfi-
guration times of the unfolded chain in the range of 50–100 ns.
Thus, the combined data from all methods provide a detailed and
consistent description of the conformational ensemble of urea-
denatured ubiquitin at unprecedented spatial and temporal detail.

Results
Structural Ensembles of Urea-Denatured Ubiquitin Calculated from
NMR and SAXS Restraints. We had previously calculated structural
ensembles of ubiquitin denatured in 8 M urea at pH 2.5 based on
experimental NMR observations comprising 419 RDC (20, 39) and
253 PRE restraints determined on eight S-(1-oxyl-2,2,5,5-tetramethyl-
2,5-dihydro-1H-pyrrol-3-yl)methyl methanesulfonothioate (MTSL)-
labeled cysteine variants (21). Ensemble sizes of at least 10
conformers had been sufficient to obtain average back-calculated
NMR parameters and radii of gyration that matched the experi-

mental data within the expected error. Here we have extended
these calculations by including restraints from the SAXS intensity
profile (38) and 71 backbone 3JHNHα-couplings (40) of urea-
denatured ubiquitin as well as increasing the ensemble size to 20.
The newly generated ensembles are very similar to the previous
ones (21), as can be appreciated from the Cα

–Cα contact map of
400 such ensembles (Fig. 1) that shows highly similar intramolecular
interactions corresponding to both native and nonnative structure
elements. It is noted that whereas each individual ensemble of 20
conformers matches all experimental data within the error, the
different ensembles contain very different structures, because their
degrees of freedom largely exceed the number of structural re-
straints. We have shown previously (21) that the probability for
observing individual Cα

–Cα contacts within the total of all structures
follows a binomial distribution and that observations of contacts in
the low percent range are highly significant for a total of several
thousand structures.
In particular, and similar to previous findings, significant

contact populations on the order of 10% are observed between
residues 6 and 10 as well as 7 and 11 at the location of the native
β-turn (Fig. 1). In addition, strong α-helical i to i+4 contacts exist
along the entire peptide sequence, covering both the native helix
of residues 22–35 and the nonhelical C-terminal part of the
native protein. Thus, the structural ensemble has similarities to
ubiquitin’s methanol/acid-denatured A-state, in which the first
β-hairpin, the α-helix, and a long C-terminal α-helix are formed
but move on the nanosecond timescale as independent elements
connected by flexible linkers (28). Many further, weaker, native
and nonnative long-range contacts are also observed, among
them a patch comprising the native contacts between amino acid
stretches 18–24 and 50–57. The presence of such long-range
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Fig. 1. Cα
–Cα contact map of urea-denatured ubiquitin. Four hundred low-

energy structural ensembles of 20 conformers each were generated as de-
scribed in Methods using X-PLOR simulations with restraints derived from
RDC, PRE, J-coupling, and SAXS data. Contact probabilities p(i,j) between
residue i and residue j were determined as the total number of contacts
observed in all conformers with Cα

–Cα distances smaller than 8 Å divided by
the total number of conformers (i.e., 8,000). The contact probabilities p(i,j)
are color-coded as indicated by the color bar at the top and plotted versus
sequence positions i and j. The upper left part of the contact map represents
all observed contacts; the lower right part shows only contacts also present
in the native state of ubiquitin (delimited by green contour lines). Merely for
comparison, the secondary structures of native state and A-state ubiquitin
are shown schematically at the right and left sides, respectively.
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contacts on the order of 1% in the calculated ensemble seems to
indicate that the protein samples tertiary interactions of the fully
folded native form even in 8 M urea to a detectable extent.

Distance Distributions in the Unfolded Ensemble from Single-Molecule
FRET. To probe the distances between different segments of the
polypeptide chain in single-molecule FRET experiments and
to compare them to the NMR/SAXS ensemble, we created
seven double-cysteine variants of ubiquitin with cysteine resi-
dues bracketing between 26 and 68 peptide segments. The
variants were labeled with Alexa Fluor 488 and Alexa Fluor
594 as FRET donor and acceptor, respectively. We then used
confocal single-molecule fluorescence spectroscopy of freely
diffusing molecules to obtain transfer efficiency histograms of
ubiquitin at different urea concentrations (Fig. 2A). The peak
at high transfer efficiency corresponds to folded ubiquitin
molecules, and the peak at lower transfer efficiencies to un-
folded ubiquitin. With increasing concentration of urea, we
observe a gradual change in the relative populations of folded
and unfolded states and a disappearance of the folded peak at
urea concentrations above ∼5.5 M, as expected for urea-induced
unfolding of ubiquitin. However, whereas the position of the
folded state is unaffected by the addition of urea to within
experimental uncertainty in this high transfer efficiency range,
the unfolded peak shifts to lower transfer efficiencies, in-
dicating a continuous expansion of the chain with increasing
concentration of urea, as previously observed for many un-
folded proteins (3, 31, 41–46).
As expected for a disordered chain (30, 43), we also observe a

