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SUMMARY

Here, using single-molecule FRET, we reveal previ-
ously hidden conformations of the ankyrin-repeat
domain of AnkyrinR, a giant adaptor molecule that
anchors integral membrane proteins to the spec-
trin-actin cytoskeleton through simultaneous bind-
ing of multiple partner proteins. We show that the
ankyrin repeats switch between high-FRET and
low-FRET states, controlled by an unstructured
‘‘safety pin’’ or ‘‘staple’’ from the adjacent domain
of AnkyrinR. Opening of the safety pin leads to unrav-
elling of the ankyrin repeat stack, a process that
will dramatically affect the relative orientations of
AnkyrinR binding partners and, hence, the anchoring
of the spectrin-actin cytoskeleton to the membrane.
Ankyrin repeats are one of the most ubiquitous
molecular recognition platforms in nature, and it is
therefore important to understand how their struc-
tures are adapted for function. Our results point to
a striking mechanism by which the order-disorder
transition and, thereby, the activity of repeat proteins
can be regulated.

INTRODUCTION

Single-molecule measurements can resolve the complexity that

is inherent in protein energy landscapes but obscured in

ensemble experiments because of sample averaging. Such

studies of small single-domain proteins and miniproteins have

yielded fundamental insights into folding mechanisms (Chung

and Eaton, 2013; Ferreon et al., 2009; Kuzmenkina et al., 2005;

Laurence et al., 2005; Nath et al., 2012; Nettels et al., 2007;

Sherman and Haran, 2006). In other respects, however, new

information will be limited if single-molecule analysis is applied

only to small proteins because such proteins generally populate

just two states, the native and denatured states, and, therefore,

all that can be observed is the exchange between them. Large,

multidomain proteins have been subjected to little single-mole-
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cule folding experiments other than force-probe characterization

of their mechanics (Bertz et al., 2010; Kotamarthi et al., 2013;

Shank et al., 2010; Wang et al., 2012). Tandem-repeat proteins

such as ankyrin, tetratricopeptide, and HEAT repeats will be

particularly interesting targets for single-molecule analysis

because of a fundamental property distinguishing them from

globular proteins, namely the copopulation of multiple, partly

folded intermediates under equilibrium unfolding conditions

and the accessibility of multiple pathways in the unfolding

kinetics (Ferreiro et al., 2005; Lowe and Itzhaki, 2007; Tripp

and Barrick, 2008; Werbeck and Itzhaki, 2007; Werbeck et al.,

2008). This feature arises from the modular nature of repeat-

protein structures and the high level of similarity between the

modules at both sequence and structural levels. However, it is

very difficult to detect such degeneracy experimentally because

of limitations of scale; small repeat proteins have been the focus

of most studies to date, and yet giant repeat proteins have much

greater potential for heterogeneity. We reasoned, therefore, that

single-molecule Förster resonance energy transfer (smFRET)

between a series of fluorescent donor-acceptor dye pairs along

the repeat stack would allow direct visualization of the spectrum

of conformations accessible to this special class of proteins.

D34 is a 426-residue 12-ankyrin-repeat fragment from the

giant multidomain protein AnkyrinR (Michaely et al., 2002) (Fig-

ure 1A), one of a family of molecular adaptors that mediate the

attachment of integral membrane proteins to the spectrin-actin

cytoskeleton (Bennett and Healy, 2009). The membrane-binding

domain of AnkyrinR forms a superhelical spiral comprising 24

ankyrin repeats that can be divided into four subdomains, D1–

D4 (of which D34 is subdomains D3 and D4). Experimental and

computational studies suggest that ion transporters bind on

one side of the 24-ankyrin repeat stack and that clathrin and

cell adhesion molecules bind on the other side (Grey et al.,

2012; Kim et al., 2011; Michaely and Bennett, 1995; Michaely

et al., 2002). The ankyrin-repeat membrane-binding domain is

followed by the spectrin-binding domain (SBD), and an extended

loop of the latter domain is found to pack against the five

most C-terminal ankyrin repeats in the crystal structure of D34

(Figure 1A). It has been proposed that the interaction between

the two domains serves to orientate the multiple AnkyrinR

binding partners relative to one another and, thereby, position

the spectrin-actin cytoskeleton to the membrane surface.
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Figure 1. FRET Efficiency and Z Parameter Histograms of the Labeled Wild-Type D34 and Variants under Native Conditions
(A) Schematic of the D34 structure.

(B) Locations of the Alexa dye pairs in wild-type D34 (ANK3-5) and the other variants are shown schematically to the left of the histograms. FRET efficiency

histograms (left histograms) were obtained by single (blue) laser excitation of the double-labeled samples. FRET efficiency, E, was calculated as E = IA / (gID + IA),

where ID and IA are the donor (blue channel) and acceptor (red channel) fluorescence intensities, respectively, and g is the instrument factor determined previously

as 0.54. FRET Z parameter histograms (middle histograms) of the same data set are presented in the form Z = ln(IA / ID). TCCD Z parameter histograms (right

histograms) were obtained by simultaneous two-laser (blue and red) excitation of the double-labeled samples. The data were acquired at 25 pM protein con-

centration in 50 mM Tris-HCl buffer (pH 8), 150mMNaCl, and 0.001% Tween 20 at 25�C. The orange and green lines on the FRET efficiency histogram and FRET

Z parameter histogram of ANK9-12 are the Gaussian fits of the data at low FRET and high FRET, respectively.
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Previous ensemble experiments showed that D34 unfolds via

an intermediate state in which the six C-terminal ankyrin repeats

are folded and the six N-terminal ankyrin repeats are unfolded

(Werbeck and Itzhaki, 2007; Werbeck et al., 2008). The data

also hinted tantalizingly at the presence of other partly folded

states under mildly denaturing conditions. Here, smFRET anal-

ysis reveals a previously hidden complexity in the conformational

ensemble of D34. Under native conditions, we find that, although

the N-terminal subdomain of D34 is compact and homoge-
neously folded, the C-terminal subdomain populates two states

in roughly equal proportions, one having high FRET and the other

low FRET. Upon truncation of the SBD loop, the high-FRET state

is no longer detected, and only the low-FRET state is observed,

indicating that the loop acts as a molecular ‘‘staple’’ to control

the structure of the C-terminal repeats. The results show that

both folded and partially unfolded forms of the protein are

present even under native conditions, adding another layer of

complexity to the already rich spectrum of conformational states
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that make up the energy landscape of D34 and pointing to an

interesting mechanism by which the folding and, thereby,

the function of tandem-repeat proteins can be regulated. This

mechanism could be also be exploited to regulate the binding

properties of designed ankyrin-repeat proteins, which are

currently in development as alternatives to therapeutic anti-

bodies (Stumpp and Amstutz, 2007).

