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ABSTRACT We have studied the urea-induced unfolding of the E colicin immunity protein Im9 using diffusion single-pair
fluorescence resonance energy transfer. Detailed examination of the proximity ratio of the native and denatured molecules over
a wide range of urea concentrations suggests that the conformational properties of both species are denaturant-dependent.
Whereas native molecules become gradually more expanded as urea concentration increases, denatured molecules show a
dramatic dependence of the relationship between proximity ratio and denaturant concentration, consistent with substantial com-
paction of the denatured ensemble at low denaturant concentrations. Analysis of the widths of the proximity ratio distributions for
each state suggests that whereas the native state ensemble is relatively narrow and homogeneous, the denatured state may
possess heterogeneity in mildly denaturing conditions.

Received for publication 3 May 2006 and in final form 6 June 2006.

Tomoko Tezuka-Kawakami and Chris Gel contributed equally to this work.

Address reprint requests and inquiries to D. A. Smith, Tel.: 44-113-343-3875, E-mail: d.a.m.smith@leeds.ac.uk.

Heterogeneity occurs at the molecular scale throughout

nature. The importance of understanding its effects is exem-

plified by the protein folding problem (1). An important objec-

tive in attempts to elucidate the mechanism of protein folding

is to fully characterize all of the species populated along the

folding trajectory, from the denatured to the native state en-

semble, including any rarely populated states. The confor-

mational properties of the denatured state have only recently

begun to be elucidated through ensemble techniques such

as NMR and SAXS (2). Results have demonstrated that re-

sidual interactions persist in the denatured state, which, in

some cases, may even be native-like (2). However, the pa-

rameters obtained by these techniques are weight-averaged

and hence the conformational heterogeneity of these states

cannot be assessed. In principle, single molecule fluorescence

represents a powerful method by which to both identify and

characterize these ensembles. Excitingly, several such stud-

ies on proteins have recently shown the ability of these ap-

proaches to determine the properties of denatured molecules

under conditions in which they are copopulated with the

native state (3-7).

Here we describe single pair fluorescence resonance en-

ergy transfer (spFRET) measurements of the small single

domain protein, Im9. The results reveal that the conforma-

tional properties of both the native and denatured ensembles

depend critically on the denaturant concentration and suggest

significant compaction of the denatured ensemble in low con-

centrations of urea.

Im9 is an 86-residue, four-helical protein that has been

intensively investigated as a model for the folding of helical

proteins and the thermodynamic and kinetic properties are

well known: Im9 folds via a two-state mechanism at neutral

pH, reaching the native state by a mechanism involving

transient formation of a high-energy three-helical species (8).

Little is known, however, about the structural properties of

the denatured state or how residual interactions within this

state influence the folding mechanism. For this study, a hexa-

histidine-tagged version of the protein (Im9*) was created

in which the single naturally occurring cysteine (C23) was

retained while a second Cys was introduced (S81C). The pro-

tein was labeled specifically with Alexa 594 (at C23) and

Alexa 488 (at C81) (see SupplementaryMaterial). To confirm

that a native-like fold was retained, tryptophan fluorescence

emission spectra of the protein in 0 and 8 M urea in buffer A

(50 mM sodium phosphate, 0.01% (w/v) Tween 20 and 0.3

M sodium sulfate, pH 7.0) were obtained (Fig. 1, inset, left).
The low Trp fluorescence intensity in the absence of urea

is characteristic of the native state of Im9, the fluorescence

of the single Trp being quenched by a specific His-Trp in-

teraction (see Supplementary Material) (9). By contrast, the

signal is enhanced in 8 M urea, consistent with denaturation

of the protein. Further, one-dimensional 1H NMR spectra of

native unlabeled and double labeled (DL) Im9*S81C were

similar (data not shown).

The cooperativity and stability of DL Im9*S81C was

investigated using ensemble FRET measurements (Fig. 1).

As expected, a high FRET efficiency is observed for native

DL Im9*S81C, consistent with the relatively close proximity

of the dyes. In the presence of 8 M urea, the FRET efficiency

is reduced as the protein is denatured (Fig. 1, inset, right).
Using the ensemble-determined proximity ratio, a urea equi-

librium denaturation curve was produced and the data fitted

to a cooperative two-state transition model with DGUN ¼
16.1 6 0.4 kJ�mol�1 and MUN ¼ 4.2 6 0.1 kJ�mol�1�M�1

(see Supplementary Material). The resulting MUN value for
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DL Im9*S81C is similar to that of wild-type Im9* under

similar conditions (8,9), consistent with DL Im9*S81C

adopting a native-like fold.

Single-molecule experiments of DL Im9*S81C were per-

formed using a custom-built confocal microscope (see Sup-

plementary Material). Data were collected by observing the

transient bursts of fluorescence from DL Im9*S81C using an

integration time of 0.5 ms as the individual molecules diffuse

into and out of the ,0.1 fl observation volume. Typical data

are shown in Fig. 2, a and b.
Under native conditions, many correlated donor and ac-

ceptor bursts are observed, indicating efficient FRET. By con-

trast, under denaturing conditions, less acceptor fluorescence

is observed.