decrease in transfer efficiency for the unfolded state with in-
creasing sequence separation between the two fluorophores at a
given urea concentration, as shown in Fig. 2B for 8 M urea. For
all seven variants of ubiquitin we detect a similar trend for the
expansion of the unfolded chain with increasing concentration of
urea, but offset corresponding to the length of the segments
probed (Fig. 2C). To quantify the dimensions of unfolded
ubiquitin from the single-molecule FRET data, we converted
the mean transfer efficiencies into root-mean-squared distances
(RMSDs) using the intrachain distance distributions for a
Gaussian chain, previously shown to be a useful approximation
for unfolded proteins (32, 41–43, 47). To complement our in-
formation on the distances within the unfolded chain of ubiq-
uitin, we additionally performed an analysis of fluorescence
intensity decays, which occur on much shorter timescales than
unfolded chain reconfiguration (35) and thus provide more di-
rect and robust information about the shape of the underlying
distance distribution function (43, 48, 49). For that purpose, we
extracted from our single-molecule measurements subpopulation-
specific time-correlated single-photon counting histograms of both
donor and sensitized acceptor emission for the different variants of
ubiquitin at 8 M urea, an example of which is shown in Fig. 3. We
then fitted the donor and acceptor signal globally, assuming dis-
tributions of transfer rates corresponding to the distribution of
donor–acceptor distances for a Gaussian chain (43) and obtained
the RMSD values for all variants (see Methods for details). The
good agreement between the values of RMSD obtained from the
mean transfer efficiencies and the fluorescence intensity decays
supports the robustness of the analysis (Fig. 3D).
Finally, because the single-molecule experiments enable us to

quantify unfolded-state expansion over a broad range of de-
naturant concentrations owing to the separation of folded and
unfolded subpopulations in transfer efficiency histograms (Fig. 2),
we can use the results to quantify the dependence of unfolded-state
dimensions on urea concentration. Concentrated solutions of de-
naturants such as urea and guanidinium chloride are good solvents
for unfolded proteins (50, 51); correspondingly, an increase in the
denaturant concentration usually leads to an expansion of the
unfolded state (3, 4, 41), as we observe here for ubiquitin (Figs.

2 and 3). This expansion can be expressed in terms of a change
in the scaling coefficient, ν, that quantifies the dependence of
the RMSD, hr2i1=2, on chain length, Naa, in scaling laws of the
form hr2i1=2 = r0Nν

aa. In bad solvent, ν is expected to be 1/3, in
good solvent ∼3/5, and under Θ conditions ∼1/2 (52). Taking
advantage of the observation that the prefactor, r0, for proteins
only varies within a narrow range (53) (see Methods for details),
we estimated the scaling exponent as a function of urea con-
centration (Fig. 3). Interestingly, we find a continuous increase
of ν from ∼0.5 to ∼0.6 between 1.5 M and 9.5 M urea (Fig. 3),
indicating that the expansion of unfolded ubiquitin resembles a
transition from Θ conditions to the good solvent regime.

Comparison of Distances Derived from Single-Molecule FRET and
Computed Ensembles. The average distances between amino
acids determined by the single-molecule FRET experiments
at 8 M urea can be compared directly to distances in the
structural ensembles calculated using X-PLOR-NMR. Fig. 4
shows a comparison of the RMSDs between these amino
acids in the ensembles versus the respective RMSDs from the

Fig. 2. (A) Single-molecule FRET efficiency (E) histograms of the C6C74
variant of ubiquitin at different concentrations of urea, pH 2.5, illustrating
the unfolding transition and the unfolded-state expansion. The peak at E ≈
0.9 corresponds to folded and the peak at lower E to unfolded molecules. To
determine mean transfer efficiencies, 〈E〉, peaks were fitted with Gaussian
peak functions (black lines). (B) Histograms at 8 M urea, pH 2.5 for all
ubiquitin variants investigated, with the positions of labeled Cys residues
indicated for each panel. The color code is the same as in Table 1. (C) De-
pendencies of mean transfer efficiencies of the unfolded subpopulation on
the urea concentration for all variants (color code as in B). The solid lines are
fits with a weak binding model (43, 74) of the form E(cD) = E0 + ΔE KcD/(1 +
KcD) for interpolation, where cD is the denaturant concentration, and K, ΔE,
and E0 are fit parameters.
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single-molecule FRET measurements. For ensembles generated
without any experimental restraints, the RMSDs are sys-
tematically larger than those from FRET (RMSDensemble ≈
1.40·RMSDFRET), but still show a correlation coefficient of r =
0.996 with the FRET results. The respective average radius of
gyration Rg of the ensemble is 39.3 Å and thus considerably
larger than the Rg value from SAXS experiments [28.0 ± 3.5 Å
(38)]. Including SAXS or NMR+SAXS restraints reduces Rg to
values close to the experiment (SAXS: 28.9 Å; NMR+SAXS:
29.3 Å) and gives excellent agreement with the FRET-derived
distances (SAXS: RMSDensemble≈ 1.02·RMSDFRET, r = 0.988;
NMR+SAXS: RMSDensemble ≈ 1.02·RMSDFRET, r = 0.996). The
rms deviation between average distances derived from the
NMR+SAXSensemble and the FRET data is only 1.39 Å.
The overall good agreement of distances from the NMR+
SAXS-based ensemble and the single-molecule FRET exper-
iments also leads to a good match of the length scaling ex-
ponents, ν (NMR+SAXS: 0.61 ± 0.03, FRET: 0.60 ± 0.03; see
Methods for details). This indicates that the X-PLOR calcu-
lations under experimental restraints reproduce the long-
range behavior of a random chain, even in the presence of the
local, partially ordered structure evident from the Cα

–Cα

contact map in Fig. 1.

However, not only the average distances in the ensembles
calculated under NMR/SAXS or SAXS restraints closely match
the FRET-derived distances, but even the distance distributions
within the ensembles are remarkably similar to the distance
distributions of a Gaussian chain used for the interpretation
of the FRET data (Fig. 5). For the NMR/SAXS-restrained
ensemble, the distributions agree almost quantitatively. Any
remaining small differences may have several causes: (i) gen-
uine specific conformations and local structure induced by the
NMR and SAXS data, which are not captured by the simple
polymer model used to interpret the FRET observables, (ii)
incomplete sampling of conformational space in the calculated
ensembles, and (iii) unknown details of the alignment mecha-
nism for RDCs and the incomplete knowledge of dynamics for
PREs, which lead to inaccuracies when incorporating them as
quantitative restraints (21). Corresponding to their larger av-
erage distances (Fig. 4), the distributions obtained from un-
restrained ensemble calculations are much more expanded
than those from the restrained ensembles or the FRET-based
data (Fig. 5). This behavior is expected for unrestrained
X-PLOR calculations, because the remaining nonbonded en-
ergy terms contain only repulsive van der Waals terms and a
database potential for torsion angles (54) without any further
attractive interactions.