RESULTS

Design of D34 Variants along the Repeat Array
D34 comprises residues 402–827 from AnkyrinR, corresponding

to the 12 C-terminal ankyrin repeats of the 24-ankyrin-repeat

membrane-binding domain and an unstructured loop from the

SBD that folds back onto the ankyrin repeats (Figure 1A). It has

two solvent-exposed cysteine residues at positions 475 and

530 (the residues numbers used here correspond to those in

the full-length protein) in the third and fifth ankyrin repeats,

respectively (ANK3-5), whose Ca atoms are separated by 25 Å

and which we used for labeling with the FRET dye pair. To

monitor the behavior of the C-terminal repeats and of the repeats

in the middle of the protein, three further constructs were de-

signed in which one or both of the wild-type cysteine residues

were mutated to serine, and serine residues at other positions

were mutated to cysteine: ANK5-8 (having cysteines at positions

530 and 655), ANK8-12 (C655 and C780), and ANK9-12 (C665

and C764), with 45, 50, and 25 Å between the Ca atoms of the

two cysteine residues, respectively (Figure 1). The stabilities of

the double-cysteine variants were determined using urea-

induced unfolding measured by tryptophan fluorescence, and

they were found to be only slightly less stable than the wild-

type (see Supplemental Experimental Procedures, Figure S1C,

and Table S1, available online, for further details). Next, the effect

of labeling on the stability of the wild-type and the double-

cysteine variants was analyzed using urea-induced unfolding

and measuring of donor and acceptor fluorescence, and the la-

beling was found to have only small effects on stability (see Sup-

plemental Experimental Procedures, Figure S1D, and Table S2

for further details).

We tested the integrity of the fluorescence emission of

the dyes in the FRET construct by measuring the fluorescence

lifetime of the fluorophores (Supplemental Experimental Proce-

dures and Figure S2). The Förster’s distance value for the

FRET pair was then calculated to be 56 Å (Invitrogen), if random

orientation of the dyes’ dipoles (k2 = 2/3) is assumed. We then

confirmed this assumption by measuring the fluorescence

anisotropies for each double-cysteine variant and all labeled

single-cysteine variants (Table S3). The values are notably lower

than the limiting anisotropy, indicating that the orientation of the

FRET-pair dyes can be considered random.

Single-Molecule FRET and TCCDMeasurements Reveal
Heterogeneity in the C-Terminal Subdomain of D34,
with Both Compact and Noncompact States
Copopulated under Native Conditions
We applied two-color coincidence detection (TCCD)/FRET to

probe the conformations of ANK3-5, ANK5-8, ANK8-12, and

ANK9-12. In TCCD experiments, two (blue and red) overlapping

laser beams simultaneously excited a dilute (50 pM) solution of
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the D34 molecules as they diffused through the confocal volume

one molecule at a time. Donor and acceptor fluorescence bursts

are detected in coincidence when they originate from the same

molecule, therefore allowing direct quantification of the number

of molecules with both donor and acceptor fluorophores on

them. In FRET, the donor fluorophores were excited with only

the blue laser to measure the separation between the dye pairs

because the measured simultaneous bursts depend on the

conformation of an individual species as it passes through the

confocal volume.

Data analysis for both TCCD and FRET measurements was

carried out using a coincidence criterion described in detail

previously (Orte et al., 2008; Ye et al., 2012). The data for each

D34 sample were analyzed using a common donor channel

threshold value determined automatically by maximizing the

association quotient in the TCCD experiment (Clarke et al.,

2007), whereas the acceptor channel thresholds were deter-

mined independently. This ensured that both the FRET and

TCCD measurements of each sample resulted in approximately

equal burst rates in the donor channel. The combined use of

TCCD and FRET measurements allows the estimation of the

proportion of molecules that were in non-FRET conformations.

The use of the coincidence technique allows the detection of

both compact (high-FRET) and noncompact (low-FRET) species

while isolating singly labeled D34 molecules from the data.

Different conformations are detectable, and their relative

changes in the population as conditions are changed can be

evaluated.

smFRET experiments were performed first under native con-

ditions (50 mM Tris-HCl buffer (pH 8), 150 mM NaCl, 1 mM

EDTA, and 0.001% Tween20). The FRET efficiency histogram

for wild-type D34 (ANK3-5) is shown in Figure 1B (ANK3-5

FRET Efficiency). The high FRET efficiency is consistent with

the small distance between the cysteine residues in the crystal

structure (25 Å between the two Ca atoms). FRET efficiency his-

tograms are not well described by Gaussian distributions, espe-

cially at very high or very low FRET efficiencies (Wallace et al.,

2000). FRET data are better represented by a lognomal distribu-

tion using the Z parameter defined as Z = ln(IA/ID), where IA and

ID are the acceptor and donor fluorescence intensities, respec-

tively, having been corrected to account for background and

crosstalk. The Z parameter histograms for FRET and TCCD

measurements of ANK3-5 are shown in Figure 1B. The TCCD

Z parameter histogram shows a relatively broad distribution of

events. In contrast, the FRET Z parameter histogram measured

by single-laser (blue) excitation shows one narrow peak with

Z values around 1 (corresponding to a FRET efficiency of

0.83), suggesting that there is a homogeneous population for

ANK3-5 under native conditions. It should be noted that the life-

time measurements of single-cysteine variants labeled with the

donor only show partial quenching of the dye at position C475

when the protein is under native conditions (Supplemental

Experimental Procedures and Figure S2). This additional

quenching could potentially contribute to heterogeneity and

broadening of the single-molecule FRET histograms. However,

given that the FRET efficiency under these conditions is high,

the energy transfer is the faster of the two processes (energy

transfer and quenching), and, therefore, the quenching does

not compete.
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The FRET efficiency histogram of ANK5-8 shows a broad

distribution of events peaking at a low efficiency of �0.4 (Fig-

ure 1B). This result was not surprising given that the two

cysteine residues are separated by a relatively large distance

(45 Å between the Ca atoms). As with ANK3-5, the TCCD

and FRET data for ANK5-8 are better represented by Z param-

eter histograms. The FRET and TCCD Z parameter histograms

each show one peak at Z values of approximately �1 (a FRET

efficiency of 0.4) and 0.5, respectively. The distance between

the two cysteine residues in ANK8-12 (50 Å) is slightly larger

than that in ANK5-8 (45 Å). The FRET efficiency histogram for

ANK8-12 shows a unimodal distribution of events with a peak

at FRET efficiency of 0.55 (Figure 1B), which is somewhat

higher than that observed for ANK5-8. The higher FRET effi-

ciency despite a larger interdye distance may simply reflect

the likely dynamic nature of the protein structure compared

with the one that is ‘‘frozen’’ in the crystal structure. Specif-

ically, previous folding studies by our group (Werbeck and Itz-

haki, 2007; Werbeck et al., 2008) as well as limited proteolysis

experiments (Michaely and Bennett, 1993) and steered molec-

ular dynamics simulations (Sotomayor et al., 2005) have shown

that each six-repeat half of D34 is a stable subdomain and that

the interaction between the two subdomains (i.e., between

ANK6 and ANK7) is disrupted first before global unfolding

occurs. The dye pair in the ANK5-8 construct span these two

subdomains, and if, as suggested by these previous studies,

there is some unzipping of the intersubdomain interface occur-

ring even under native conditions, then we would expect, on

average, the dyes to be further apart than what the static dis-

tance measured in the crystal structure indicates. In contrast,

the dyes in ANK8-12 lie within a single subdomain, and, there-

fore, their separation may be more accurately reflected by the

crystallographic values.

