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»  intrinsic vs. extrinsic chromophores 

•  Circular Dichroism 
»  far UV, near UV 

•  Fluorescence 
» steady-state, lifetime, anisotropy,  
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Spectrophotometer Schematics 

single-beam 

dual-beam,  
dual detector 

dual-beam,  
single detector 

adapted from Wikipedia 

What is Absorbance, Anyway? 
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Intrinsic Chromophores in Proteins 
R I O C H E M I S T R Y  
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FIGURE 1 : Absorption curves of N-acetyl-m-tryptophan- 
amide (upper), glycyl-L-tyrosylglycine (middle), and 
cystine (lower) in 6.0 M guanidine hydrochloride (pH 
6.5b0.02 phosphate buffer. 

most closely resembles the structure of tryptophan in 
proteins. It was ascertained that this compound was pure 
by recrystallizing it from acetone and then from ethyl 
alcohol. No changes in absorption properties were ob- 
served after each recrystallization. Its spectrum is shown 
in Figure 1. 

In contrast to the tryptophan derivatives, peptide 
substitution at the a-amino group of tyrosine had very 
little effect on the absorption properties of the phenolic 
chromophore. The molar extinction coefficient at the ab- 
sorption peak was essentially constant in the four ty- 
rosy1 derivatives listed in Table 11. The compound Gly- 
L-Tyr-Gly was selected as the most suitable model to 
represent the behavior of tyrosyl residues in proteins, 
and its spectrum is shown in Figure 1. 
The only other a-amino acid found in nonconjugated 

proteins that absorbs above -270 mp is cystine. How- 

TABLE 11: Absorption Properties of Tyrosyl Derivatives 
in 6.0 M Guanidine Hydrochloride (pH 6.5). 

GI y-L-Tyr-Gly 
Acetyl+ tyrosinamide 
N-Acetyl-L-tyrosyl ethyl ester 
Tyrosine 

Fisher 
Schwarz 

L-Leucyl-L-tyrosine 

Peak 
(mp) 

275.5 
275.5 
275.5 

275.5 
275.5 
275.5 

e 

1470. 
1490 
1500. 

147F 
1515 
1500 

a Solutions contained 0.02 M phosphate. 
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FIGURE 2: Comparison of absorption spectrum of 
chymotrypsinogen (solid line) (1.61 x lo-$ M) with 
solution of model compounds containing equiresidue 
concentrations of N-acetyl-m-tryptophanamide, glycyl- 
L-tyrosylglycine, and cystine in 6.0 M guanidine hydro- 
chloride (pH 6.5E0.02 M phosphate buffer. (insert) 
Absorption difference spectrum between protein and 
model solution. 

1 
O L  I I I I I 

260 270 280  290  300 310 
WAVELENGTH (mpl 

FIGURE 3: Comparison of absorption spectrum of tryp- 
sinogen (2.50 X 10-6 M) (solid line) with solution of 
model compounds containing equiresidue concentra- 
tions of N-acetyl-DL-tryptophanamide, glycyl-L- 
tyrosylglycine, and cystine in 6.0 M guanidine hydro- 
chloride (pH 6.5k0.02 M phosphate buffer. (insert) 
Absorption difference spectrum between protein and 
model solution. 
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Extrinsic Chromophores: 
Prosthetic Groups 

Das et al., Anal. Chem. 81:3754 (2009) 

quantities of protein would be an important contribution to the initial
drug discovery process.

In the work presented here, we develop a nanoparticle-based
sensor prototype for detecting drug binding to membrane proteins
in a supported lipid bilayer system. Different types of drugs when
bound to human membrane CYP3A4 in Nanodiscs induce different
shifts in the optical absorption spectra of the heme prosthetic
group. Herein, we demonstrate that these binding events can be
detected with high sensitivity using localized surface plasmon
resonance spectroscopy.

MATERIALS AND METHODS
Materials. Silver shot was purchased from Alfa Aesar (#11357

1-3 mm diameter, Premion, 99.9999%). Tungsten vapor deposition
boats were acquired from R.D. Mathis (Long Beach, CA).
Polystyrene nanospheres with diameters of 280 ± 4 nm were
received as a suspension in water (Interfacial Dynamics Corpora-
tion, Portland) and were used without further treatment. The
buffer salts (KH2PO4 ·3H2O and KH2PO4) and fisherbrand No.
2 glass coverslips with 18 mm diameter were obtained from
Fisher Scientific (Pittsburgh, PA). For all steps of substrate
preparation, water purified to a resistivity of 18.2 MΩ · cm with
Millipore cartridges (Marlborough, MA) was used.

1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride
(EDC) was purchased from Pierce (Rockford, IL). Sodium cholate,
11-mercaptoundecanoic acid (11-MUA), bromocriptine (BC), eryth-
romycin (ERY), testosterone (TST), lovastatin (LVS), androstenedi-
one (ADS), alpha-naphthoflavone (ANF), nifedipine (NFD), keto-
conazole (KTC), itraconazole (ITZ), tranylcypromine (TCA), diclofenac
(DCF), terfenadine (TRF), and Amberlite (XAD-2) were purchased
from Sigma-Aldrich-Fluka. CHAPS is from Anatrace, Inc. (Maumee,
OH), Emulgen 913 from Karlan Research Products Corp. (Santa

Rosa, CA); and POPC (1-Palmitoyl-2-Oleoyl-sn-Glycero-3-Phospho-
choline) from Avanti Polar Lipids Inc. (Alabaster, AL).

Expression and Purification of CYP3A4 Nanodiscs. Cy-
tochrome P450 3A4 (CYP3A4) with a C-terminal histidine tag was
expressed from the NF-14 construct in the PCWori+ vector as
previously described.34,39,42-44 The CYP3A4 in NF-14 pCWOri+
vector was a generous gift from Dr. F. P. Guengerich (Vanderbilt
University, Nashville, TN). CYP3A4 was expressed and purified from
Escherichia coli as previously described with minor modifications.34

Human CYP3A4 was assembled into Nanodiscs using the
membrane scaffold protein MSP1D1(-),45 in which the poly(histidine)
tag is removed.34 Briefly, purified CYP3A4 (in 0.1% Emulgen 913)
from the E. coli expression system was mixed with the disk
reconstitution mixture containing MSP1D1(-), POPC, and sodium
cholate present in 1:65:130 molar ratios. The ratio of CYP3A4/
MSP1D1(-) was kept at 1:10. The detergents (cholate and Emulgen)
were removed by treatment with Amberlite (XAD-2), to initiate the
self-assembly of Nanodiscs. The resultant mixture was then purified
using Ni-NTA column to remove the empty Nanodiscs followed by
size exclusion chromatography to obtain homogeneous CYP3A4-
Nanodiscs in 100 mM potassium phosphate buffer (pH 7.4).

The result of this self-assembly reaction is monomeric CYP3A4
incorporated into a 10 nm discoidal POPC bilayer stabilized by
the encircling amphipathic membrane scaffold protein belt. The
CYP3A4-Nanodiscs were prepared in a substrate-free form and

(42) Domanski, T. L.; Liu, J.; Harlow, G. R.; Halpert, J. R. Arch. Biochem. Biophys.
1998, 350, 223–232.

(43) Hosea, N. A.; Miller, G. P.; Guengerich, F. P. Biochemistry 2000, 39, 5929–
5939.

(44) Gillam, E. M. J.; Baba, T.; Kim, B. R.; Ohmori, S.; Guengerich, F. P. Arch.
Biochem. Biophys. 1993, 305, 123–131.

(45) Denisov, I. G.; Grinkova, Y. V.; Lazarides, A. A.; Sligar, S. G. J. Am. Chem.
Soc. 2004, 126, 3477–3487.

Figure 1. (A) Schematic representation of CYP3A4-Nanodisc immobilized Ag nanobiosensor fabricated using nanosphere lithography (NSL), following
by the binding of a drug molecule to the protein immobilized on the surface. (B) Solution UV-Vis absorption spectra of CYP3A4-Nanodisc in the
following states: (1) low spin substrate free ferric state with a Soret band at 415 nm (blue solid line), (2) high spin type I drug bound ferric state with
a Soret band at 391 nm (red dotted line), and (3) low spin type II drug bound ferric state with Soret band at 425 nm (green dashed line). The inset
shows the detailed changes in the Q-band region. (C) Schematic notations of 11-MUA, the drug and CYP3A4-Nanodiscs. CYP3A4 is shown as a blue
space filled model inserted into Nanodiscs. Nanodiscs are nanometer sized discoidal particles with two membrane scaffold proteins (MSP) shown in
red ribbon wrapped around a lipid bilayer (shown with the lipid headgroups in red, and the lipid tails in green) in a belt-like manner.