Fig. 3. (A) Contour plot of donor fluorescence lifetime, τD, versus transfer efficiency for the C6C74 variant in 8 M urea, pH 2.5. Relative amplitudes are
indicated as a color scale. For the subpopulation-specific fluorescence lifetime analysis, only the photons from fluorescence bursts in the region indicated by
the dashed box were used to exclude the influence of the population containing no active acceptor dye (“donor-only,” shaded region). [Note that at lower
denaturant concentrations, a population corresponding to folded molecules appears (Fig. 2), whose influence on the lifetime analysis can also be excluded in
this way.] (B and C) The resulting time-correlated single-photon counting histograms of donor (B) and acceptor (C) emission with residuals below each panel.
The donor and acceptor decays were fitted globally based on the distribution of transfer rates resulting from the distance distribution of a Gaussian chain
(black lines), with the RMSD as the only free fit parameter apart from the two overall amplitudes for donor and acceptor decays (seeMethods for details). (D)
The values of the intrachain RMSDs excluding the dye linkers obtained from the mean transfer efficiencies, either from the numbers of donor and acceptor
photons, i.e., the transfer efficiency histograms (Fig. 2), (circles) or from the fluorescence lifetime analysis (squares) for all variants of ubiquitin at 8 M urea are
plotted as a function of sequence separation between the labeling sites, Naa. The line corresponds to the equation hr2i1=2 = ffiffiffiffiffiffiffiffiffiffiffi

2lp   b
p

  Nν
aa, where b = 0.38 nm is

the distance between two Cα atoms, and lp = 0.43 nm and ν = 0.60 are the parameters obtained from the global fit (E). The colors correspond to the different
variants of ubiquitin, with the same color code as in Table 1 and Fig. 2. (E) Representative examples of RMSD values from transfer efficiency histograms
(including the dye linkers) as a function of Naa for all ubiquitin variants at 2, 4, 6, and 8 M urea [from light gray to black; note that all urea concentrations from
1.5 to 9.5 M (Fig. 2C) were used for the analysis] with a global fit to hr2i1=2 = ffiffiffiffiffiffiffiffiffiffiffi

2lp   b
p

 Nν
aa, where lp was a shared fit parameter for all datasets and νwas allowed

to vary with urea concentration. (F) The resulting values of ν as a function of urea concentration. Error bars represent standard errors of the fit.
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Reconfiguration Times of the Unfolded-State Ensemble. Single-
molecule fluorescence spectroscopy additionally allows us to
obtain information about the reconfiguration dynamics of
unfolded ubiquitin, which is difficult to access with other
methods. For this purpose we used nsFCS to determine the

distance dynamics between the donor and acceptor fluo-
rophores attached to the protein (30, 35, 55). Because distance
fluctuations in the chain are directly connected to intensity
fluctuations of the dyes, the decay of the fluorescence inten-
sity correlation function can be related quantitatively to the
relaxation of the distance correlation function (i.e., the re-
configuration time of the polypeptide chain) (35, 56, 57).
Examples of fluorescence intensity correlation functions for
the C6C74 variant of ubiquitin at 8 M urea are shown in Fig. 6
A–C, with the characteristic correlated component in the au-
tocorrelation functions and the anticorrelated component in
the donor–acceptor cross-correlation in the submicrosecond
range (30). The reconfiguration times, τr, for all variants of
ubiquitin are found to be in the range of 50 ns to 90 ns (Fig.
6D), similar to the times observed for other denaturant-unfolded
proteins or IDPs (30, 31, 35, 58). We also observe a pronounced
dependence of τr on the sequence separation of the dyes in the
different variants of ubiquitin. We compare our results with the
prediction from the Rouse model with internal friction (RIF) (30,
59, 60) (black line in the Fig. 6D) and find good agreement be-
tween our experimental data and the RIF model with a value for
the internal friction time in the range of 10–40 ns. This result
indicates a significant contribution of internal friction, slowing
down the reconfiguration dynamics of the chain beyond what is
expected from solvent friction alone. The value of the internal
friction time we observe for ubiquitin in 8 M urea at pH 2.5 is
similar in magnitude to that of cold shock protein at ∼4 M
GdmCl, pH 7 (30) or spectrin domains between 4 and 8 M
GdmCl, pH 7 (58). The molecular origin of internal friction in
unfolded proteins is currently unclear; simulations have indicated
an important role of dihedral angle rotation (61, 62), but because
internal friction is absent in some proteins at very high denaturant
concentrations (30, 35), the influence of attractive intrachain in-
teractions (63) and residual structure formation as detected here
(Fig. 1) is likely to also contribute.