The two cysteine residues of ANK9-12 are in close proximity

(25 Å), like those of ANK3-5. However, the histograms obtained

for ANK9-12 are very different from those for ANK3-5 (Fig-

ure 1B). The FRET efficiency histogram for ANK9-12 can be

fitted to a high-FRET subpopulation at a value of 0.9 and a

low-FRET subpopulation at 0.55. Moreover, in contrast to the

FRET Z histograms obtained for ANK3-5 and ANK5-8, the

ANK9-12 FRET Z parameter histogram shows two clear sub-

populations at �0.1 (a FRET efficiency of 0.6) and 1.5 (a FRET

efficiency of 0.9), in agreement with the FRET efficiency histo-

gram. In summary, the FRET efficiency and Z parameter

histograms suggest that the N-terminal subdomain of D34 is

homogenous and compactly folded, whereas the C-terminal

subdomain is heterogeneous under native conditions, with a

subpopulation of approximately 50% that is not compactly

folded. Unlike ANK9-12, no high-FRET population is observed

or expected for ANK8-12 because the separation of the dyes

is much greater. We focused most of our subsequent analysis

on the two variants, ANK3-5 and ANK9-12, in which the

cysteine residues are sufficiently close for there to be high-

FRET species.

The C-Terminal Subdomain Becomes More Compact
upon Addition of Sodium Sulfate
Kosmotrope Na2SO4 has been found to stabilize the compact

states of proteins (e.g., Pugh et al., 2010). We therefore exam-
ined the effect of Na2SO4 on the conformational ensemble

of D34 using the ANK3-5 and ANK9-12 proteins. In red, in Fig-

ure S3A, we show their FRET Z parameter histograms in the

presence of 400 mM Na2SO4. Na2SO4 does not have a sig-

nificant effect on the histogram of ANK3-5. For ANK9-12, by

contrast, there is a significant shift in molecules from the low-

FRET subpopulation to the high-FRET subpopulation that is

most evident in the TCCD histogram. Now the ratio of low-

FRET to high-FRET species is�30:70 rather than�50:50. These

experiments are consistent with the population of a noncompact

state for the C-terminal subdomain of D34 under native condi-

tions (discussed further subsequently).

Single-Molecule Equilibrium Denaturation
Measurements by TCCD Detects All Events
in the Denatured State
Single-molecule urea-induced equilibrium unfolding experi-

ments were performed next (see Figure 2 for low and high

urea concentrations and Figure S3 for the complete set of

urea concentrations). As discussed earlier, the histograms do

not follow simple Gaussian distribution, and, therefore, the

Z parameter histogram was applied. For ANK3-5, the FRET

Z parameter histogram, which shows a peak at a Z value of

�1 at 0 M urea, becomes broader at urea concentrations of

1.5, 2, and 2.5 M. These data can be fitted to Gaussian with

two peaks at Z values around 1 and �1. Above 3 M urea,

only the peak with the Z value of �1 is observed. These results

are consistent with unfolding of the protein leading to separa-

tion of the dye pairs. The transition between high and low

Z values is similar to the unfolding transition measured by

dye fluorescence in bulk experiments (Figure S1D; Table S2)

and is also in agreement with the lifetime measurements as a

function of urea (Figure S2). The results are consistent with a

cooperative mode of unfolding for the N-terminal subdomain

of D34, as observed previously in ensemble experiments

(Werbeck and Itzhaki, 2007).

We noticed that the total number of FRET events decreased

with increasing urea concentration (see Figure 2B, 1c). To estab-

lish the origins of this behavior, we next performed equilibrium

denaturation experiments with TCCD using two-laser (blue and

red) excitation of the samples. The advantage of TCCD is that,

by exciting both dyes simultaneously and applying the coinci-

dence criteria, molecules with very low FRET efficiencies are

not thresholded out of the analysis. Therefore, TCCD permits

the assessment of the number of dual-labeled molecules, even

those showing very low FRET efficiency (less than 0.2). Using

TCCD, we now observe that the total number of molecules is

constant and does not change with urea concentration (Fig-

ure 2B, 2c). Therefore, the decrease in the number of FRET

events compared with the number of TCCD events clearly indi-

cates that the unfolding is increasing the population of a very

low FRET state. This was confirmed by measurement of the

FRET efficiency of the unfolded protein using time-resolved fluo-

rescence lifetime measurements (Figure S2E), which showed

FRET efficiencies below 0.25 at 7 M urea for all of the constructs.

The same behavior was also observed for ANK5-8, ANK8-12,

and ANK9-12 (Figure 2B). Urea denaturation experiments were

also performed in the presence of 400 mM Na2SO4 (red histo-

grams in Figure S3A). With Na2SO4, the urea-dependent
Structure 23, 190–198, January 6, 2015 ª2015 The Authors 193



A B Figure 2. Effects of Urea on the FRET Z

Parameter Histograms of the Labeled

Wild-Type D34 and Variants

(A) FRET Z parameter histograms are shown in the

absence of urea (gray) and in the presence of 7 M

urea (blue). The full urea titrations are shown in

Figure S6.

(B) The number of molecules as measured

by smFRET using single (blue) laser excitation

(1c) and TCCD using dual laser (blue and red)

excitation (2c) are plotted as a function of urea

concentration.
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decrease in the number of FRET events is shifted to a higher urea

concentration (Figure S3B), consistent with the stabilizing effect

of Na2SO4 on D34.

Deletion of the C-Terminal Tail Results in Only
the Low-FRET State for the C-Terminal Subdomain
We speculated that the conformational heterogeneity observed

for the C-terminal subdomain under native conditions is related

to the unstructured SBD loop (tail) that is packed against the five

most C-terminal ankyrin repeats of D34 in the crystal structure

(Figure 1A). To investigate the role of the tail, we made a trun-

cated variant of ANK9-12 in which the tail was deleted at

residue S799, ANK9-12D. The truncated variant is destabilized

relative to the nontruncated variant (Figure S1C), as shown pre-

viously (Werbeck and Itzhaki, 2007). We confirmed, by circular

dichroism and analytical gel filtration, that the protein is mono-

meric and retains a substantial helical structure and compact-

ness, and, therefore, we can assume that at least the N-terminal

subdomain is not perturbed by the deletion of the C-terminal

tail. The protein was labeled successfully, and the FRET Z

parameter histogram is shown in Figure 1B. It is strikingly
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different from that of ANK9-12 because

only a low-FRET state is observed for

ANK9-12D, and there is no high-FRET

state detectable. Moreover, upon addi-

tion of Na2SO4, the histogram is shifted

to higher FRET, as also observed for

ANK9-12 (Figure S3). These results are

consistent with the hypothesis that the

tail exists in two different conformations,

one packed against the ankyrin repeats,

resulting in a fully folded and compact

C-terminal subdomain, and the other un-

packed from the ankyrin repeats, result-

ing in partial unfolding of the ankyrin re-

peats and to an expanded form. The

kosmotrope Na2SO4 shifts the equilib-

rium between these two conformations

to the more compact one.