3756 Analytical Chemistry, Vol. 81, No. 10, May 15, 2009

Spectral Titrations 

the ligand sphere of the heme iron (Figure 2a). This type of
interaction is associated with a displacement of the Soret
band of the low-spin heme protein from 418 to 426-427
nm (see Figure 2a, inset). The titration curve in Figure 2b
presents these changes in terms of a decrease in the fraction
of the “normal” (water-ligated) low-spin state of the enzyme
and obeys the equation for the equilibrium of bimolecular
association (eq 1) with a dissociation constant (KD) of 7.7
( 2.3 µM, as obtained by averaging the results of 3
individual experiments (Table 1).
Interactions of CYP3A4 with 1-PB, PMA, and Bromocrip-

tine Monitored by FRET to the Heme of the Enzyme. As the
interactions of pyrenes with CYP3A4 are expected to result
in FRET from the substrate to the heme (21, 22, 32), we
monitored the changes in fluorescence of 1-PB and 1-PMA
upon dilution of the enzyme-substrate mixtures. Thus, a
series of emission spectra were taken at a constant molar
ratio of enzyme:substrate and simultaneously decreasing
concentrations of both compounds. In the case of multisite
binding, this approach allows us to consider the binding
events separately, provided that the affinities of the two sites
remain considerably different irrespective of substrate satura-
tion of the high-affinity site. When the enzyme and the

substrate are mixed at a 1:1 molar ratio, the method is
selective for the formation of a binary complex with substrate
bound at the higher affinity site.
Changes in the specific fluorescence of 1-PB upon dilution

of a 1:1 mixture with CYP3A4 are shown in Figure 3a. The
signal was normalized to the protein concentration and
corrected for the internal filter effect as described in
Experimental Procedures, so that in the absence of FRET
the spectra are not expected to be affected by the concentra-
tion of the mixture. As shown in the inset in Figure 3a, the
principal component analysis applied to these series of
spectra yields the first principal component signifying a
concomitant decrease of all emission bands of 1-PB upon
its interaction with CYP3A4. As shown in the inset in Figure
3a, the second principal component deduced from this
analysis may reveal some minor changes in the degree of
excimerization of 1-PB during the experiment. However, the
amplitude of this component was negligible, and it was not
considered in further analysis. Although the decrease in the
intensity of fluorescence of 1-PB observed here may result
from several different reasons, FRET appears to be the most
plausible cause. The principal component analysis did not
reveal any significant changes in the shape of the emission
spectra (Figure 3a,b, insets), which would be anticipated if
the changes in the intensity of fluorescence were caused by

FIGURE 1: Interactions of CYP3A4 with 1-PB monitored by the
substrate-induced spin shift. (a) A series of the absorbance spectra
obtained at no substrate present and at 0.78, 1.6, 3.1, 5.5, 7.8, 10.1,
11.7, 17.2, 25.7, and 38.0 µM 1-PB. The inset shows the differential
spectra obtained by subtraction of the first spectrum of the series
(at no substrate present). (b) The same data shown as the plot of
the percent of the high-spin P450 versus the concentration of the
substrate. The line shows the approximation of this data set by the
Hill equation with S50 ) 8.6 µM, n ) 1.8, and the maximal
amplitude of the spin shift of 48%. The reaction mixture contained
1.45 µM CYP3A4 in 0.1 M Na-HEPES buffer, pH 7.4, 1 mM
DTT, 1 mM EDTA and was kept at 25 °C.

FIGURE 2: Interactions of CYP3A4 with PMA monitored by the
substrate-induced type-II spectral transition. (a) A series of the
absorbance spectra obtained at no substrate present and at 0.42,
1.3, 1.7, 4.2 10.4, 12.4, 24.7, 30.8, and 48.9 µM PMA. The inset
shows the differential spectra obtained by subtraction of the first
spectrum of the series (at no substrate present). (b) The same data
shown as the fraction of the (water-ligated) low-spin state P450
versus the concentration of the substrate. The solid line shows the
approximation of this data set with a binary association equation
with KD ) 7.6 µM and the maximal amplitude of the changes in
the content of the P450 low-spin state of 58%. The concentration
of the enzyme was 1.2 µM. Other conditions as indicated in Figure
1.

4202 Biochemistry, Vol. 45, No. 13, 2006 Fernando et al.

Fernando et al. Biochemistry 45:4199 (2006) 
“isosbestic” point 

1-pyrenebutanol 
binding CYP3A4 
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Non-2-State Systems:  
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Fig. 2. Formation of metarhodopsin I by irradiation of bullfrog rhodopsins in the three different 
preparations. (a) An extract, irradiated at -50°C with light longer than 560nm successively for a 
total of 2, 4, 8, 16, 32, 64, 128 and 192 min (curves 2-9 respectively). (b) A suspension, irradiated 
at -72°C with light longer than 560nm successively for a total of 1, 2, 4, 8, 16 and 32min (curves 
2-7 respectively). (c) A retina, irradiated at -72°C with tight longer than S6Onm successively for 

a total of 1, 2, 4, 8, 16, 32, 64, 128 and 192 rnin (curves 2-10 respectively). 

pension lies at almost the same wavelength as in the between the extract and the suspension. (1) Rhodop- 
retina, but at longer wavelength than in the extract; sin or its bleaching intermediate differs in the confor- 
metarhodopsin I is an exception (Table 1). mation of chromophore between the suspension and 

the extract. (2) The absorption spectrum of rhodopsin 
DISCUSSION or an intermediate is slightly affected by the environ- 

Absorption spectra in the extract and in the suspmsion 
ment; i.e. the electronic states of the chromophore 
in the digitonin micelle (extract) may be somewhat 

Two possible explanations may be given for the different from those in the phospholipid biiayer (sus- 
inconsistency in the spectra of the intermediates pension). 

Kawamura et al. Vision Res. 17:991 (1977) 

no isosbestic point 

Transient Absorbance:  
Pump-Probe Spectroscopy 1198 KANDORI et al.
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rhodopsin has been extensively studied by low!tempera!
ture and time!resolved spectroscopies.

In 1992, we published an article entitled “primary
photochemical events in the rhodopsin molecule” [8], in
which both low!temperature and time!resolved spectro!
scopic approaches were reviewed. Since the chromophore
of rhodopsin is in 11!cis form and the final bleaching
product is a mixture of all!trans retinal and opsin (Fig. 1),
the cis!trans isomerization of the chromophore must
occur during the bleaching process of rhodopsin. On the
basis of the remarkable red!shift of rhodopsin to
bathorhodopsin, Yoshizawa and Wald proposed that
bathorhodopsin would have a twisted all!trans chro!
mophore [9]. This hypothesis gave an indication that the
primary reaction in vision is a cis!trans isomerization of
the retinal chromophore. However, the discovery of pre!
cursors of bathorhodopsin, such as photorhodopsin and
hypsorhodopsin, by low!temperature and picosecond
time!resolved spectroscopies [10!12] raised a question,
“what is the primary reaction in vision?” again. In addi!
tion, an application of picosecond laser photolysis led to
propose another possibility, a proton translocation mech!
anism [13]. In the first chapter of this article, we will
make a historical review of the study of the primary reac!
tion in rhodopsin.

In the study of the primary reaction mechanism,
rhodopsin analogs possessing 11!cis locked ring retinals
supplied a mass of interesting and valuable information
[8]. In the second chapter, we review the study of such
systems, by which we are convinced that the primary

reaction in vision is a cis!trans isomerization of the chro!
mophore.

Although picosecond laser photolysis provided much
information on the primary reaction in rhodopsin, it
could not capture the electronically excited state of
rhodopsin. Since the primary isomerization occurs in the
excited state of rhodopsin, we need femtosecond pulses to
examine the reaction dynamics of rhodopsin in real time.
In the last decade of the 20th century, femtosecond spec!
troscopy was applied to rhodopsin. However, the early
stage of trials was rather confusing on the mechanism of
the primary processes of rhodopsin, as was for picosecond
spectroscopy of rhodopsin [7, 8]. In the third chapter,
recent advances in femtosecond spectroscopy of
rhodopsin are described, where the situation becomes
clearer now.

It is known that the cis!trans isomerization is high!
ly efficient in rhodopsin (quantum yield: 0.67) [14],
which is essential to make twilight vision highly sensi!
tive. In fact, a human rod cell can respond to a single
photon absorption. Such an efficient photoisomeriza!
tion of the retinal chromophore is characteristic in the
protein environment of rhodopsin, being in contrast to
the rhodopsin chromophore in solution. This indicates
that the protein environment facilitates the isomeriza!
tion. How is it possible? To understand the mechanism,
structural information is necessary, and such vibrational
spectroscopies as resonance Raman and infrared spec!
troscopies are useful. Resonance Raman spectroscopy
has experimentally revealed that light energy is stored by
chromophore distortion, which was originally proposed
by Yoshizawa and Wald [9]. On the other hand, infrared
spectroscopy has revealed how the protein responds to
the chromophore motion. In the fourth chapter, the
structural study of the primary isomerization processes
are mainly presented on the basis of our low!tempera!
ture infrared spectroscopy.

Very recently, bovine rhodopsin was crystallized by
Okada et al. [15], and its three!dimensional structure was
determined [16] as the first structure of G!protein cou!
pled receptor family which includes over 1000 proteins.
Such accomplishment promises better understanding of
the primary reaction mechanism in rhodopsin in future.
As a perspective, we give some comments on the
rhodopsin structure in the fifth chapter.

I. HISTORY OF THE STUDIES 
ON THE PRIMARY REACTION OF RHODOPSIN

To investigate the primary photoreaction processes
in rhodopsin, two spectroscopic approaches have been
applied; low!temperature and time!resolved spectro!
scopies [8]. They can detect primary photointermediate
states by reducing the thermal reaction rate at low tem!
perature (low!temperature spectroscopy) or directly

Fig. 1. Photobleaching process of bovine rhodopsin. The pri!
mary process is shown in the frame, which involves excited
state of rhodopsin, photorhodopsin, and bathorhodopsin.
Metarhodopsin!II that activates transducin is underlined.