Discussion
We present here a comparative analysis using single-molecule
FRET, NMR, and SAXS to characterize the urea-denatured
state of ubiquitin at pH 2.5. Using a previously described ap-
proach (21), we generated large sets of ensembles, each con-
taining 20 structures restrained by NMR and SAXS data, and
compared them to distance information from single-molecule
FRET measurements. Chain dimensions were derived from the
single-molecule FRET data on seven donor/acceptor pairs in
terms of RMSD, hr2i1=2, using the distance distribution of a
simple polymer model as an approximation (32, 41–43, 47). The
seven RMSD values show excellent agreement with RMSD
values calculated from the atomistic model ensembles that were
restrained by NMR and SAXS or SAXS-only data (Fig. 4). Even

Fig. 4. RMSDs obtained from ensemble calculations versus RMSDs obtained
from single-molecule FRET measurements (the average values of RMSDs calcu-
lated from mean transfer efficiencies and fluorescence lifetime distribution anal-
ysis are corrected for dye linker lengths). Ensemble calculations were carried out
with NMR and SAXS restraints (circles), only SAXS restraints (squares), or without
any experimental restraints (diamonds), respectively. Color-coding corresponds to
respective ubiquitinmutants in Table 1 and Fig. 2. The lines represent least-squares
fits to the data of the form RMSDensemble = m·RMSDFRET, with m = 1.02 (NMR+
SAXS, solid line), 1.02 (SAXS, solid line), 1.40 (no restraints, dashed line).

Fig. 5. Comparison of Cα
–Cα distance distributions derived from restrained ensemble calculations and single-molecule FRET. Bars show Cα

–Cα distance dis-
tributions from the molecular ensembles calculated under different types of experimental restraints: NMR+SAXS, SAXS, and without experimental constraints
(No constr.) (color-coded as in Table 1). Solid black lines depict the distance distributions as obtained from single-molecule FRET measurements for each
ubiquitin variant. The vertical black solid and dashed lines indicate the values of RMSDs from FRET measurements and ensemble calculations, respectively.
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the distance distributions in the ensembles calculated based on
NMR and SAXS restraints agree surprisingly well with the Gauss-
ian chain distance distributions assumed for the interpretation
of the FRET data (Fig. 5). Only minor differences exist be-
tween the long-range distance distributions of ensembles cal-
culated under NMR+SAXS or SAXS-only constraints, respectively.
This observation indicates that the 743 predominantly local
NMR restraints can be incorporated into the ensemble struc-
tures without disturbing the overall dimensions of the chain.
Calculations carried out without experimental restraints show
considerably larger average distances and much stronger devi-
ations from the single-molecule FRET data. Thus, the intrinsic
X-PLOR force field for the protein bonded and nonbonded
interactions (21, 64) does not lead to agreement between the
simulated ensembles and the FRET measurements; rather, this
agreement has to be enforced by the experimental restraints
(Figs. 4 and 5). This is not surprising because the intrinsic
X-PLOR force field used contains (besides standard terms for
covalent geometry and a conformational database potential for
torsion angles) only repulsive van der Waals terms (54), but no
attractive interactions such as hydrogen bonding, electrostatics,
or hydrophobic effects (65).
The Cα

–Cα contacts of the NMR/SAXS-restrained ensembles
are very similar to those of previous ensembles restrained only by
NMR RDC and PRE data (21). In particular, we observe
prominent contacts of about 15% population between T7 and
G10 and between L8 and K11, which indicate the respec-
tive population of a β-turn at the location of ubiquitin’s native
first β-hairpin. This is consistent with earlier findings from 15N
and 13C secondary chemical shifts and hydrogen bond scalar
couplings of a ∼10–20% population of this β-hairpin even in 8 M
urea at pH 2.5 (20). In addition, many further medium to strong
(∼5–10%) i to i+4 Cα

–Cα contacts are observed throughout the
entire protein sequence (Fig. 1), comprising the native helix in
the region of residues 21–31 as well as in the C-terminal half.
The location of both the β-hairpin and helical propensities are
reminiscent of ubiquitin’s A-state induced at low pH and ∼60%
methanol (28, 66, 67). However, in the A-state, these secondary
structure elements have significantly higher average populations
(67). Fig. 1 also shows the presence of residual long-range, na-
tive-like contacts in the urea-denatured state at the level of about
1%, which is consistent with a bias required for directing the
folding process to the native state (1). The good agreement of
the single-molecule FRET-based distance distributions with the
NMR/SAXS-restrained ensembles illustrates that such local and
residual long-range structure is not inconsistent with the global
properties based on simple polymer models (65, 68). We also
note that the range of segment lengths accessible to PRE and
FRET experiments is complementary. Whereas quantifiable
PRE effects for highly unfolded ubiquitin are limited to seg-
ments of up to ∼20 residues (21) [corresponding to an average
distance of 3.5 nm (Fig. 3D)], single-molecule FRET can only
probe segments above this length quantitatively given the typical
Förster radii of ∼5–6 nm.
Solution NMR provides only limited information on the long-

range reconfiguration dynamics of the unfolded protein ensemble.
Rotational diffusion of the polypeptide chain makes dynamics
unobservable via dipolar, chemical shift anisotropy, or quadrupolar
relaxation on timescales longer than the rotational time (69). Re-
cently, Parigi et al. (70) have shown by 1H T1 relaxation dispersion
that a number of IDPs exhibit long-range rotational correlation
times in the one-digit nanosecond range, which are comparable to
folded proteins of similar size. For urea-denatured ubiquitin, 15N
relaxation data (71) indicate an isotropic reorientation of the N-H
vectors, which is considerably faster than the rotational correlation
time of 4 ns for folded ubiquitin (72). However, slower microsec-
ond motions are evident from chemical exchange line broadening

effects for residue T9 in the first β-turn, presumably corresponding
to the transient formation of local secondary structure.
Information on long-range dynamics of unfolded proteins