DISCUSSION

We used single-molecule FRET to

systematically probe the energy land-

scape of D34. To quantify the changes
in the populations of the different FRET states at increasing

denaturant concentrations, we used both TCCD with two-

laser excitation of the samples and smFRET using only sin-

gle-laser (blue) excitation. Using the TCCD method, we found

that the total number of molecules was constant across the

range of urea concentrations, whereas this number

decreased gradually with increasing urea concentration

when smFRET measurement was used. These results

underline the importance of using the two techniques in com-

bination to fully understand the biophysical properties of a

protein because TCCD permits the assessment of the num-

ber of dual-labeled molecules, even those showing very low

FRET.

Previous ensemble analysis showed that the unfolding of

D34 is a complex and multistep process in which the unfolding

of the N-terminal subdomain occurs cooperatively, whereas

the C-terminal subdomain unravels in a noncooperative

manner (Werbeck and Itzhaki, 2007). Moreover, protein engi-

neering suggest that mutations modulate the energy land-

scape of D34 so that different unfolding intermediates become

dominant. The single-molecule analysis described here adds a
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Figure 3. Schematics Summarizing the Main Findings of the Single-Molecule Analysis and Their Functional Implications

(A) Schematic of the energy landscape of D34 resolved by smFRET. The unstructured loop can adopt two different arrangements under native conditions, giving

rise to distinct FRET populations.

(B) Schematic showing the mechanisms by which Ankyrins are auto-regulated. (Top) Ankyrin domain structure and binding of partner proteins. The

MBD comprises 24 ankyrin repeats in four subdomains, D1–D4, the C-terminal 12 of which constitute D34. For simplicity, the ankyrin repeats are drawn

with a linear shape, although they in fact form a superhelical spiral. The MBD and SBD are intimately associated via an unstructured loop from the latter

domain that packs back against the six most C-terminal ankyrin repeats of the former domain. (Bottom) Multiple mechanism operate to regulate

and diversify Ankyrin functions: (i) intramolecular association of the C-terminal regulatory domain and the MBD; alternative splicing, which, for example,

leads to deletion of (ii) the C-terminal regulatory domain or (iii) individual ankyrin repeats; and (iv) folding/unfolding of the C-terminal ankyrin repeats,

controlled by the unstructured segment from the SBD acting as a molecular safety pin or staple, which will further modulate the anchoring activity of

Ankyrins.

Structure

Hidden Protein Conformations Revealed by smFRET
further layer of complexity. The results show that the ‘‘native

state’’ of D34 is not a homogeneous species. Although the

N-terminal subdomain is homogeneous and compactly folded,

there is a heterogeneous ensemble of conformations of the

C-terminal subdomain. Two roughly equal populations are pre-

sent under native conditions, one with a high FRET efficiency

and one with a low FRET efficiency. Moreover, a variant in
which the protein is truncated before the tail showed only

the low-FRET species. These results indicate that the low-

FRET population arises from the detachment of the unstruc-

tured tail from the C-terminal ankyrin repeats and consequent

unravelling of the ankyrin stack (Figure 3A).

The properties of D34 revealed here are particularly signifi-

cant in view of the biological function of Ankyrins (Figure 3B).
Structure 23, 190–198, January 6, 2015 ª2015 The Authors 195
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The three vertebrate Ankyrins, AnkyrinR, AnkyrinB, and Ankyr-

inG, are critical for normal physiology, and dysfunction is

associated with numerous human diseases, including cardiac

and neurological disorders (Bennett and Healy, 2009). They

are very large proteins comprising an N-terminal membrane-

binding domain (MBD), a central SBD, a death domain of

poorly defined function, and a highly variable C-terminal regu-

latory domain. The MBD is composed of 24 ankyrin repeats

forming a superhelical spiral that can be divided into four sub-

domains, D1–D4. D34 corresponds to D3 and D4 from Ankyr-

inR. The MBD and SBD are not independent of one another.

Rather, they interact via an unstructured segment from the

latter domain that was found in the crystal structure of D34

to fold back and pack against the D4 subdomain (Michaely

et al., 2002), and a similar ‘‘linker’’ has been identified in

AnkyrinB and AnkyrinG and has been shown to modulate

the membrane-protein recognition of the ankyrin repeats. By

binding membrane-spanning proteins via the ankyrin repeats

of the MBD and spectrin via the SBD, Ankyrins anchor the

membrane surface to the spectrin-actin cytoskeleton. There

are no structures of the ankyrin repeats in complex with their

binding partners. However, computational and experimental

analyses suggest that the exceptionally long groove of the

ankyrin superhelix allows a diverse range of membrane pro-

teins, including ion transport, cell adhesion, and membrane

trafficking molecules, to bind (Davis et al., 1989; Grey et al.,

2012; Kim et al., 2011; Michaely and Bennett, 1995; Michaely

et al., 2002). Ankyrins appear to have evolved an extraordi-

narily complex set of autoregulatory mechanisms that may

work in a combinatorial fashion to coordinate the activities

of the different domains, modulating subcellular localization

and membrane protein-binding specificities and, thereby,

greatly diversifying their functions (Figure 3B). First, the

C-terminal regulatory domain interacts intramolecularly with

the MBD to negatively modulate the latter’s affinity for its bind-

ing partners through an as yet unknown allosteric mechanism

(Davis et al., 1992; Figure 3B, i). Second, the Ank genes are

subject to varied and tissue-specific mRNA splicing events

that result in heterogeneous populations of Ankyrin polypep-

tides (Cunha et al., 2008; Hall and Bennett, 1987; Lux et al.,

1990). Notable are splicing that removes the C-terminal regu-

latory domain, leading to alleviation of its repressive effect on

the MBD (Figure 3B, ii), and splicing within the MBD that re-

moves exons encoding individual ankyrin repeats, which will

alter the molecular recognition capabilities of this domain (Fig-

ure 3B, iii).

Our single-molecule analysis reveals a third, distinct mech-

anism by which Ankyrin function can be regulated (Figure 3B,

iv). We show that the unstructured segment of the SBD acts

as a staple or safety pin that induces the folding of the

ankyrin repeats of the D4 subdomain. Under native condi-

tions, this safety pin is in the open position for �50% of

the molecules (and likely at an even higher percentage at

body temperature), and the ankyrin repeats are consequently

partly unfolded, a process that will dramatically affect the

positioning of membrane proteins to the spectrin-based

cytoskeleton. The disordered nature of these ankyrin

repeats will also modulate the interactions of the MBD with

its binding partners. Interestingly, alternative exons have
196 Structure 23, 190–198, January 6, 2015 ª2015 The Authors
been identified close to this region between the MBD and

SBD, which would further modulate the properties of the an-

kyrin repeats (Cunha et al., 2008; Hall and Bennett, 1987; Lux

et al., 1990).