Excited State

primary process

Photorhodopsin

Bathorhodopsin

Lumirhodopsin

Metarhodopsin!I

Metarhodopsin!II

nsec

µsec

msec

hυ

Rhodopsin all!trans retinal + opsin

Lytle et al. Appl. Spectr. 39:444 (1985) 

The example chemical systems are comprised of or- 
ganic molecules in fluid solution. As such, none of the 
measurements are intrinsically limited by high spatial, 
spectral, or temporal resolution. However, they repre- 
sent previously studied systems that can be kept under 
control well enough to demonstrate the principles in- 
volved in obtaining the various types of stimulated spec- 
tra. Example fluorimetric experiments where pump/ 
probe spectroscopy should excel would be those involv- 
ing gas combustion studies, line narrowing techniques, 
and samples in highly quenching environments. 

EXPERIMENTAL 
Chemicals. All chemicals used for the studies reported 

here were obtained from Eastman Chemicals, and used 
without further purification. The solvent was absolute 
ethanol obtained from U.S. Industrial Chemicals. 

Instrumentation. The instrument block diagram is 
shown in Fig. 1. The mode-locked argon-ion laser was a 
Coherent Radiation CR-8 fitted with Harris Corp. 
acousto-optics. Operating at 514.5 nm, this source pro- 
vided a 77-MHz train of 250 ps pulses with an average 
power of 750 mW. A halfwave plate, PR1, and a polar- 
ization based beamsplitter cube, BS, combined effec- 
tively to form a continuously variable power divider. The 
horizontal component passed through a long path delay 
before being modulated by a Coherent Associates Model 
317 electro-optical modulator (EOM) operating at 10 
kHz. The long path minimized the degradation of mode- 
locking due to reflective feedback. 13 This portion of the 
argon-ion laser beam constituted the pump. The vertical 
polarization component was used to synchronously pump 
a Coherent Model 490 dye laser whose end mirror was 
resituated an appropriate length down the optical table. 
The ~20-ps-wide pulsed output of the mode-locked dye 
laser served as the probe. Two dyes, rhodamine 6G and 
sodium fluorescein, provided a tuning range from 530 
nm to 645 nm. 

Phase adjustment between the two 77-MHz pulse 
trains was obtained by means of a variable-length, four- 
pass delay line. This optical component was constructed 
from three 1" corner-cube prisms mounted on a 41" step- 
ping-motor-driven Velmex Unislide and one corner cube 
mounted on the bench. The probe beam was then sent 
through a broadband polarization rotator, PR~, and col- 
linearly combined with the modulated pump beam via 
a dichroic beamsplitter, BS2. 

Both the pump and the probe beams were brought to 
a focus at the center of the sample cell and then trans- 
ferred to the monochromator, MONO, by means of an 
achromatic lens, L1. The sample was contained in a 
1-cm-path-length spinning Raman cell. The 3000-rpm 
cell rotation rate performs two functions. It reduces the 
ac thermal lens contribution to the signal and it permits 
the observation of long-lived species by sweeping out the 
observation volume about every 13 ~s. The purpose of 
the 0.25 meter monochromator was to block the pump 
beam and allow only the probe radiation to reach the 
detector. The detector, PD, was an EG&G Model SHS- 
100 photodiode. The output from the photodiode was 
fed to a Princeton Applied Research Model 128 lock-in 
amplifier, LIA, referenced to the modulation waveform. 

I MODE LOCKEDARGON ION LASER ] 

/ 

/ :,co 

CELLR~L~T! NG ~d ,  

Fro. 1. Block diagram of the pump/probe instrument, al-a4 are highly 
reflecting dielectric mirrors coated for the blue-green spectral region. 
dl-d4 are highly reflective dielectric mirrors coated for the orange-red 
spectral region, rx-r~ are uncoated quartz retro-reflecting prisms. The 
remaining components and the peculiar optical arrangement are de- 
scribed in the text. 

Hard copy was obtained from a strip chart recorder, 
REC. 

Data Treatment. To obtain a spectrum, we first set 
the delay line to the phase lag of interest and adjusted 
the dye laser wavelength by observing a diffuse reflec- 
tion with a Bausch and Lomb spectroscope. At each 
wavelength, we observed the signal from the LIA output 
for 10-100 s to obtain some degree of signal averaging. 
To correct this raw data for probe power, we inserted a 
beamsplitter just prior to the photodiode, and a fraction 
of the beam was monitored by a Laser Precision Corp. 
Model RD3440 radiometer. Finally, the spectral re- 
sponse of the photodiode was measured and a table of 
correction factors was used to compensate for the effect 
of this component. 

To obtain a decay, we first set the wavelength to the 
value of interest, and the length of the delay line was 
adjusted in a staircase fashion from one extreme to the 
other. Again, the LIA output was averaged for each step 
in the delay. To correct for the delay-dependent probe 
focal size in the sample cell, we first measured the signal 
for 3,3'-diethyloxadicarbocyanine iodide, DODCI. This 
compound has a signal strength which should be inde- 
pendent of the relative phase of the pump and probe 
beams. In practice, the signal for this compound de- 
creases about 40% when going from a minimum to a 
maximum delay. Correction factors computed to force a 
flat DODCI response were subsequently used to convert 
raw decay data into the expected exponential function- 
ality. 

RESULTS AND DISCUSSION 
Operating Principles. The concept behind the pump/ 

probe experiment is very simple. Photons from the pump 
pulse are absorbed by the sample, causing a redistribu- 
tion of the energy-state populations. At some arbitrary 
time with respect to pumping, a probe pulse irradiates 
this newly created population distribution. The mea- 
surement of interest is the difference in probe transmis- 

APPLIED SPECTROSCOPY 445 
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(middle) spectra, indicating that water structures are
identical in rhodopsin and isorhodopsin. In fact, no clear
spectral feature is visible for the rhodopsin minus
isorhodopsin spectrum (bottom). Since only the Schiff
base region is polar in the retinal chromophore (Fig. 9),
we inferred that these water molecules are in the Schiff
base region [65]. Subsequently, location of two water
molecules has been assigned by the use of mutant pro!
teins; one is close to Glu113 [67], and the other is in the
Asp83!Gly120 region [68]. The former water molecule is
indeed located in the Schiff base region, and the latter
water molecule is in the region, which is probably con!
nected by hydrogen!bonding network to the Schiff base.

The identical water structures between rhodopsin
and isorhodopsin provide an insight into the isomeriza!
tion mechanism in rhodopsin. Namely, there has been a
long!standing question; “which side of the retinal chro!
mophore moves upon isomerization, the β!ionone ring or
the Schiff base?” Motion of the Schiff base side was pre!
viously suggested by low!temperature visible spec!
troscopy of fluorinated rhodopsin analogs [69]. The
observation of the water structural changes provided
additional experimental suggestion that the Schiff base
side actually moves (rotates), so that water structures are
identical between rhodopsin and isorhodopsin (Fig. 9).

The initial movement of the Schiff base region is consis!
tent with the cross!linking studies using a retinal analog
having a photo!affinity substituent in its β!ionone ring
[70]. That is, the cross!linking group is attached to
Trp265 in the 6th helix in rhodopsin, as the crystal struc!
ture presumes [16], and is still attached in batho!
rhodopsin after photoisomerization. However, the β!
ionone ring flips over to the position near Ala169 in the
4th helix during the transition from bathorhodopsin to
lumirhodopsin.

These facts suggest the rotation of the Schiff base
side at the stage of bathorhodopsin. It is however noted
that the strong hydrogen bond of the Schiff base remains
unchanged between rhodopsin and bathorhodopsin [71].
To explain this observation, the new hydrogen!bonding
acceptor of the Schiff base proton is necessarily taken into
account after the Schiff base motion. Another possibility
is that the hydrogen!bonding acceptor moves together
with the Schiff base. We suggested a water molecule play!

Fig. 8. Bathorhodopsin minus rhodopsin (top), bathorho!
dopsin minus isorhodopsin (middle) and rhodopsin minus
isorhodopsin (bottom) infrared spectra of bovine rhodopsin in
the 3650!3410 cm–1 region. The sample was hydrated with H2O
(solid lines) or H2

18O (dotted lines). One division of Y!axis
corresponds to 0.0015 absorbance unit. Solid frame indicates
O–H stretching vibrations of water molecules. This figure is
modified from Kandori and Maeda [65].

Wavenumber, cm–1

B – I

B – R

R – I

3487

3487

3463

3479

3479

3600 3500

Fig. 9. Schematic drawing of the structure of the chromophore
in rhodopsin, bathorhodopsin, and isorhodopsin. The Schiff
base region shown by shaded oval is the only polar region in the
retinal chromophore. This figure is modified from Kandori and
Maeda [65].