from NMR on the timescale of tens of nanoseconds to micro-
seconds has thus been missing for denatured proteins. Here we
fill this gap with nsFCS (30, 35), which determines the dynamics
of long-range distance fluctuations between the fluorophores
attached to the protein. In contrast to NMR relaxation, the FRET-
based distance fluctuations observed by nsFCS are not affected by
rotational diffusion of the chain if the relative rotational decorre-
lation of donor and acceptor is faster than the fluorescence lifetime
(31, 35). Chain reconfiguration for the polypeptide segments of
∼30 and 70 residues of unfolded ubiquitin occurs on a timescale of
50–90 ns (Fig. 6), despite the residual structure evidenced by NMR.
This residual structure may make an important contribution to the
internal friction we quantified by analyzing the segment-dependent
dynamics with the RIF model (30, 59) (Fig. 6D). The timescales
derived from correlation spectroscopy agree with the observation
that (with the exception of the first β-hairpin) the NMR spectra of
unfolded ubiquitin are mostly in fast chemical exchange (39, 71),
that is, the interconversion between all conformations is consid-
erably faster than the microsecond timescale of chemical shifts.
The NMR observables (i.e., chemical shifts, scalar couplings,
RDCs, PREs, and other relaxation rates) are thus averages over
all conformations (8).
Owing to these fast global reconfiguration dynamics, the expan-

sion of the unfolded state with increasing concentration of urea is
observed to be continuous, as reflected by a gradual shift in transfer
efficiency (Fig. 2). This finding is in agreement with previous NMR
results (73) showing that most resonances of the unfolded ubiquitin
population shift continuously between 8 M and 2 M urea concen-
tration and thus are in fast exchange over the entire urea concen-
tration range. However, below about 3 M urea, a second set of
NMR resonances becomes detectable that corresponds to native
ubiquitin (73), in accord with the second population detected in the
single-molecule FRET efficiency histograms (Fig. 2A). Both the
NMR data and the single-molecule FRET efficiency histograms
show that this folded state is in slow exchange with the unfolded
state on a timescale larger than milliseconds. The previous NMR
and SAXS data could be described well by a model in which about
30 urea molecules interact as H-bond acceptors with the ubiquitin
backbone at 8 M urea, thereby expanding the chain (73). In par-
ticular, the continuous chemical shift changes for unfolded ubiquitin
in the range of 2 M to 8 M point to a continuous increase in urea
binding and chain expansion. This agrees well with the chain ex-
pansion observed by the FRET data for increasing amounts of urea,
which can be described in terms of an effective weak binding model
(74) (Fig. 2C). Although direct H-bond interactions with the
backbone explain the data well, the exact mechanism of urea-
induced denaturation is still under debate (75–78). We note that,
based on time-resolved SAXS experiments, unfolded-state col-
lapse of ubiquitin upon jumping from high to low denaturant con-
centration has been controversial [as for other proteins (36)], with
some reports supporting (79, 80) and others contradicting collapse
(81). Our results favor the former, but the extent of collapse can of
course depend on the solution conditions and the net charge of the
chain (53, 82). Resolving this controversy will require further con-
certed efforts involving a direct comparison of the different meth-
ods, either using time-resolved ensemble methods or proteins that
remain unfolded even at low denaturant concentrations (83, 84).
In summary, we observe good agreement between distance

distributions for unfolded ubiquitin derived from single-molecule
FRET and NMR/SAXS-restrained ensembles. The consistency
between these orthogonal approaches strongly validates these
distance parameters and the underlying computed ensembles.
NMR, SAXS and single-molecule FRET data are highly com-
plementary. NMR yields exquisite details on mostly local struc-
tural propensities and dynamics, and even residual short- and
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long-range interactions that are only populated in the low per-
cent range within unfolded protein states are detectable. How-
ever, the overall dimensions of the unfolded-state ensemble are
difficult to define by NMR restraints alone. SAXS data can fill
this gap and help to constrain the overall shape of the unfolded-
state molecular ensemble. As in the case of most ensemble
methods, however, a quantitative analysis is usually limited to
conditions where the protein is fully unfolded, because the
combined contributions of changes in unfolded-state dimensions
and relative populations of folded and unfolded states to the
scattering signal is difficult to disentangle. Single-molecule
FRET, finally, provides relatively coarse-grained information in
the form of average intramolecular distances and distance dis-
tributions that are often suitably captured by polymer-physics-
based models (31) but cannot resolve the presence of local or
transiently formed secondary structure. However, because it is a
single-molecule method, conformational heterogeneity can often
be resolved, enabling subpopulation-specific analysis; in the case
of unfolded proteins, for example, the properties of the unfolded
state can be determined even in the presence of folded mole-

cules, and the range of accessible denaturant concentrations can
thus be extended compared with ensemble methods. Addition-
ally, segment-specific intramolecular distance information and
chain reconfiguration times in the submicrosecond range are
accessible, which cannot be obtained by either NMR or small
angle scattering methods. Combining this information thus en-
ables us to arrive at the currently most comprehensive description
of the structural and dynamic properties of an unfolded protein.
Our work thus paves the way for using restraints from all three
methods for modeling unfolded states. We expect this type of
integrated approach to be ideally suited both for reaching a deeper
understanding of the role of unfolded state structure and dynamics
in protein folding and for linking the conformational and dynamic
properties of IDPs to their cellular functions (61, 62, 85, 86).

Methods
Protein Expression, Purification, and Labeling. Seven double-cysteine variants
(K6C-R74C, K6C-K63C, S20C-R74C, K6C-K48C, G35C-R74C, K6C-G35C, and
K48C-R74C) of ubiquitin (Table 1) were generated by site-directed muta-
genesis from single-cysteine mutants produced previously for MTSL labeling
and subsequent PRE measurements (21). The variants were expressed and
purified in 15N-labeled form as described before (21) and prepared as stock
solutions of 400 μM protein, 50 mM sodium acetate, and 10 mM tris(2-
carboxyethyl)phosphine, pH 4.6. The structural integrity of the mutants un-
der these native-state conditions was verified by comparison of their 1H-15N
heteronuclear single-quantum correlation NMR spectra to wild-type ubiq-
uitin. Stock solutions were then aliquoted and frozen for later use.