The absence of sequence-distant contacts likely affords

repeat proteins extreme flexibility and particular molecular

recognition capabilities (Ferreiro et al., 2005; Sivanandan

and Naganathan, 2013), consistent with the proposal that

they are a distinct class midway between globular structured

proteins and intrinsically disordered proteins (Forwood et al.,

2010). An example is IkBa, the two C-terminal ankyrin re-

peats of which possess features of intrinsic disorder (Lamboy

et al., 2011, 2013). These repeats are found to fold upon

binding to its partner, NFkB (Truhlar et al., 2006). A distinct

way to regulate the order-disorder transition of repeat pro-

teins is revealed in our study of AnkyrinR. Here it is the intra-

molecular association of the C-terminal ankyrin repeats with

the adjacent domain that induces folding, thereby providing

an additional level of control with which this complex adaptor

molecule anchors membrane proteins to the underlying

cytoskeleton.

EXPERIMENTAL PROCEDURES

Production of Dye-Labeled D34 Wild-Type and Mutants

Site-directed mutagenesis of D34 and expression and purification of wild-

type and mutants were performed as described previously (Werbeck and

Itzhaki, 2007). Wild-type D34 has two solvent-exposed cysteine residues

at positions C475 and C530 (the residues numbers used here correspond

to those in the full-length protein) in the third and fifth ankyrin repeats

(referred to as ANK3-5). Labeling with Alexa Fluor 488 and Alexa Fluor

647 was performed as described in the Supplemental Experimental Proce-

dures. The bulk fluorescence behavior of the double-labeled protein upon

excitation at 485 nm was analyzed as a function of urea concentration

(Supplemental Experimental Procedures). The fluorescence intensity of

the donor increased and that of the acceptor decreased with increasing

urea concentration (Figures S1B and S1D), as expected for a decrease in

FRET between the two fluorophores upon unfolding. Next, mutant variants

were created with one or both of the wild-type cysteine residues mutated

to serine and cysteine residues introduced at other positions to probe other

regions of the structure. These were expressed, purified, and labeled as for

the wild-type. They showed similar bulk fluorescence behavior as the wild-

type (Figure S1D). Anisotropy and fluorescence lifetime measurements

were performed to check that the labeled proteins were suitable for sin-

gle-molecule FRET measurements (Supplemental Experimental

Procedures).

Single-Molecule Fluorescence Measurements: smFRET,

TCCD, and PAX

smFRET, dual laser excitation in TCCD, and periodic acceptor excitation

(PAX) measurements were performed using a homebuilt laser confocal mi-

croscope. The instrumentation, data acquisition, and data analysis have

been described in detail previously, including validation of the TCCD/

FRET measurements by PAX (Ye et al., 2012), and are summarized in the

Supplemental Experimental Procedures. PAX measurements were per-

formed on ANK9-12 to confirm that there was no threshold bias in the

TCCD/FRET measurements and similar FRET efficiencies and populations

were obtained.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

three figures, and three tables and can be found with this article online at

http://dx.doi.org/10.1016/j.str.2014.10.023.
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Supplemental Experimental Procedures 

Labeling 

Before labeling the proteins, all buffers were sterile filtered and degassed. D34 was 

concentrated to 50-70 μM in buffer A (50 mM Tris-HCl pH 8, 50 mM NaCl) with 10 

mM DTT. 2.5 ml of concentrated protein were loaded onto PD10 column and the 

protein was eluted with freshly degassed 3.5 ml of buffer A without DTT. The eluted 

D34 was first labeled with the acceptor Alexa Fluor 647 fluorophore (AF647) at a 1:1 

ratio, followed by labeling with the donor Alexa Fluor 488 fluorophore (AF488) at 

the same ratio. The double-labeled D34 was separated from the homo-labeled and 

unlabeled species using ion-exchange chromatography (see Fig. S1A). Absorbance 

measurements on the double-labeled sample indicated that the labeling of the two 

dyes was approximately 50:50. The double-labeled D34 was analyzed by gel-filtration 

chromatography at 1 µM protein concentration and found to elute at a volume 

expected for the monomer without any evidence of oligomerization. 

 

smFRET, Two-Color Coincidence Detection (TCCD) and Periodic Acceptor 

Excitation (PAX) 

Briefly, excitation for TCCD measurements was achieved by focusing two overlapped 

laser beams (the 488-nm of a Spectra Physics Cyan CDRH laser at a power of 75 µW 

and a 633-nm line of a He-Ne laser at a power of 65 µW) inside the sample solution 

contained in a 8-well chambered cover glass, 7 µm above the glass surface using an 

oil immersion objective (Apochromat 60 x, NA 1.40, Nikon). smFRET measurements 

were performed using only the blue (488 nm) laser at a power of 75 µW on the same 

instrument. In both cases fluorescence emissions were separated into their donor and 

acceptor constituents and separately detected using two avalanche photodiodes. 

TCCD and smFRET data collected on each D34 sample were analysed using a 

common donor channel threshold value determined automatically by maximizing the 

association quotient in the TCCD experiment (Clarke et al., 2007), whereas the 

acceptor channel thresholds were independently determined. This ensured that both 

the smFRET and TCCD measurements of each sample resulted in approximately 

equal burst rates in the donor channel. All measurements were carried out at room 

temperature (23 oC). 
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Stability measurements of the cysteine mutants  

In order to check that the cysteine mutations do not greatly perturb the stability of 

D34, ensemble urea-induced equilibrium denaturation experiments were performed 

monitoring intrinsic protein fluorescence (Fig. S1C). Fluorescence data were collected 

on a Perkin Elmer luminescence spectrometer LS55. Urea samples were prepared in 

the range of 0 M to 8 M using a Hamilton Microlab 500 Series, using buffer A (50 

mM Tris-HCl pH 8, 50 mM NaCl) with 1 mM DTT. The samples were equilibrated at 

25 °C for at least two hours before measurement. Previous measurements showed that 

the protein unfolds at equilibrium via a hyperfluorescent intermediate in which the C-

terminal subdomain is structured and the N-terminal subdomain in unstructured 

(Werbeck et al., 2007). The m-values and midpoints of unfolding were determined by 

globally fitting the individual denaturation curves obtained from plotting the 

fluorescence intensity versus urea concentration at 0.5 nm intervals between 320 nm 

and 370 nm emission wavelength to the following three-state equation: 
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where F is the observed fluorescence intensity; αN is the fluorescence intensity of the 

native state at 0 M urea, βN, the slope of the baseline for the native fluorescence, αU is 

the fluorescence intensity of the denatured state with the sloping baseline βU. D is the 

urea concentration and D50NI and D50IU are the midpoints for the unfolding 

transition between the native state and the intermediate and the intermediate and 

unfolded state, respectively, and mIU and mIU are the corresponding m-values. The 

m values and midpoints of unfolding were shared between the data sets; all other 

parameters were not constrained. Data were fitted to this equation using GraphPad 