Rhodopsin

Bathorhodopsin

N

Isorhodopsin

N H+

N
H+

H+Kandori et al. Biochemistry (Mosc.) 66:1197 (2001) 

fs-ps! 
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Summary of Absorbance 

•  convenient probe of concentration 
•  label-free steady-state & kinetic insight 
•  can interrogate very short timescales 
Caveats 
•  low resolution 
•  intrinsic chromophores not very 

environment-sensitive 

Outline 

•  UV-Vis Absorbance 
»  intrinsic vs. extrinsic chromophores 

•  Circular Dichroism 
»  far UV, near UV 

•  Fluorescence 
» steady-state, lifetime, anisotropy,  

single-molecule 
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Circular Dichroism 

•  differential absorption of circularly polarized light 
by an optically active system 

Wikipedia 

Circularly Polarized Light (CPL) 

Wikipedia 
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Linear vs. Circular vs. Elliptical 
Polarizations 

Wikipedia differential absorption 

Measuring Circular Dichroism 

ΔA = AL − AR

Δε =
ΔA
bc

θ[ ] ≈ tanθ
bc

=
1
bc

IR − IL
IR + IL

$

%
&

'

(
)= 3298Δε

∆absorbance: 

molar circular dichroism: 

molar ellipticity: 
(in °cm2/dmol) 

commonly reported as mean residue ellipticity:  
molar ellipticity divided by # of amino acids in protein 

chemwiki.ucdavis.edu 
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Optically Active Molecules 
•  chiral molecules interact differentially with 

circularly polarized light 
» differential refraction: optical rotation 
» differential absorbance: circular dichroism 

•  (any asymmetric single molecule is 
optically active, even without a chiral 
center) 

Far-UV CD of Protein 2’ Structure 

166 WY. B. Gratzer (Discussion Meeting) 

effect near 200nm. A small positive Cotton effect, centred at about 218nm also 
appeared to be present (Holzwarth & Doty I965). These results have been sub- 
stantially confirmed by recent work of Velluz & Legrand (I965), using probably 
the most advanced instrumentation at present available (figure 3(a)). The rota- 
tional strengths of the two Cotton effects are respectively about 17 and 2 x 10-40 c.g.s. 
units. (A further very weak Cotton effect at about 243 nm seen in the results of 
Velluz & Legrand on polyglutamic acid most probably represents a contribution 
from the y carboxylate groups.) The same workers have also examined a tripeptide, 
glycyl-L-lysyl-L-glutamic acid, and at a pH at which the ac and y carboxyl groups 

6 8 

(a) (b)() 6 

4 t - j 9/ 
2 - 

C~~~~~~~~~~~~~~~~ 

2 

-3 J It--I1 I I I I r-I I 
190 200 220 240 190 200 220 240 190 200 220 240 

A(nm) 
FIGURE 3. Circular dichroism and absorption spectra (broken lines) of the polypeptide chain 

(a) in the random coil state; (b) a helix; (c) flconformation. (Molar ellipticites are in deg cm2/ 
decimole; absorption bands are plotted in terms of mean molar residue absorptivity.) 
Data are compiled from sources mentioned in the text, and are based on poly-L-glutamic 
acid and puly-L-lysine in aqueous solution. 

are protonated, a circular dichroism curve similar to that of a random polypeptide 
is observed. The maximum of the main Cotton effect, however, lies at about 192 nm, 
rather than 198 nm, as in the polymer, and is therefore much nearer the maximum 
of the absorption band. The reason for the displacement of the Cotton effect 
maximum in the randomly coiled polymer from the absorption maximum of the 
peptide band is not readily explicable. The possibility that ionized polyglutamic 
acid is not truely random may be considered. It is clearly desirable that other 
disordered polypeptides should be examined. 

OPTICAL ACTIVITY OF THE a HELIX 

It has been known since the work of Doty & Yang (I956) that the optical rota- 
tory dispersion of ac helical polypeptides in solution does not obey a simple Drude 
law. The theoretical treatment by Moffitt of the optical rotatory dispersion far from 
the optically active absorption bands, in terms of two Drude-type terms, one for 
each of the two exciton components of the 1T -- 7f* absorption band, led to the 
celebrated equation (Moffitt & Yang I956) 

[m']A-ao (A2?A ) ?b ( + ) 

This content downloaded from 173.250.196.104 on Mon, 20 Jan 2014 22:19:22 PM
All use subject to JSTOR Terms and Conditions

Gratzer, P. Roy. Soc. Lond. A. 297:163 (1967) 

CD absorbance 

RC α-helix β-sheet 

Ez ! (2 cos ! sin !)!{[(1 " n21
2)1!2

#(1 $ n21
2) sin2! " n21

2]1!2},

where ! is the angle of incidence between the light beam and
the prism normal (45°) and n21 is the reflective index of the
germanium (taken to be 4.03) divided by the reflective index
of the membrane (taken to be 1.5). Under these conditions, Ex,
Ey, and Ez are 1.40, 1.52, and 1.64, respectively. The electric
field components together with the dichroic ratio [defined as
the ratio between absorption of parallel (A!) and perpendic-
ular (A!) polarized light, RATR ! A!!A!] are used to calculate
the orientation order parameter, !, by the following formula:

R ! (Ex
2!Ey

2) $ (Ez
2!Ey

2) {!cos2"

$ (1 " !)!3}!{1!2(!sin2") $ (1 " !)!3}.

Lipid order parameters were obtained from the lipid symmet-
ric (2,852 cm"1) and asymmetric (2,924 cm"1) stretching mode
by using " ! 90° (44).

Determining the Oligomeric States of the Peptides by
SDS!PAGE. The experiments were done as described (17, 45).
The peptides were dissolved in a buffer composed of 0.065M
Tris"HCl (pH 6.8), 2% SDS, and 10% glycerol by sonication.
Fixing, staining, and destaining times were shorted to 1 min,
1 hr, and overnight, respectively, to decrease diffusion effects.

Resonance Energy Transfer Measurements. Resonance en-
ergy transfer experiments were performed by using NBD-
labeled peptides serving as energy donors and Rho-labeled
peptides serving as energy acceptors as described in details
elsewhere (46, 17).

RESULTS
A peptide representing the N-terminal 33-aa segment of gp41
of HIV-1 (LAV1a), WT, and its all [smcap]d-amino acid
enantiomer, WT-D, were synthesized and were labeled fluo-
rescently at their N-terminal amino acid with either NBD (an
environmentally sensitive probe and an energy donor) or Rho
(an energy acceptor). The sequence of the WT peptide is:

AVGIGALFLGFLGAAGSTMGARSMTLTVQARQL

Liposome Fusion Induced by WT and WT-D. In separate
experiments, increasing amounts of each peptide were added
to a fixed amount of vesicles, and the maximal values of the
fluorescence intensity, reached after the addition of the pep-
tides, were plotted as a function of the peptide!lipid molar
ratio (Fig. 1). The data reveal that WT and WT-D have similar
potency and kinetics in inducing lipid mixing.

Secondary Structure of the Peptides in trif luoroethanol!
Water. The "-helical content of WT in 40% trif luoroethanol!
water was found to be 48% (Fig. 2A). WT-D showed spectra
characteristic of all D-amino acids containing "-helix peptides
with the mirror ellipticity at 222 corresponding to 47% "-he-
lical content (Fig. 2A) similarly to other enantiomeric peptides
(23, 24, 47).

Secondary Structure of the Peptides in Lipid Multibilayers
Determined by ATR-FTIR Spectroscopy. The amide I region
between 1,648 and 1,660 cm"1 is characteristic of "-helical
structure (48). A spectrum of the amide I region for WT and
WT-D bound to dry POPG multibilayers is shown in Fig. 2B.
The contributions of the various secondary structure elements
to the amide I peak were obtained by curve fitting by using
PEAKFIT (Jandel Scientific, San Rafael, CA) and the values
from ref. 48. Two main peaks, located at 1,660 and 1,627 cm"1,
represent "-helix and #-sheet, respectively. The "-helical and
the #-sheet contents of WT and WT-D peptides were calcu-
lated at two lipid!peptide ratios. At 50:1 lipid!peptide ratio,
WT and WT-D have 18 and 19% "-helix and 58 and 56%

#-sheet, respectively, whereas at 80:1 lipid!peptide ratio, WT
and WT-D have 25 and 26% "-helix and 46 and 50% #-sheet,
respectively. There is an increase in "-helix!#-sheet ratio with
an increase in the lipid!peptide ratio [which causes an increase
in the fraction of membrane inserted peptide (17)], as has been
shown also with short versions of HIV-1 fusion peptide (49).

Incorporation of the Peptides into Bilayers. The fluores-
cence emission intensity of the NBD-labeled peptides was
monitored in PBS alone or in the presence of POPG-SUV. In
the buffer, the peptides (0.1 $M) exhibited emission spectra

FIG. 1. Dose dependence of lipid mixing of POPG LUV induced
by WT and WT-D peptides. Peptide aliquots were added to mixtures
of LUV (22 $M phospholipid concentration) containing 0.6% (molar
ratio) each of NBD-PE and Rho-PE and unlabeled LUV (88 $M
phospholipid concentration) in PBS. The increase of the fluorescence
intensity of NBD-PE was measured at 10 min after the addition of the
peptide, and the percentage from maximum was plotted versus the
peptide!lipid molar ratio. The fluorescence intensity on the addition
of Triton X-100 (Triton Biosciences) (0.25% vol!vol) was referred to
as 100%. Squares, WT; triangles, WT-D. (Inset) Time profile of the
lipid mixing at peptide!lipid ratio of 0.075.