Using these data, histograms of the FRET proximity ratio

(P ¼ IA/[IA 1 ID], where IA and ID are the corrected donor

and acceptor signals, respectively, in each integration time)

for each single-molecule event over a defined threshold were

calculated (see Supplementary Material). The resulting his-

togram in the absence of urea (Fig. 2 c; top left) reveals two
main distributions: one with a high proximity ratio (;0.8),

which we assign to the native species, and a second at very

low proximity ratio (;0) assigned to molecules that lack an

active acceptor (10). At high concentrations of denaturant (7

M; Fig. 2 c, bottom right) a third distribution at a proximity

ratio of ;0.3 is observed, suggesting less efficient energy

transfer in denatured molecules. At intermediate urea con-

centrations, both populations of molecules coexist and no

new distribution is resolved, consistent with two-state un-

folding for this variant, as previously observed for the wild-

type protein using ensemble methods (11).

The modal value, area, and width of each distribution can

be analyzed to reveal how the distance between dye pairs, the

relative population, and the configurational heterogeneity/

dynamics change for each species as a function of denaturant

concentration (6). To extract such data, the proximity ratio

histograms throughout the urea titration were fitted to the

sum of up to three Gaussians, with the areas of the Gaussians

assigned to the native and denatured species, constrained to

reflect the population of each species determined using en-

semble denaturation experiments (see Supplementary Mate-

rial). The resulting data are shown in Fig. 3.

FIGURE 1 Urea-induced unfolding of double-labeled Im9*S81C

monitored by ensemble FRET (main panel, circles). The solid line

is a fit of the data to a two-state model. Tryptophan fluorescence

(inset, left) and FRET spectra (inset, right) of double-labeled

Im9*S81C in the presence of 8 M urea (1urea, dashed line) and in

the absence of urea (�urea, solid line). All experiments

performed in buffer A at 10�C.

FIGURE 3 Parameters from Gaussian fits to the histograms

shown in Fig. 2 c. (a) Mean proximity ratios of the native (s) and

denatured (h) states of DL Im9*S81C. Also shown is the

ensemble determined proximity ratio (n, offset vertically by

10.25 to account for systematic differences in values obtained

by single-molecule and ensemble techniques). (b) Width of the

distributions of native and denatured molecules. Solid lines are

the calculated expected peak widths of these distributions,

assuming that only shot noise contributes to the width (see

Supplementary Material). Error bars are 61 SD.

FIGURE 2 Burst trajectories for the diffusion of DL Im9*S81C

through the detection volume under (a) native and (b) denaturing

conditions. (c) Representative proximity ratio histograms in

different denaturant concentrations. Black lines are Gaussian

fits to each species. Red lines are the sum of the individual

Gaussian fits. All in buffer A, 10�C.
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The data reveal that the concentration of denaturant not

only affects the equilibrium point but also significantly af-

fects the average scalar separation between the dye pairs in the

native and denatured states.

The slope of the mean proximity ratio of native molecules

versus urea concentration shows a significant negative gra-

dient, suggesting that the native molecules expand gradually

as the concentration of the chaotrope is increased (this is not

due to changes in the refractive index, dye orientation, quan-

tum yield, or spectral overlap integral induced by the dena-

turant alone; see Supplementary Material). Such behavior

has not been observed hitherto for other proteins examined

by similar methods (3–6), presumably because the interdye

separation in DL Im9*S81C renders this molecule particu-

larly sensitive to small changes in protein dimensions in

the native state (the dye attachment sites are ;25 Å apart).

Further, other DL Im9* constructs we have studied, with

the same dye pair, but with higher initial native state prox-

imity ratio, do not show the same marked dependence of the

proximity ratio on the denaturant concentration (data not

shown). The structural origin of this effect remains to be

resolved.

The mean proximity ratio of denatured molecules for DL

Im9*S81C shows a dramatic dependence on the concentra-

tion of urea, suggesting significant compaction of the de-

natured molecules as the concentration of urea is decreased.

Similar observations have been obtained for other proteins

using guanidium chloride as the chaotrope (3–7). The results

obtained are thus consistent with a model, whereby the de-

natured polypeptide chain expands upon addition of chaot-

rope up to a level where chaotrope binding sites are saturated

(Fig. 3 a) (12).
The width of the proximity ratio distribution for a discrete,

static species is dominated by instrumental shot noise broad-

ening (3). However, conformational heterogeneity or recon-

figuration between subpopulations within each species may

broaden these distributions beyond that predicted by shot

noise effects. Comparison of the width of the distribution of

native molecules of DL Im9*S81C with that calculated,

assuming only shot noise contributions (and normalized

to the width of the native ensemble in 0 M urea; see Sup-

plementary Material) suggests a narrow and homogeneous

ensemble of molecules within the native state at all de-

naturant concentrations (Fig. 3 b). By contrast, the width of

the distribution of molecules corresponding to denatured

DL Im9*S81C shows a clear deviation from the width pre-

dicted on the basis of only shot noise, particularly in mildly

denaturing conditions. Together with the dependence of the

proximity ratio on urea concentration, these data suggest

changes in the rate of chain reconfiguration or the presence

of static heterogeneity within the denatured ensemble that are

critically dependent on the concentration of urea. Temporal

measurements on immobilized single molecules have the

potential to directly examine the nature of this heterogeneity

and have shown for RNase H that subconformations may

persist for up to 2 s (4). Such experiments, along with further

diffusion experiments to attempt to dissect the heterogeneity

in denatured protein proximity ratio distributions, are now

under way for DL Im9* and its close homolog, Im7*.

SUPPLEMENTARY MATERIAL

An online supplement to this article can be found by visiting

BJ online at http://www.biophysj.org.
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