Prism 5.0. The values obtained are listed in Table S1. Two of the three variants, 

ANK5-8 (which contains two mutations: C475S and S655C) and ANK9-12 (four 

mutations: C475S, C530S, S655C and S764C), showed small shifts (0.4 M for 

ANK5-8 and 0.2 M for ANK9-12) to lower urea concentrations in the midpoint of the 

first transition, which corresponds to the unfolding of the N-subdomain; the midpoint 

of the second transition, which corresponds to the unfolding of the C-subdomain, was 

the same as that of the wild type. ANK8-12 (four mutations: C475S, C530S, S655C 

and S780C, three of which are the same as those in ANK9-12) behaves like 

previously described destabilising mutations in the C-subdomain (1): the m-value for 
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the first transition is greater than that of the wild type, and for the second transition it 

is lower than that of wild type. In summary, the data show that the mutations have 

only small effects on the stability of D34, similar in magnitude to those previously 

observed for conservative valine-to-alanine mutations in this protein (Werbeck et al., 

2007). For the truncated variant ANK9-12Δ, only a single transition is detected; it is 

difficult to interpret this transition in structural terms, as the signature 

hyperfluorescent intermediate is no longer present. The variant could not be purified 

in sufficient yield for further investigation of its stability (e.g. using equilibrium 

denaturation monitored by circular dichroism).  

 

Stability measurements of labeled D34 wild type and variants 

In order to check that the Alexa fluorophores (AF488 and AF647) did not disrupt the 

D34 structure, ensemble equilibrium denaturation experiments were performed on the 

double-labeled ANK3-5, ANK5-8, ANK8-12 and ANK9-12 proteins by exciting at 

496 nm and collecting the emission spectra between 510 nm and 680 nm. 

Fluorescence intensity at 519 nm and 666 nm for donor and acceptor, respectively, 

were plotted as a function of urea concentration and the data were fitted to the 

following equation assuming a two-state behaviour: 
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F is the observed fluorescence intensity; αN is the native fluorescence signal at 0 M 

denaturant, βN, the slope of the baseline for the native fluorescence, αu is the 

denatured fluorescence with the sloping baseline for the denatured protein 

fluorescence βu. D50 is the denaturant concentration at the midpoint for transition and 

m is the m-value.  

For ANK3-5 and ANK9-12, we observed an increase in the fluorescence at 

519 nm and a decrease in the fluorescence at 666 nm upon addition of urea, as 

expected for a decrease in FRET between the two fluorophores upon unfolding. The 

m-values and midpoints, obtained from fitting the data to the two-state equation, are 

listed in Table S2. The midpoints of unfolding are similar to those listed in Table S1 

measured by intrinsic protein fluorescence for the unfolding of the relevant 

subdomain (N-subdomain in the case of ANK3-5 and C-subdomain in the case of 
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ANK9-12) in the unlabeled proteins, indicating that the dyes do not greatly perturb 

the stability of the protein. For ANK5-8 a single transition was observed at both 

wavelengths but the midpoints were slightly different for the two (Fig. S1D); the 

midpoint obtained at 519 nm is ~0.6 M higher than those of the two unfolding 

transitions of unlabelled ANK5-8, suggesting that this variant is slightly stabilised by 

the fluorophores. For ANK8-12 the fluorescence at 666 nm decreased upon unfolding, 

as observed for ANK3-5 and ANK9-12; however the fluorescence at 519 nm 

decreased slightly at ~2 M urea and then increased at higher urea concentrations. This 

behavior may reflect some local rearrangement of structure around the fluorophores 

before the full unfolding of the protein.  

 

Time-resolved fluorescence measurements of labeled D34 variants, and relative 

orientation of the FRET-pair dyes  

Fluorescence decay traces of single- and double-labeled D34 mutants in solution, at 

increasing concentrations of urea, were recorded in single photon timing (SPT) mode 

using a FluoTime 200 fluorescence lifetime spectrometer (PicoQuant GmbH, Berlin, 

Germany). The excitation source was either a 485-nm pulsed laser (LDH-P-C-485, 

PicoQuant) for the AF488 dye, or a 632-nm pulsed laser (LDH-P-C-635B, 

PicoQuant) for the AF647 dye. Both lasers were controlled by a PDL-800 driver unit 

(PicoQuant) using a 20 MHz repetition rate. The spectral bandwidth of the lasers was 

± 5 nm and the temporal full width at half maxima of the pulses was lower than 90 ps. 

Fluorescence was collected after crossing through a polarizer set at the magic angle 

and a 2-nm bandwidth monocromator. The photon events are time stamped using a 

TimeHarp 200 PC-board (PicoQuant) and fluorescence decay histograms plotted over 

1320 channels with a time increment per channel of 36 ps. Three fluorescence decay 

traces with 20,000 counts at the peak channel were collected for each dye at the 

following emission wavelengths: 515 nm, 525 nm, and 535 nm for the AF488, and 

665, 670, and 675 nm for the AF647. Decay traces were analyzed by a least squares 

based deconvolution method in terms of multi-exponential functions, employing 

instrument response functions collected using Ludox scatterer. The three different 

traces were fitted globally with the decay times linked as shared parameters. The 

quality of the fits was judged by the value of the reduced χ2 and the randomness in the 

distributions of weighted residuals and autocorrelation functions.  

For the lifetime measurements we expressed and purified AF488 single-

labeled variants with only one cysteine residue in each construct (referred to as C475, 
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C530, C655, C665, C764 and C780). Double-cysteine variants labeled with AF488 

and AF647 were also analysed. The data are shown in figures S4 and S5.  

Lifetime measurements of the AF488-labelled single-cysteine variants were 

performed as a function of urea concentration. This allows us to determine whether 

there are significant quenching effects from the neighbouring residues that could 

affect the FRET efficiency and thereby complicate the analysis. The lifetime for C764 

(ANK 12) is unaltered upon unfolding (Fig. S2A). For C655 (ANK 8), C530 (ANK 5) 

and C780 (ANK12) the dye is slightly protected when folded and upon unfolding the 

lifetime decreases slightly, plateauing at ~3 M urea (Fig. S2A). The slight quenching 

of the dyes in these positions should not affect the FRET measurements. The largest 

effect of quenching is observed in C475 (a natural cysteine residue in D34, located in 

ANK 3) under native conditions. Although the quenching effect in this position is 

more noticeable than the others, the expected FRET towards the acceptor at cysteine 

C530 (the other natural cysteine residue) is much more efficient than the quenching. 

The competing nature of the two deactivation processes means that the faster process 

dominates, in this case the energy transfer. Therefore, the effect of quenching on the 

FRET efficiency is not very important.  