FIG. 2. (A) CD spectra of WT (solid line) and WT-D (dashed line)
peptides in 40% trif luoroethanol. (B) ATR-FTIR spectra of the
peptides in POPG multibilayers. The samples were prepared as
described in Material and Methods; peptide!lipid molar ratio was 1:80.
The spectra were analyzed by using the curve fitting of the amide I
band area assuming Voight line shapes for the IR peaks. Solid line,
WT; dashed line, WT-D.

Biochemistry: Pritsker et al. Proc. Natl. Acad. Sci. USA 95 (1998) 7289

Pritzker et al. PNAS 95:7287 (1998) 
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Measuring Protein Folding by CD 
CORRECTING SPECTRA USING SINGULAR VALUE DECOMPOSITION 59

matrix, A, can be decomposed into three matrices, U,
S, and VT.

A Å USVT

If the spectra are column vectors in the matrix A, the
Umatrix consists of orthonormal basis vectors for the
data space. S is a matrix containing a set of numbers
called singular values, which weigh the significance
of each basis vector in matrix U. VT contains the or-
thonormal coefficients that fit matrix US to the data
matrix A.

We analyzed our data matrix A, which contains all
the CD spectra of 19 peptides in all different methanol/
buffer solutions (0 to 95% with a 5% increment), for
the matrices U, S, and VT. The analysis gave us two
large singular values in the S matrix. This means that
there are only two significant basis vectors in the data
space, supporting the observation of two dominant spe-
cies in the transition for all peptides.

Contribution from Aromatic Side Chains
FIG. 1. The typical CD spectra of a Y-(VAXAK)3 peptide measured

Researchers often observe the CD bands arising fromin various methanol/buffer concentrations. Here X is substituted
with alanine. The spectra indicate two dominant conformations of absorbing amino acid side chains around 280 nm in the
random coil and a helix for all peptides. The corrected spectra for near-UV region. These CD bands are usually recog-
alanine (—) are identical to the original spectra (- - -), indicating no nized as an aromatic band resulting from Trp, Tyr, or
contribution from its side chain.

Phe. These absorbing side chains also contribute to the
CD in the far-UV region as has been reported by several
laboratories (10–12, 27–29).

the peptides in the same cell used for the CD measure-
ment.

RESULTS AND DISCUSSION

CD Measurement on the Peptides

The CD spectra of the 20 peptides in a series of sol-
vents consisting of methanol and 2 mM phosphate
buffer, pH 5.5, show a transition between a random
coil and an a helix. All peptides (except the one with
proline substitution which is not included in the analy-
sis) adopted the random-coil conformation in buffer and
became more helical when the methanol content was
increased, as shown for the alanine-substituted peptide
in Fig. 1. The CD spectra show a negative band at about
198 nm for the random coil, two negative bands at 222
and 208 nm, and an intense positive band at about 193
nm for the helix. The isodichroic point is located at
about 203 nm, indicating two dominant states, the ran-
dom coil and a helix.

Analysis by Singular Value Decomposition

Singular value decomposition is a mathematical
theorem that can be applied to spectral analysis (32– FIG. 2. The corrected (—) and original (- - -) CD spectra for Y-(VA-

WAK)3 .35). The theorem states that a data set written as a

AID AB 2366 / 6m4c$$$162 10-06-97 14:29:29 aba

Krittanai & Johnson. Anal. Biochem. 253:57 (1997) 

isosbestic aka isodichroic point 

Measuring Protein Folding by CD 

single-wavelength MRE Reversible Folding of N-terminally Truncated PrP 617

Figure 4. Reversible unfolding (w) and refolding (W)
of PrP(121-231) in the presence of guanidinium chloride
at pH 7.0 and 22°C. a, mean residue ellipticities at
222 nm. b, normalized transition. The continuous lines
result from fitting the data according to a two-state
transition. Native or GdmCl-denatured PrP(121-231) was
diluted 1:11 by 20 mM sodium phosphate (pH 7.0)
containing different GdmCl concentrations (final concen-
tration of PrP(121-231): 38 mM). After incubation for
36 hours at 22°C, the mean residue ellipticity at 222 nm
was recorded for three minutes in 0.1 cm cuvettes and
averaged. The data were evaluated by a six-parameter fit
and normalized as described (Santoro & Bolen, 1988).

intrinsically stable folding unit PrP(121 to 231)
is not in accordance with the proposed three-
dimensional structure of the PrPC segment 108-218
(Huang et al., 1994) as it lacks the first helix
(residues 109 to 122) of the predicted four-helix
bundle. However, several lines of evidence suggest
that the main and possibly the only part of PrPC
with defined three-dimensional structure is rep-
resented by residues 121 to 231, and that most of the
proposed structural changes linked to the transition
from PrPC to PrPSc may occur within this segment.
(1) Amino- or carboxy-terminal secondary structure
elements being part of a single, small protein
domain generally cannot be deleted without loss of
protein stability and cooperativity of folding, since
one-domain modules appear to fold in a concerted,
cooperative mechanism and not in a hierarchical
process (de Prat Gay et al., 1995a,b). (2) It was
demonstrated that peptide fragments comprising
isolated helices of myohemerythrin, a four-helix
bundle protein, spontaneously form helical struc-
tures (Dyson et al., 1992). However, a synthetic
peptide spanning the first, predicted a-helix
(residues 106 to 126) did not exhibit a-helical
structure in aqueous solution and appeared to be a
mixture of b-sheet and random coil structure (de
Gioia et al., 1994). (3) Proteolytic cleavage of a
protein domain should occur mainly at exposed
loop regions rather than within secondary structure
elements (Price & Johnson, 1993). The experimental
evidence thus indicates that the fold of PrP(121-231)
is incompatible with the structure previously
proposed for PrPC.
It was recently shown that transgenic mice

exclusively expressing a PrP variant lacking
residues 32 to 80 are still susceptible to infection
by mouse PrPSc and capable of propagating the
infectious agent, which means that all residues
required for the conversion to PrPSc are located
within segment 81-231 (Fischer et al., 1996).
PrP(121-231) represents 74% of this segment and
contains ten of the 13 codons in human PrP, where
point mutations are assumed to be associated with
inherited prion diseases (Schätzl et al., 1995;
Prusiner, 1993). The polymorphism at residue 129
in human PrP, which appears to influence
susceptibility to the Creutzfeldt-Jakob disease
(Palmer et al., 1991), also lies within PrP(121-231).
Therefore, it will be most interesting to see whether
transgenic mice exclusively expressing the au-
tonomously folding fragment PrP(121-231) will still
be susceptible to scrapie.
The reversibility of PrP(121-231) folding raises

principle questions on the folding pathways of PrPC
and PrPSc. When we neglect an autocatalytic
mechanism for formation of monomeric PrPSc and
simply assume that formation of insoluble,
protease-resistant PrPSc-oligomers ((PrPSc)n ) is an
irreversible process an oligomerization-competent
PrPSc monomer may be: (1) by an on-pathway or (2)
by an off-pathway folding intermediate of PrPC
(both of which could be molten globule-like; Safar
et al., 1994); or (3) the final product of PrP folding,

protein and difference in accessible surface area
between the unfolded and folded state (Myers et al.,
1995), has a value of 8.6 (20.5) kJ mol−1 M−1 GdmCl
and is in the range expected for a 13.3 kDa protein
(Myers et al., 1995).
We have shown that the amino-terminally

truncated segment of the mouse prion protein
(residues 121 to 231) is an isolated domain with
tertiary structure and high intrinsic stability, whose
folding and solubility does not require N-glycosyla-
tion at residues 181 and 198. Most importantly,
refolding of chemically denatured PrP(121-231) is
cooperative and reversible and yields a molecule
indistinguishable from the native recombinant
protein. We are aware of the fact that the

spectral deconvolution 

Spectra collected as a function of wavelength
Analysis of spectra collected as a function of temperature show the use of the CCA to deconvolute the spectra to obtain the
minimum number of basis spectra needed to fit the data. Figure 4a and d illustrate the spectra of the CTD model used here and
the same model protein with the mutation Q263L (ref. 40) (the numbering is that of intact tropomyosin) determined as a
function of temperature, respectively. The CD spectra suggest that the wild-type CTD model protein at 10 1C is 60–70% helical,
in agreement with nuclear magnetic resonance studies, which show that it is 73% helical (63% of the helices are in a canonical
coiled coil and the rest are in linear a-helices) and the rest is disordered41. Replacing Q263 at the coiled coil interface of the
CTD with a leucine increases the helical content to B90% (almost all coiled coil) and also increases the stability of the
molecule40.

Analysis of the change in the spectrum of the wild-type CTD model protein shows that it unfolds in a two-state transition.
When the set of spectra in Figure 4a are deconvoluted into basis spectra using the CCA into three spectra (Fig. 4b), two of the
basis spectra are almost identical, showing that only two conformations are needed to fit the all of the data in Figure 4a. The
percentage of each of the basis curves contributing to the spectra are shown in Figure 4c, where the fraction of each of the two
curves corresponding to the unfolded structure are added. The change in the spectrum of the curve corresponding to the folded
form unfolds with a TM of 25 1C (within experimental error of the TM of unfolding when the ellipticity change at 222 nm is
followed as a function of temperature).