Ubiquitin variants C20C74 and C35C74 were labeled with Alexa Fluor 488
maleimide (Invitrogen) at a dye:protein molar ratio of 0.7:1 for 2 h at room
temperature (using ∼200 μL of 0.5 mM protein solutions), and subsequently
with Alexa Fluor 594 maleimide (Invitrogen) at a dye:protein molar ratio of
2:1 for 16 h at 4 °C. Unreacted dye was removed by gel filtration with a
Superdex Peptide 10/300 GL column (GE Healthcare) in 100 mM sodium
phosphate buffer, pH 7.1, and 6 M guanidinium chloride. The resulting
sample contained ubiquitin labeled with Alexa Fluor 488 and 594, and
ubiquitin doubly labeled with either Alexa Fluor 488 or Alexa Fluor 594, as
shown by mass spectrometry. To increase the fraction of FRET-labeled pro-
tein for the other variants, purified ubiquitin was first labeled with Alexa
Fluor 594 maleimide in 100 mM sodium phosphate buffer, pH 7.1, and 6 M
guanidinium chloride, at a dye:protein molar ratio of 0.7:1 for 2 h at room
temperature. Unreacted dye was removed by gel filtration using a Superdex
Peptide 10/300 GL column (GE Healthcare) in 20 mM Tris·HCl and 4 mM DTT,
pH 8.0. Singly labeled ubiquitin was separated from unlabeled and doubly
labeled protein with ion exchange chromatography using a Mono Q 5/50 GL
column (GE Healthcare). Labeled protein was eluted with a linear gradient
of 0–1 M NaCl in 20 mM Tris·HCl and 4 mM DTT, pH 8.0. The fractions
containing singly labeled ubiquitin were further labeled with Alexa Fluor
488 after concentration by ultrafiltration (Amicon Ultra, molecular-weight
cutoff 3 kDa; Merck Millipore). Twofold excess of Alexa Fluor 488 was
reacted with protein singly labeled with Alexa Fluor 594 in 100 mM sodium
phosphate buffer, pH 7.1, and 6 M guanidinium chloride for 2 h at room
temperature or overnight at 4 °C. After removal of the free unreacted dye,
doubly labeled ubiquitin was separated by ion-exchange chromatography,
as described above. The resulting sample mainly contained ubiquitin labeled
with Alexa Fluor 488 and 594, as confirmed by mass spectrometry. Approx-
imately 100 nmol of unlabeled protein were subjected to the labeling reaction
per variant, and ∼10 nmol of pure doubly labeled protein were obtained.

Single-Molecule Fluorescence Spectroscopy. Observations of single-molecule
fluorescence were made using a MicroTime 200 confocal microscope equipped
with aHydraHarp 400 countingmodule (PicoQuant) and anOlympus UplanApo
60×/1.20W objective. Alternating excitation of the dyes was achieved using
pulsed interleaved excitation (87). The wavelength range used for acceptor
excitation was selected with a z582/15 band-pass filter (Chroma) from the
emission of a SC-450-4 supercontinuum fiber laser (Fianium) driven at 20 MHz,
which triggers the 485-nm pulsed diode laser (LDH-D-C-485; PicoQuant) used for
donor excitation. Emitted photons were collected through the microscope ob-
jective, focused onto a 100-μm pinhole, and then separated into four channels
with a polarizing beam splitter and two dichroic mirrors (585DCXR; Chroma).
Photons were additionally filtered by band-pass filters (ET525/50M and
HQ650/100; Chroma) before being focused onto one of four single-photon
avalanche detectors (SPADs) (Optoelectronics SPCM AQR-15; PerkinElmer or
τ-SPADs; PicoQuant).

Fig. 6. (A–C) nsFCS measurements of the donor–acceptor distance dynamics
for the C6C74 ubiquitin variant at 8 M urea. The global fit of donor–donor
(A), donor–acceptor (B), and acceptor–acceptor (C) correlations is used to
determine the reconfiguration time, τr, of the unfolded chain. (D) The
resulting reconfiguration times for all variants as a function of sequence sep-
aration show distance dynamics of the unfolded chain in the range of 50–
90 ns. The black line represents the fit with a modified RIF model, resulting in
an internal friction time of τi = 25 ns (seeMethods for details). The lower and
upper bounds of the light blue band are determined by the same fit with
internal friction times τi = 10 ns and τi = 40 ns, respectively. The color code
for the variants is the same as in Table 1. Note that the rapid drop in the
correlation functions in the low nanosecond range is caused by photon
antibunching on the timescale of the excited state lifetime (93) and not
related to chain dynamics.
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Samples of labeled protein were diluted from concentrations of ∼2–5 μM
(in 6 M GdmCl and 100 mM sodium phosphate, pH 7.1) to a concentration of
∼25–50 pM in measurement buffer (10 mM glycine-HCl, pH 2.5, with concen-
trations of urea as indicated). Note that despite the low pH, the fluorescence
quantum yields of the dyes are essentially unchanged compared with neutral
pH (82). We used doubly recrystallized urea for the preparation of single-mol-
ecule buffers to minimize fluorescence background often present in commer-
cially available urea. To reduce photobleaching of the chromophores and
increase the brightness of the dyes, the photoprotective additive β-mercaptoe-
thanol (143 mM) was added; 0.001% Tween 20 (Pierce) was included to prevent
surface adhesion of the protein. All measurements were performed by exciting
the donor dye with a laser power of 100 μW (measured at the back aperture of
the objective). The power used for directly exciting the acceptor dye was adjusted
to match the intensity of donor emission (50–70 μW). Measurements were per-
formed by placing the confocal volume at an axial position 50 μm into the so-
lution relative to the cover slide surface, with an acquisition time of 30 min each.