The fluorescence lifetime of the AF647 dye in the folded and unfolded states 

was tested in the double-labelled FRET constructs (Fig. S2B). For ANK5-8 the 

lifetime is not altered upon unfolding. For ANK9-12 the acceptor dye, AF647, seems 

to be more protected in the folded state, and the lifetime is around 1.6 ns. Upon 

unfolding the lifetime decreases to 1.51 ns. In ANK3-5 and ANK8-12 the acceptor 

dye is slightly quenched in the folded state. The plots of the lifetimes together show 

that the environment of the dye is slightly different in the native states of different 

mutants, but once unfolded, AF647 has the same lifetime in all the mutants. In any 

case, the effects over the AF647 fluorescence lifetime are small, and the dye's ability 

to act as energy acceptor is not compromised by additional quenching effects. 

The fluorescence lifetime of the AF488 energy donor in the double-labelled 

constructs was also measured as a function of urea concentration (Fig. S2C).  In all 

constructs the donor dye AF488 is quenched by FRET when the protein is folded. The 

lifetime increases upon unfolding, as expected for the decreased FRET efficiency. 

The constructs ANK5-8 and ANK8-12 show lower quenching, consistent with the 

lower FRET efficiency and larger distance between the dyes. The lifetime of AF488 

in the native states of ANK5-8 and ANK8-12 is 2.24 ns and 2.59 ns, respectively. 

Upon unfolding the lifetimes increase to 3.10 ns and 3.27 ns, respectively. These 
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values are lower than those of single-labeled mutants in 7 M urea (between 3.5 ns and 

3.8 ns), suggesting that there is still some detectable FRET efficiency in the unfolded 

state. ANK9-12 and ANK3-5 show much more quenching, consistent with the high 

FRET in these pairs. The lifetime of AF488 in the native states of ANK9-12 and 

ANK3-5 is 1.01 ns and 0.97 ns, respectively. The lifetime increases upon unfolding to 

3.15 ns and 2.70 ns, respectively. These values also show some detectable FRET 

efficiency in the unfolded state. 

Due to the decrease of the donor fluorescence lifetime caused by energy 

transfer, the apparent FRET efficiency can be calculated from the average lifetimes. 

However, the double-labeled constructs have two different labeling positions for the 

donor and acceptor dyes, and a non-specific labeling strategy was used, so the donor 

fluorophore may be in different environments in different molecules. Assuming we 

have 50% of AF488 in one position and 50% in the other position, and given that we 

have measured the AF488 lifetimes in each position in the single-cysteine variants, 

then the average lifetime of AF488 in the absence of FRET can be determined from 

the average of the lifetimes obtained for the two AF488-labeled single-cysteine 

variants. This average lifetime in the absence of FRET (τSL) can then compared with 

the actual average lifetime of AF488 in the double-labeled construct (τDL) and the 

FRET efficiency calculated as: E=1-(τDL)/ (τSL). These results are shown in Figure S5. 

Fluorescence anisotropy measurements were performed on a JASCO FP-6500 

spectrofluorometer using a 450-W xenon lamp as the excitation source. Linearly 

polarized light of 488 and 633 nm was used for the excitation of the Alexa Fluor 488 

and Alexa Fluor 647 respectively. The fluorescence anisotropy, r, is given by: 

ݎ ൌ
ܫ െ ܩ ൈ ுܫ
ܫ  ܩ2 ൈ ுܫ

 

and the correction factor: 

ܩ ൌ
ுܫ
ுுܫ

 

where the subscripts V and H represent respectively the vertical or horizontal position 

of the excitation (first subscript) or emission polarizer (second subscript). The 

obtained values of the fluorescence anisotropy are listed in Table S3.  

The anisotropy values are employed to check whether the consideration of the 

κ2 value of 2/3 (for random orientation of the dyes’ dipoles in the FRET process) is 

correct into the estimation of the R0 value. This is important to directly relate the 

FRET efficiency values with actual distances. 
 6



The Perrin equation relates the steady-state anisotropy of a fluorophore to the 

rotational correlation time and the lifetime of the dye. We have used this equation to 

estimate the limit anisotropy values for the fluorophores when attached rigidly to the 

protein. Considering a globular protein of 46.5 kDa, the rotational correlation time 

would be 18.1 ns. Applying the Perrin equation, the limit anisotropy (rigid dyes) 

would be 0.33, 0.35, and 0.37, respectively for fluorophores with a lifetime of 4 

(AF488), 2.6 (AF488 in ANK3), and 1.5 ns (AF647). Hence, the anisotropy values of 

the AF488 constructs are in agreement with a depolarization occurring 5-10 fold 

faster than the rigid dye state. Similarly, the anisotropy values of the AF647 

constructs are in agreement with a depolarization occurring 4-8 fold faster than the 

rigid dye state. However, the D34 is far from being a globular protein, and its shape is 

consistent with an even slower rotational diffusion. For a prolate ellipsoid-shaped 

hydrated protein with semi-axes of 65 Å and 20 Å, a much closer model for our D34 

construct than the globular shape, the average of the three different rotational 

correlation times is 52.2 ns.  With this rotational correlation time, the Perrin equation 

yields limit anisotropy values of 0.37, 0.38 and 0.39 for the three lifetimes mentioned 

above, respectively. In such case, the experimental anisotropy values indicate that the 

AF488 dye undergoes rotation 14-30 fold faster than the overall protein, and that the 

AF647 dye shows rotational diffusion 10-20 fold faster than the protein. These results 

are convincing enough to assume that the orientation of the dipoles in the FRET 

constructs can be considered random, and the κ2 value of 2/3 is justified. 
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Table S1, related to Experimental Procedures. m-values and midpoints of 
unfolding (D50) for unlabeled wild-type D34 and variants, determined by globally 
fitting the denaturation curves obtained from plotting tryptophan fluorescence at 0.5 
nm intervals between 320 nm and 370 nm emission wavelength to a three-state 
equation.  

FRET 
variant 

Mutations 
mNI (kcal 
mol-1 M-1) 

D50NI  
(M) 

mIU (kcal 
mol-1 M-1) 

D50IU  
(M) 

ANK3-5 Wild type 3.46±0.75 2.64±0.06 1.69±0.26 2.32±0.11 

ANK5-8 C475S, S655C 2.92±0.18 2.23±0.04 2.11±0.07 2.30±0.04 

ANK8-12 
C475S, C530S, 
S655C, S780C 

5.80±0.35 2.40±0.02 0.71±0.08 2.00±0.04 

ANK9-12 
C475S, C530S, 
S665C, S764C 

2.25±0.06 2.37±0.03 1.76±0.03 2.30±0.04 

ANK9-12Δ* 
C475S, C530S, 
S665C, S764C, 

S799stop 
1.39±0.03 1.32±0.03   

*For ANK9-12Δ, only one transition could be clearly detected and therefore the data 
were fitted to a two-state equation. 
 

 

Table S2, related to Figure 1. m-values and midpoints of unfolding (D50) for 
double-labeled wild-type D34 and variants, determined by fitting the denaturation 
curves obtained from plotting fluorescence intensity at emission wavelengths of 519 
nm and 666 nm (for donor and acceptor dyes, respectively) upon excitation at 496 nm 
to a two-state equation.  