When the set of spectra from the CTD molecule containing the Q263L mutation are deconvoluted, in contrast, at least three
curves are needed to fit the data. The helical peptide unfolds to give a spectrum similar to that of the wild-type CTD, but then
it begins to aggregate to give a spectrum with some b-sheet characteristics.

Two files are provided as supplementary materials. Supplementary Equations has routines in SigmaPlot formats for fitting a
variety of unfolding/folding curves for proteins with various numbers of subunits (e.g., monomers, dimers, trimers) to estimate
the enthalpy, TM of and heat capacity changes of folding. Supplementary Tutorial has instructions for using DOS versions of
the CCA for deconvoluting sets of CD spectra. A copy of the CCA that works in a command window in Windows 95, 98 and XP
is also supplied.

Note: Supplementary information is available via the HTML version of this article.
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Figure 4 | Example of the analysis of set of spectra using the CCA.
(a,d) Spectra of a model protein containing the C-terminal domain of
rat striated muscle tropomyosin (CTD) and a fragment containing the
mutation of a glutamine to leucine (CTDQ263L)40 collected as a function
of temperature, respectively. (b,e) The data in a and d deconvoluted into
three basis curves using the CCA25. (c,f) The fraction of each basis curve
contributing to each spectrum at each temperature. The fractional weights
of the two curves corresponding to the unfolded protein are summed in c
because they were almost identical. The protein samples were 1.67 mM in
100 mM NaCl, 10 mM sodium phosphate buffer, pH 6.5. Data were collected

at 5-deg increments with 2 min equilibration at each point in cells with path lengths of 1 cm. CTD, model protein containing residues 251–284 of rat
striated tropomyosin with GCG at the N terminus. CTDQ263L, the same peptide with the mutation Q263L. The peptides are cross-linked by disulfide bonds.

2534 | VOL.1 NO.6 | 2006 | NATURE PROTOCOLS

PROTOCOL

Hornemann & Glockshuber. J. Mol. Biol. 262:614 (1996) Greenfield. Nat. Prot. 1:2527 (2006) 
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Binding Measured by CD: 
Disruption of the c-Myc/Max Dimer 

binding in a CD experiment where the extent of c-Myc-Max
dimer formation was monitored by measuring the ellipticity at
222 nm, indicative of R-helical content (Figure 4b). The
Max(p21) isoform (which homodimerizes only at very high
micromolar concentrations)57 was used in this experiment in
order to avoid convoluting the effect on R-helical content by
formation of Max homodimer. The compound was able to
displace Max with an observed Kcomp of 32 ( 3 µM which,
based on the independently determined c-Myc-Max affinity,
corresponds to an inhibitor affinity of 13 ( 3 µM. A similar
experiment performed with Max(p22), an isoform with high
affinity for homodimer formation, showed that 10074-A4 was
unable to disrupt the Max homodimer, thus confirming its

specific binding to c-Myc (Figure 4c). Information about the
location of the binding site for 10074-A4 was obtained by
monitoring the CD of various truncated c-Myc bHLHZip
peptides upon addition of this compound. We monitored the
effect of 10074-A4 on the CD spectra of peptides encompassing
the truncated segments systematically: c-Myc353-405 (Figure S2C
in Supporting Information), c-Myc370-409 (Figure 5a), c-
Myc380-439 (Figure S2D in Supporting Information), c-Myc390-439

(Figure S2E in Supporting Information), c-Myc400-439 (Figure
S2F in Supporting Information), and c-Myc363-381 (Figure S2G
in Supporting Information). The spectra of c-Myc370-409 and
c-Myc353-405 show a significant change after the addition of
10074-A4, whereas the CD spectrum of c-Myc353-437 shows a
very limited change, retaining its ID structure after the addition
of 10074-A4 (Figure S2B in Supporting Information). The
spectra are indicative of a binding interaction involving only a

(57) Zhang, H.; Fan, S. J.; Prochownik, E. V. J. Biol. Chem. 1997, 272,
17416–17424.

Figure 3. Circular dichroism (CD) spectra of c-Myc363-381 and c-Myc402-412 upon addition of inhibitors. (a) CD spectra of c-Myc363-381 alone (O), with
10074-G5 (b), and with 10050-C10 (2). (b) CD spectra of c-Myc402-412 alone (O), with 10058-F4 (b), with 10009-G9 (2), with 10075-G5 (9), and with
10031-B8 ([).

Figure 4. Disruption of the c-Myc-Max dimer upon addition of 10074-A4: (a) Summation of the two CD spectra: c-Myc and Max(p21) taken independently
(O) and CD spectra of the c-Myc-Max(p21) dimer before the addition of 10074-A4 (2) and after the addition of 10074-A4 (b). (b) Competition titration
by CD of the c-Myc-Max dimer upon addition of 10074-A4. Error bars represent SEM. (c) CD spectra of Max(p22) in the absence (O) and presence (b)
of 10074-A4.

Figure 5. CD spectra of c-Myc370-409 upon addition of 10074-A4, showing the induced CD band with a minimum at 245 nm. (a) CD spectra of c-Myc370-409

(O) and c-Myc370-409 after addition of 10074-A4 (b). (b) Titration of the ICD band at 245 nm by serial dilution of a 1:1 mixture of 10074-A4 and c-Myc370-409.
Error bars represent SEM.

J. AM. CHEM. SOC. 9 VOL. xxx, NO. xx, XXXX G

Multiple Binding Sites on c-Myc Oncoprotein A R T I C L E S

Hammoudeh et al. J. Am. Chem. Soc. 131:7390 (2009) 
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Near-UV CD: Local Structure Around 
Aromatic Side-Chains 

!"#$% &'" !( )(*'+*%,%(- '& ./% )( -/% 0)(1)(# '& -/% -")2/'34
2/!-% !(!+'#$%5
6/% 1)7%"%(8% 3)#(!+3 2"'*%1 -' 0% 3!-$"!0+% 9:)#5 ;< !++'=4

)(# 1%-%",)(!-)'( '& !22!"%(- 1)33'8)!-)'( 8'(3-!(-3> !!!"##

96!0+% ?<5 6/% "%3$+- -/!- -/% -")2/'32/!-% !(!+'#$% 0)(13
3)#()@8!(-+A 9!0'$- ?B4&'+1< ,'"% 3-"'(#+A -' -/% %(CA,%
-/!( 1DE. 1%,'(3-"!-%3 -/% ),2'"-!(8% '& -/% !42/'32/!-%
,')%-A '& -/% !(!+'#$% )( -/% )(-%"!8-)'( =)-/ -/% %(CA,%5
F'-/ &!" !(1 (%!" DG HE #!*%> =)-/)( %I2%"),%(-!+ %""'">
-/% 3!,% !!!"## &'" -/% ">#4),)1'41D6.41D6.!3% 8',2+%I>
8'""'0'"!-)(# -/!- -/% HE 3)#(!+3 1%38")0% -/% )(-%"!8-)'(
!1%J$!-%+A5 K' 1)7%"%(8% 32%8-"! 8'$+1 0% "%8'"1%1 )& %)-/%"
L#$! '" -/% !(!+'#$%3 =%"% ',)--%1 &"', -/% ,)I-$"%3 91!-!
('- 3/'=(<> 8'(3)3-%(- =)-/ !( )(-%"!8-)'( '& -/% L#$! 8',4
2+%I%3 '& -/% !(!+'#$%3 =)-/ -/% %(CA,%5

"#$# %&'()'*+*&, (- ,.* /0,*1+2&34 2& ,.* 52&62&7 (-
"8#02+26(069:;

M2%8)@8 -"A2-)8 /A1"'+A3)3 !- N"#4?O? )( <# =()2 1D6.!3%
"%,'*%3 -/% H4-%",)(!+ ?? "%3)1$%3> 8',2")3)(# ,'3- '& L'-)&
P Q?;R5 6/% -"$(8!-%1 2"'-%)( 1'%3 ('- 3/'= !(A 8'(&'",!4
-)'(!+ 8/!(#% $2'( 8',2+%I!-)'( =)-/ ">#4),)1'41D6. !3
,'()-'"%1 0A &!" DG HE 9:)#5 ?F> 1'--%1 +)(%<5 F)(1)(# '&
-/% !(!+'#$% 8!( 3-)++ 0% &'++'=%1 0A (%!" DG HE5 S'=%*%">

-/% 1)7%"%(8% 3)#(!+ 9:)#5 TF> 1'--%1 +)(%< )3 *%"A 3),)+!" -' -/%
3)#(!+ %+)8)-%1 )( -/% 1DE.4(!-)*% 1D6.!3% 8',2+%I 9:)#5 TF>
1!3/%1 +)(%> 2'3)-)*% 2%!U !- TVB (,<> =/)+% -/% ">#4),)1'4
1D6.4(!-)*% 1D6.!3% 8',2+%I )3 8/!"!8-%")C%1 0A ! (%#!-)*%
%++)2-)8)-A 2%!U !- TWB (, 9:)#5 TF> 3'+)1 +)(%<5 6/% 8'(8+$3)'(
)3 -/!- +'33 '& -/% H4-%",)($3 2"%8+$1%3 &'",!-)'( '& -/% 0)(14
)(# 2!--%"( 8/!"!8-%")3-)8 &'" ">#4),)1'41D6. !(1 -/% -")4
2/'32/!-% !(!+'#$%4)(1$8%1 2"'-%)( 8'(&'",!-)'(!+ 8/!(#%5
6/% 3-"%(#-/ '& 8',2+%I &'",!-)'( 0%-=%%( ">#4),)1'41D6.
!(1 -"$(8!-%1 1D6.!3% )3 )( !88'"1!(8% =)-/ -/)3 8'(8+$3)'(X
-/% !22!"%(- 1)33'8)!-)'( 8'(3-!(- )3 ?B $L> 8+'3% -' -/!- '&
-/% 1DE.41D6.!3% 8',2+%I 96!0+% ?<5