For the identification of fluorescence bursts caused by proteins diffusing
through the confocal volume, we used only the photons detected after donor
excitation (i.e., detected in time intervals of ∼25 ns following pulses from the
485-nm diode laser). Successive photons separated by interphoton times
<100 μs were combined into one fluorescence burst. Only the bursts with a
total number of photons >80, detected after donor excitation, were used
for further analysis. Transfer efficiencies for each burst were calculated
according to E =nA=ðnA +nDÞ, where nD and nA are the number of photons
detected in the donor and acceptor detection channels, respectively, cor-
rected for background, acceptor direct excitation, channel cross-talk, dif-
ferences in detector efficiencies, and quantum yields of the dyes (88). The
changes in refractive index caused by increasing concentrations of urea were
measured with a digital Abbe refractometer (Krüss) and were used to
recalculate the Förster radius (R0) for every set of solution conditions. A
value of R0 in the absence of urea of 5.4 nm was used (41). Fluorescence
anisotropies (determined for all urea concentrations based on the polari-
zation-sensitive detection in the single-molecule instrument) were between
0.06 and 0.16 for the donor and between 0.04 and 0.13 for the acceptor,
indicating rapid orientational averaging of the fluorophores (i.e., κ2 ≈ 2/3),
as usually observed for unfolded proteins (13, 55).

Determining RMSDs from Mean Transfer Efficiencies. The calculation of the
root-mean-squared distances of unfolded protein chains from the measured
mean transfer efficiencies was performed assuming an interdye distance
distribution of a Gaussian chain (32, 43, 47). Experimentally determined
mean transfer efficiencies of the unfolded state can be calculated from a
dye-to-dye distance distribution, P(r), according to

ÆEæ=
Z l

0
EðrÞPðrÞdr

,Z l

0
PðrÞdr, [1]

with EðrÞ= 1=ð1+ ðr=R0Þ6Þ, where l is the contour length of the chain. The
probability density function for the end-to-end distance of a Gaussian chain
is

PðrÞ= 4πr2
�

3
2πÆr2æ

�3=2

exp
�
−

3r2

2Ær2æ

�
. [2]

Given a measured value of ÆEæ, the RMSD, Ær2æ1=2, can be calculated numer-
ically. Note that an alternative analysis using Sanchez theory based on a
reweighted Flory–Fisk distribution (42, 53, 89) instead of a Gaussian chain
distribution resulted in very similar results (ΔRMSD ≤ 0.1 nm), supporting the

robustness of our results with respect to the distance distribution used, as
previously shown for other unfolded proteins and IDPs (46, 47).

The scaling of the RMSD with chain length was analyzed based on the
equation Ær2æ1=2 = r0Nv

aa (52), where in the prefactor, r0 =
ffiffiffiffiffiffiffiffiffiffi
2lpb

p
, lp is

the persistence length, b is the peptide segment length of 0.38 nm, and ν is
the length scaling exponent. For the analysis of the RMSD values as a
function of the number of peptide segments, Naa, and urea concentration
based on the single-molecule FRET data (Fig. 3), lp was used as a global fit
parameter, resulting in lp = (0.43 ± 0.04) nm. The values of ν given for the
FRET-based and the constrained-ensemble-based data at 8 M urea were
obtained using this value of lp; the corresponding uncertainties given for
ν reflect the change in ν resulting from the fit when lp is varied in a range
from the lower bound of lp observed experimentally for proteins in high
concentrations of denaturant (90) (lp = 0.33 nm) to the average value for
folded proteins (91) (lp = 0.53 nm) (53). The RMSDs determined from the
analysis of the FRET data include the length contribution from the dye
linkers. For comparing the RMSDs of the chain segment probed between
FRET and ensemble calculations at 8 M urea (Figs. 4 and 5), the Ær2æ1=2 values
from FRET were corrected for the linker length using Ær2æ1=2 =

ffiffiffiffiffiffiffiffiffiffiffi
2lp   b

p
  ·N0.6,

where N = Naa + L is the sequence length of the interdye segment, com-
prising both the number of peptide bonds, Naa, and the contribution from
both dye linkers, L. L was previously estimated to be equivalent to an ad-
ditional nine amino acids (43, 53). A global analysis of the transfer effi-
ciencies for all ubiquitin variants at all urea concentrations investigated (Figs.
2 and 3), with L as a free fit parameter, resulted in L = 9 ± 2 (uncertainty
from varying lp between 0.33 and 0.53 nm), supporting this estimate.