Variant m (519 nm) 

(kcalmol-1M-1)

D50 (519 nm) 

(M) 

m (666 nm) 

(kcalmol-1M-1) 

D50 (666 nm)

(M) 

ANK3-5 3.32±0.32 2.22±0.02 3.65±0.45 2.23±0.23 

ANK5-8 2.88±0.78 2.88±0.07 2.27±0.26 2.28±0.04 

ANK8-12*  -  - 2.10±0.18 2.30±0.04 

ANK9-12 2.24±0.13 2.46±0.02 2.38±0.20 2.33±0.03 

ANK9-12Δ* 4.04±2.0 1.95±0.23 -           -  

*For ANK8-12, only the 666 nm data, for which there was a single transition, were 
fitted. For ANK9-12Δ, only the 519 nm data gave reliable fitting values, whereas the 
signal to noise for the 666 nm data was too low for a reliable fit. 
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Table S3, related to Figure 1. Anisotropy values of single- and double-labeled 
proteins. 

Labeled residue 
Location 

Anisotropy (r) 
donor 

Anisotropy (r) 
acceptor 

C475, C530 ANK 3, 5 0.08 0.24 
C530, C655 ANK 5, 8 0.17 0.25 
C655, C780 ANK 8, 12 0.08 0.26 
C665, C764 ANK 9, 12 0.13 0.30     

C475 ANK 3 0.24 -     
C530 ANK 5 0.16 -     
C655 ANK 8 0.13 -     
C665 ANK 9 0.13 -     
C764 ANK 12 0.17 -     
C780 ANK 12 0.12 -     
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Figure S1, related to Experimental Procedures: Purification of AF488- and 
AF647-double-labelled wild-type D34. 
(A) Wild-type D34 was labelled sequentially with AF647 and AF488. Unlabelled, 
homo-labelled (AF647 only or AF488 only) and hetero-labelled (AF488 and AF647 
present) were separated by anion-exchange chromatography (MonoQ, GE 
Healthcare). The absorbance was followed at three wavelengths simultaneously (280 
nm, 495 nm and 650 nm). The fractions containing D34 with both dyes were collected 
and pooled (indicated by a star).  
(B) Fluorescence emission spectra of double-labeled wild-type D34 in 0 M, 3 M and 7 
M urea using an excitation wavelength of 495 nm (inset shows the region around 666 
nm magnified). Measurements were made at a protein concentration of 100 nM 
concentration in 50 mM Tris-HCl buffer pH 8, 150 mM NaCl and 1 mM TCEP at 25 

C. 
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C 

 

 

 

(C) Ensemble measurements of urea-induced denaturation for (unlabelled) D34 wild 
type and cysteine mutants monitored by tryptophan fluorescence. Denaturation 
profiles of WT (blue) and double-cysteine mutants of D34, monitored by fluorescence 
at 365 nm using an excitation wavelength of 280 nm. The data were collected at 1 µM 
protein concentration in 50 mM Tris pH-HCl buffer pH 8, 150 mM NaCl and 1 mM 
DTT at 25 °C. Wild-type D34 (WT) has cysteines at position 475 and 530 and is 
referred to here as ANK3-5 (blue); ANK5-8 has mutations C475S, S655C (red); 
ANK9-12 has C475S, C530S, S665C, S764C (purple); ANK8-12 has C475S, C530S, 
S655C, S780C (black). The denaturation curves were fitted to a three-state equation 
as described in the SI. 
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D 
 

 

 
(D) Urea-induced denaturation profiles of D34 variants measured by AF488 and 

AF647 fluorescence. The data were collected at 0.2 M protein concentration in 50 
mM Tris-HCl buffer pH 8, 150 mM NaCl and 1 mM DTT at 25 °C. The denaturation 
curves were fitted to a two-state equation, with the exception of that of ANK8-12 at 
519 nm, which was fitted to a three-state equation. The data for ANK9-12Δ at 666 nm 
gave high fitting errors due to the low signal-to-noise. 
 
 

 

0 1 2 3 4 5 6 7 8

200

400

600

800

5

10

15

[Urea] (M)

F
lu

o
re

sc
e

n
ce

 a
t 5

1
9

 n
m

F
lu

o
re

sce
n

ce
 a

t 6
6

6
 n

m

ANK 3-5

666 nm

519 nm

0 1 2 3 4 5 6 7 8
600

700

800

900

1000

2

4

6

8

10

12

[Urea] (M)

F
lu

o
re

sc
e

n
ce

 a
t 5

1
9

 n
m

F
lu

o
re

sce
n

ce
 a

t 6
6

6
 n

m

ANK 8-12

666 nm
519 nm

0 1 2 3 4 5 6 7 8

400

600

800

1000

3

4

5

6

7

8

[Urea] (M)

F
lu

o
re

sc
e

n
ce

 a
t 5

1
9

 n
m

F
lu

o
re

sce
n

ce
 a

t 6
6

6
 n

m

ANK 9-12

666 nm
519 nm

0 1 2 3 4 5 6 7 8
600

700

800

900

2

4

6

8

10

[Urea] (M)

F
lu

o
re

sc
e

n
ce

 a
t 5

1
9

 n
m

F
lu

o
re

sce
n

ce
 a

t 6
6

6
 n

m
ANK 5-8

666 nm
519 nm

0 1 2 3 4 5 6 7 8
0

500

1000

5

10

15

20

[Urea] (M)
F

lu
o

re
sc

e
n

ce
 a

t 5
1

9
 n

m

666 nm

F
lu

o
re

sce
n

ce
 a

t 6
6

6
 n

m

519 nm

ANK 9-12



 13

 

 

 

Figure S2, related to Figure 1. AF488 and AF647 fluorescence lifetimes in the 
single-labeled single-cysteine and double-labeled double-cysteine constructs as a 
function of increasing urea concentration 
(A) AF488 fluorescence lifetimes in the single-cysteine constructs.  
(B) AF647 and (C) AF488 fluorescence lifetimes in the double-cysteine constructs.  
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D      E 

 

 

AF488 fluorescence lifetimes and FRET efficiencies of double-cysteine constructs as 
a function of urea concentration. (D) The average AF488 fluorescence lifetime τSL is 
the mean of the AF488 fluorescence lifetimes in the two single-labeled single-
cysteine constructs. τDL is the AF488 fluorescence lifetime in the double-labeled 
double-cysteine constructs.  
(E) The FRET efficiency, E, is calculated from τSL and τDL using the following 
equation: E=1-(τDL)/ (τSL). 
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Figure S3, related to Figure 2. (A) Urea titrations of the FRET Z-parameter 
histograms of labelled wild-type D34 (ANK3-5) and variants. The data obtained for 
ANK3-5, ANK9-12 and ANK9-12Δ in the presence of 400 mM Na2SO4 are shown in 
red. (B) Comparison of the number of molecules as measured by 1 color FRET 
excitation versus urea concentration for ANK3-5 in the presence and absence of 400 
mM Na2SO4. 
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