6"A23)('+A3)3 '& <# =()2 1D6.!3% +%!13 -' ! "!2)1 1%8"%!3%
)( %(CA,% !8-)*)-A Q?;R5 6/% 2"%3%(8% '& -/% -")2/'32/!-% !(!4
+'#$% ">#4),)1'41D6. 1$")(# -"A23)('+A3)3 /!3 ! 3)#()@8!(-
2"'-%8-)*% %7%8- 9:)#5 O<5 6/% !22!"%(- @"3- '"1%" "!-% 8'(4
3-!(- &'" -/% !8-)*)-A +'33> 2"'0!0+A "%Y%8-)(# -/% 32%8)@8 /A4
1"'+A3)3 '& -/% N"#4Z+A 2%2-)1% 0'(1 9"%3)1$%3 ?O?[?OT<> =!3
%3-),!-%1 -' B5B;\ ,)(!% !(1 B5BB\T ,)(!%> )( -/% !03%(8% '"
2"%3%(8% '& ">#4),)1'41D6.> "%32%8-)*%+A5 6/% N"#4Z+A 2%24
-)1% 0'(1 )3 2!"- '& -/% Y%I)0+% H4-%",)($3 !(1 -/% 2"'-%8-)*%
%7%8- %I%"-%1 0A -/% -")2/'32/!-% !(!+'#$% "%)(&'"8%3 -/% 8'(4
8+$3)'( -/!- -/% H4-%",)($3 )3 )(*'+*%1 )( 0)(1)(# '& ">#4),)4
1'41D6.5

:]FM ?^W^; \4?4^\

:)#5 T5 N+-%"%1 0)(1)(# '& ">#4),)1'41D6. -' (!-)*% '" -"$(8!-%1 1D6.!3% !3 "%8'"1%1 0A (%!" DG HE5 NX M2%8-"! '& (!-)*% %(CA,% !+'(%
98+'3%1 3A,0'+3<> ">#4),)1'41D6. !+'(% 9'2%( 3A,0'+3< 938!--%"%1 #"!2/3<> !(1 -/% ,)I-$"%3 9+)(% #"!2/3< '& ">#4),)1'41D6. =)-/ (!-)*% 93'+)1
+)(%< !(1 -"$(8!-%1 91'--%1 +)(%< 1D6.!3%5 6/% 32%8-"$, '& -"$(8!-%1 %(CA,% )3 )1%(-)8!+ -' -/% 32%8-"$, '& -/% (!-)*% %(CA,% )( -/)3 =!*%4
+%(#-/ "!(#% Q?;R5 FX E)7%"%(8% 32%8-"! '& (!-)*% 1D6.!3% =)-/ ">#4),)1'41D6. 93'+)1 +)(%< '" 1DE. 91!3/%1 +)(%<5 6/% 1'--%1 +)(% )3 -/% 1)&4
&%"%(8% 32%8-"$, '& -"$(8!-%1 1D6.!3% =)-/ ">#4),)1'41D6.5 ."'-%)( !(1 +)#!(1 8'(8%(-"!-)'( =%"% OP $L !(1 WB $L> "%32%8-)*%+A5

6!0+% ?
_(-%"!8-)'( '& 1)4 !(1 -")2/'32/!-% 3$03-"!-% !(!+'#$%3 =)-/ 1D6.!3%

1D6.!3% `)#!(1 6%8/()J$% !!!"## 9$L< %Q!R 9,1%#a$La8,<

K!-)*% ">#4),)1'41D6. (%!" DG HE 9TWB (,< ?b B5O B5BWb B5B?
&!" DG HE 9TBW (,< ?5?b B5P O5T b ?5P
U)(%-)83 Q?OR P [

1DE. (%!" DG HE 9TVB (,< Q?T>?;R ?B[?P B5BV[B5B^
U)(%-)83 Q?PR ?P [

6"$(8!-%1 ">#4),)1'41D6. (%!" DG HE 9TVB (,< ?Bb ; B5B\b B5BT
1DE. (%!" DG HE 9TVB (,< Q?T>?;R ?P B5BV

>#?# @*1,*44A *, B)#CD<>E F*,,*14 G$H IHJJKL K"MKK \P

!" #$%&'%%$()

!"# $%&'#()#* +%,-. / 0, ,"# 1#2-34# 56,#(7-&04 0(7 %.
,(-7#(-$ *8!90'#' $0&&%, 3# 4%$0,#* -& ,"# :&4-;0&*#* $(<',04
',(:$,:(#' %. ,"# #&=<7# .(%7 !" #$%&> '$($ )*+&,-) %( ,"#
4#&,-)-(:' %. .#4-&# -77:&%*#?$-#&$< @A>B>CADE F,' .:&$,-%&04
(%4# "0' 3##& #',034-'"#* .%( ,"# G(%,#-& .(%7 !" #$%& 0&*
,"# 4#&,-)-(:' %. #H:-&# -&.#$,-%:' 0&#7-0I 4%'' %. ,"# 7%,-.
%( (#G40$#7#&, %. -,' $%&'#()#* (#'-*:#' -' *#4#,#(-%:' .%(

#&=<7# 0$,-)-,< @CJ>CKDE F& ,"# ":70& #&=<7#> ,"# 56,#(7-&04
0(7 $4%'#' :G%& ,"# 0$,-)# '-,# L"#& 7%&%6> *-6 %( ,(-G"%'6
G"0,#' %. M!6*#%2<:(-*-&# 3-&* ,% ,"# #&=<7# -& ,"# 03'#&$#
%. +;!! @ADE N%L#)#(> &% ':$" 7%)#7#&, $0& 3# '##& L"#&
*8O9 3-&*' ,% ,"# 30$,#(-04 #&=<7# @CPDE F& ,"# G(#'#&, ',:*<
L# -*#&,-?#* 0 '-;&-?$0&, $"0&;# -& $%&.%(70,-%& %. ,"# 30$6
,#(-04 #&=<7# -&*:$#* #2$4:'-)#4< -& ,"# G(#'#&$# %. +;!! 3<
,"# !>"6-7-*%6,(-G"%'G"0,# 0&04%;:# %. *8!9 3:, &%, 3<
*8O9E !"-' $%&.%(70,-%&04 $"0&;#> 7%', G(%3034<> (#1#$,'

QRST CBUBJ K6C6BK

Q-;E JE !-,(0,-%& %. #&=<7# L-," !>"6-7-*%6*8!9E V0,-)# W$4%'#* '<73%4'X %( ,(:&$0,#* W%G#& '<73%4'X *8!90'# L0' ,-,(0,#* 3< ',#GL-'# 0**-6
,-%& %. !>"6-7-*%6*8!9E Y3'%4:,# )04:#' %. ,"# *-Z#(#&,-04 5O '-;&04 0, MPU &7 W$4%'#* $-($4#'X> MUP &7 W$4%'#* 'H:0(#'X %( MAP &7 W%G#&
$-($4#'X 0(# G4%,,#*E O0,0 G%-&,' L#(# ?,,#* W'%4-* 4-&#'X ,% ,"# #H:0,-%&I #![#@!D \ W*!W*!!]#"#!X#!$X[ME #! -' ,"# 03'%4:,# )04:# %. ,"# *-Z#(#&6
,-04 #44-G,-$-,< *#,#(7-&#* 3< ':3,(0$,-&; ,"# #44-G,-$-,< %. !>"6-7-*%6*8!9 0&* *8!90'# '%4:,-%&> 7#0':(#* '#G0(0,#4<> .(%7 ,"# #44-G,-$-,<
7#0':(#* -& ,"#-( 7-2,:(#> #@!D -' ,"# *-Z#(#&,-04 7%40( #44-G,-$-,< %. ,"# G(%,#-&64-;0&* $%7G4#2> *\ #"^#!^.%"&''> #" 0&* #! 0(# #&=<7# 0&* 4-6
;0&* $%&$#&,(0,-%&'> (#'G#$,-)#4<XE #@!D 0&* .%"&'' W0GG0(#&, *-''%$-0,-%& $%&',0&,X )04:#' 0(# ;-)#& -& !034# CE R&=<7# $%&$#&,(0,-%& .%( ,"#
.0( 8_ #2G#(-7#&, WMPU &7X L0' CME/ $+> .%( ,"# &#0( 8_ #2G#(-7#&,' WMUP %( MAP &7X L0' ]/ $+ W&0,-)# #&=<7#X %( ]P $+ W,(:&$0,#*
*8!90'#XE

Q-;E ]E !>"6F7-*%6*8!9 G(%,#$,' 0;0-&', ,(<G,-$ *-;#',-%& 0, Y(;6C]CE V0,-)# *8!90'# WCMP $+X L0' *-;#',#* -& ,"# 03'#&$# W$4%'#* '<73%4'X
%( G(#'#&$# %. 4-;0&* WMPP $+> %G#& '<73%4'XE Y4-H:%,' L#(# ,0`#& .(%7 ,"# (#0$,-%& 7-2,:(# 0, ,-7# -&,#()04' 0&* 0''0<#* .%( #&=<7# 0$,-)-,<E
O0,0 L#(# ?,,#* ,% ?(', %(*#( (#0$,-%&' W'%4-* 4-&#'XE
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Summary of CD 

•  label-free probe of secondary structure 
•  rich insight into folding mechanisms 
Caveats 
•  low resolution 
•  can be tricky to assign changes,  

esp. near-UV 

Outline 

•  UV-Vis Absorbance 
»  intrinsic vs. extrinsic chromophores 

•  Circular Dichroism 
»  far UV, near UV 

•  Fluorescence 
» steady-state, lifetime, anisotropy,  

single-molecule 
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Fluorescence 

•  intensity/quantum yield 
»  quenching, FRET 

•  spectral shifts 
•  excited-state lifetime 
•  anisotropy/polarization 

Φ =
Nemitted

Nabsorbed

=
kR

kR + kNR

kNR 

kR 

Fluorimeter Schematic 

chemwiki.ucdavis.edu 
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Excitation & Emission Spectra 

Lakowicz, Principles of Fluorescence Spectroscopy, 3rd Ed. 