Subpopulation-Selective Fluorescence Lifetime Distribution Analysis. Fluores-
cence lifetime analysis provides a way of quantifying distance distributions in
unfolded proteins orthogonal to the analysis of burst-averaged ratiometric
transfer efficiencies (43, 49). For a subpopulation-selective analysis, we use
the following procedure. In a first step, for every fluorescence burst, the mean
donor fluorescence lifetime was estimated from the average arrival time of the
photons in each burst relative to the exciting laser pulse (92). From the resulting
2D histograms of estimated fluorescence lifetime versus ratiometrically de-
termined transfer efficiency (43, 49), we selected the bursts corresponding to
the unfolded state and, by using the combined photon counts from all un-
folded molecules, obtained subpopulation-specific fluorescence intensity decays
(Fig. 3 A–C). To avoid the common problem of overparameterization and nu-
merical instability in this type of analysis, distance distributions, P(r), of polymer
physics-based models can be used, as described previously (43). Here, we used
the P(r) of a Gaussian chain (Eq. 3), which is uniquely defined by Ær2æ1=2 as the
only free parameter (43). The applicability of the Gaussian chain approximation
is further supported by the agreement of the corresponding shapes with the
distance distributions from the X-PLOR-NIH–derived ensembles (Fig. 5). Addi-
tional stability of the fit is achieved by analyzing donor and acceptor decays in a
global fit based on the distribution of transfer rates resulting from the distri-
bution of donor–acceptor distances (43, 49). Especially the rise in the acceptor
intensity at early times provides a stringent additional constraint. Apart from
Ær2æ1=2, the only other fit parameters were the two overall amplitudes of the
donor and acceptor decays. Acceptor direct excitation and cross-talk of donor
emission into the acceptor detection channel were taken into account as pre-
viously described (43). Intrinsic donor and acceptor fluorescence intensity decay
rates were determined independently and constrained in the fits (kD = 0.275 ±
0.005 ns−1 and kA = 0.250 ± 0.005 ns−1 at 8 M urea). Uncertainties in the
RMSD values determined by this method (Fig. 3D) were obtained by taking
into account the uncertainty of the donor fluorescence intensity decay rate
in the absence of the acceptor.

Table 1. Sequences of the seven ubiquitin variants used in this work

The variant names are colored according to the color code used for the corresponding data throughout the paper. The cysteine residues used for FRET
labeling are highlighted in red.
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nsFCS Measurements. nsFCS measurements were performed in samples with a
protein concentration of ∼2 nM, with the 485-nm diode laser operating in
continuous-wave mode (100 μW) and with typical data acquisition times of
12–16 h to achieve sufficient statistics for interphoton times in the sub-
microsecond range (35, 55). All measurements were performed in 10 mM
glycine-HCl, 8 M urea, pH 2.5, 143 mM β-mercaptoethanol, and 0.001%
Tween 20. Autocorrelation curves of acceptor and donor channels and cross-
correlation curves between acceptor and donor channels were calculated
from the measurements as described previously (35, 55). The data for delay
times up to 4 μs were fit with

gijðτÞ= 1+
1
ÆNæ

�
1− cABe

−τ−t0
τAB

��
1+ cCDe

−τ−t0
τCD

��
1+ cTe

−τ−t0
τT

�
, [3]

where i,   j=A,  D and 〈N〉 is the mean number of molecules in the confocal
volume. The three multiplicative terms describe the contributions of photon
antibunching (93) (AB), chain dynamics (CD), and triplet blinking of the dyes
(T) with amplitudes cAB, cCD, and cT and relaxation times τAB, τCD, τT, re-
spectively. The three correlation curves from each measurement were fit
globally with τCD and the time origin, t0, as shared fit parameters. The am-
plitudes and the relaxation times of the antibunching and triplet compo-
nents were fit with a free independent decay component for each correlation
curve as described previously (30).

The analysis of our experimental data with the RIF model (30, 59, 60) was
performed as described previously (30). Briefly, the effect of internal friction
on the reconfiguration time of the chain, τr, is included in the model as an
additional timescale, τi, as τr = τs + τi, where τs is the reconfiguration time of
the ideal chain without internal friction. According to the RIF model, τs
depends on the length of the segment probed owing to the length-
dependent relaxation modes in polymer reconfiguration dynamics (30, 59,
94), but τi is independent of segment length. Fluorophores and linkers were
taken into account explicitly and modeled as additional beads connected to
the polymer chain via harmonic springs. We then calculated the reconfigu-
ration times of the unfolded ubiquitin chain as a function of the segment
length probed and adjusted the internal friction time, τi, to optimize the fit
of the model to the experimental data (30). We note that based on this
analysis the timescale of the dynamics within the linker segment of the dyes
is approximately two orders of magnitude faster than the end-to-end

dynamics of the polypeptide chain (30), implying a minor effect on the
observed chain dynamics.

Ensemble Calculations. Structural ensembles of urea-denatured ubiquitin
were calculated by the program X-PLOR-NIH, version 2.39 (64), using pro-
tocols described previously (21) with standard X-PLOR force fields including a
conformational database potential for torsion angles and repulsive-only van
der Waals terms (54). The ensemble calculations used experimental restraints
in different combinations derived from 419 RDCs (nine different types) and
256 PREs published previously (20, 21) that were supplemented by 71
backbone 3JHNHα-couplings (40) and SAXS data (38). To speed up the calcu-
lation, the SAXS scattering curves were approximated by a 25-point spline
fit. Unlike in the earlier work (21), where PRE restraints were introduced in a
hypothetical mutant of ubiquitin containing all eight MTSL-labeled cysteines
in a single molecule, the PRE restraints were introduced as originating from
the Cβ atoms or, in the case of glycine, from the Cα atom, of the respective
native amino acids in native ubiquitin. Annealing results were independent
of initial conformations (extended, folded, or random). Ensemble calcula-
tions were carried out using different combinations of restraints: (i) NMR
and SAXS, (ii) SAXS only, and (iii) no experimental restraints, which served as
a control. Even though an ensemble size of 10 conformers (21) was sufficient
to match all experimental NMR and SAXS data within the expected error,
larger ensembles led to increased convergence of the intrachain distance
distributions, presumably because larger ensembles result in reduced cor-
relations between multiple restraints that need to be matched by an indi-
vidual conformer. Hence, all calculations were carried out using ensemble
sizes of 20 as a compromise between accuracy and computational cost. A
total of 800 ensembles with 20 conformers were calculated for each of the
restraint sets, out of which the 50% lowest energy ensembles (8,000 total
structures) were selected for further statistical analysis.
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