Intrinsic Trp Fluorescence: Folding 

1846 C.A.  Royer et al. 

fluorescence  changes in  the wild-type  protein to  the indi- 
vidual tryptophan residues.  In turn,  the results lead to 
conclusions about  structural changes  responsible for flu- 
orescence perturbations. 

Results 

Steady-state fluorescence unfolding  profiles 

The steady-state  fluorescence  emission  spectra of W99F 
and W19F were measured  as  a  function of urea  concen- 
tration between 0 and 9  M  urea  (Fig. 2). The emission  of 
Trp 19  in  W99F at 0 M urea is, as  determined  previously 
(Royer, 1992), quite  blue  shifted,  with a maximum  near 
319 nm (Fig. 2A). The spectrum  shifts significantly to lon- 
ger wavelengths, and  there is an overall  decrease in  the 
fluorescence  intensity  as  urea  concentration increases 
(Fig. 2A). The  effect of urea  on  Trp 99 in W19F is quite 
different (Fig. 2B). The spectrum in the native state is red- 
der  than  that of Trp 19, and  the  quantum yield is much 
lower (Royer, 1992). In  contrast to W99F, a large increase 
in  intensity and a significant  red  shift is observed  when 
W19F is unfolded by urea.  The red  shift in emission for 
these proteins was determined by calculating the intensity- 
averaged  emission  wavelength, (A),  using the  equation 

This  quantity is less prone  to  instrumental noise than is 
the peak  maximum because it is an integral  measurement. 
It is also a more sensitive value  because  it  arises from a 
calculation  involving  the  entire  spectrum,  and  thus it re- 
flects  changes  in the  shape of the  spectrum  as well as in 
position.  The smaller  red  shift in  the  average emission 
wavelength for W19F,  12  nm, versus the 22-nm  shift 
found  for  W99F reflects the bluer  emission  of Trp 19  in 
the  native  state.  At 9  M  urea,  the  steady-state emission 
spectra of the  two  tryptophan residues are nearly  identi- 
cal,  as  would  be  expected  for  fully  solvated  residues, 

Preliminary  fit of fluorescence data  from  the single 
tryptophan  mutants  to a two-state  model  (Fig.  2,  insets) 
(Gittelman & Matthews, 1990; Fernando & Royer, 1992b) 
yield apparent  free energies of folding  in  the absence of 
denaturant of 18.4 t 1.1 and 20.7 * 0.8 kcal/mol (dimer), 
respectively, for  W19F  and W99F. The  average emission 
wavelength data were fit by a  model  in  which  quantum 
yield differences between the native and  denatured  states 
were taken  into  account.  These values are  in  the  same 
range  as  that  obtained  for  the wild-type protein, 18.2 
kcal/mol, using the  same  method (see Fig. 1 in the accom- 
panying  paper by Mann  et  al. [ 19931). 

The  evolution  of  the  total  intensity  of  the emission 
spectrum  of Trp 19,  i.e.,  in  W99F  as a function  of  urea, 
is shown  in  Figure  3A;  Figure 3B-D displays the intensi- 
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Fig. 2. Evolution of the intrinsic tryptophan emission spectrum as  a 
function of urea concentration between 0 and 9 M urea. Insets repre- 
sent  the average emission wavelength calculated from the spectra and 
fit to a  two-state  denaturation  transition. A: W99F mutant, 5 . 5  pM in 
dimer;  spectra  are 0-9 M urea in 1 M urea steps alternating solid and 
dashed lines; numbered spectra correspond to (1) 0 M urea, (2) 3 M urea, 
(3) 4 M urea, (4) 5 M urea, and ( 5 )  9 M urea. Between 5 and 9 M urea, 
the intensities increase. The total intensities corresponding to the peak 
integrals of these spectra are plotted in Figure 3A. B: W19F mutant, 
6.1 +M in dimer; spectra are 0-9 M urea in 1 M urea steps alternating 
solid and dashed lines; numbered spectra  correspond to (1) 0 M urea, 
(2) 4 M urea, (3) 5 M urea, and (4) 9 M urea. Between 5 and 9 M urea, 
the intensities increase. The total intensities corresponding to the peak 
integrals of these spectra are plotted in Figure 4A. Excitation was at 
295 nm. 

ties  measured  at 320, 350, and 380 nm, respectively. The 
intensity  profile  observed  depends upon  the wavelength 
at which the  observation is made because the emission 
wavelength shifts with unfolding. The intensity at 320 nm 
decreases in a sigmoidal  fashion between 2 and 6 M urea; 
the native and unfolded baselines are almost  independent 
of  denaturant  concentration.  Although  the intensity at 

1846 C.A.  Royer et al. 
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vidual tryptophan residues.  In turn,  the results lead to 
conclusions about  structural changes  responsible for flu- 
orescence perturbations. 
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Steady-state fluorescence unfolding  profiles 
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cal,  as  would  be  expected  for  fully  solvated  residues, 

Preliminary  fit of fluorescence data  from  the single 
tryptophan  mutants  to a two-state  model  (Fig.  2,  insets) 
(Gittelman & Matthews, 1990; Fernando & Royer, 1992b) 
yield apparent  free energies of folding  in  the absence of 
denaturant of 18.4 t 1.1 and 20.7 * 0.8 kcal/mol (dimer), 
respectively, for  W19F  and W99F. The  average emission 
wavelength data were fit by a  model  in  which  quantum 
yield differences between the native and  denatured  states 
were taken  into  account.  These values are  in  the  same 
range  as  that  obtained  for  the wild-type protein, 18.2 
kcal/mol, using the  same  method (see Fig. 1 in the accom- 
panying  paper by Mann  et  al. [ 19931). 

The  evolution  of  the  total  intensity  of  the emission 
spectrum  of Trp 19,  i.e.,  in  W99F  as a function  of  urea, 
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Fig. 2. Evolution of the intrinsic tryptophan emission spectrum as  a 
function of urea concentration between 0 and 9 M urea. Insets repre- 
sent  the average emission wavelength calculated from the spectra and 
fit to a  two-state  denaturation  transition. A: W99F mutant, 5 . 5  pM in 
dimer;  spectra  are 0-9 M urea in 1 M urea steps alternating solid and 
dashed lines; numbered spectra correspond to (1) 0 M urea, (2) 3 M urea, 
(3) 4 M urea, (4) 5 M urea, and ( 5 )  9 M urea. Between 5 and 9 M urea, 
the intensities increase. The total intensities corresponding to the peak 
integrals of these spectra are plotted in Figure 3A. B: W19F mutant, 
6.1 +M in dimer; spectra are 0-9 M urea in 1 M urea steps alternating 
solid and dashed lines; numbered spectra  correspond to (1) 0 M urea, 
(2) 4 M urea, (3) 5 M urea, and (4) 9 M urea. Between 5 and 9 M urea, 
the intensities increase. The total intensities corresponding to the peak 
integrals of these spectra are plotted in Figure 4A. Excitation was at 
295 nm. 

ties  measured  at 320, 350, and 380 nm, respectively. The 
intensity  profile  observed  depends upon  the wavelength 
at which the  observation is made because the emission 
wavelength shifts with unfolding. The intensity at 320 nm 
decreases in a sigmoidal  fashion between 2 and 6 M urea; 
the native and unfolded baselines are almost  independent 
of  denaturant  concentration.  Although  the intensity at 

Royer et al. Protein Sci. 2:1844 (1993) 
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Excited State Lifetimes by TCSPC 
(Time-Correlated Single Photon Counting) 

time (ns) 
Wahl, Technical Note: TCSPC v2.1, Picoquant 

Sidebar: Shot Noise 

•  For any counting process where the trials or intervals are 
independent of each other, the variance is equal to the 
number of observations. 
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TCSPC: Mixed Systems 
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for a single decay event 
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Measurements 
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Fluorescence Quenching 

static quenching – no effect on lifetime 

dynamic quenching – shorter lifetime 

Fluorescence Quenching:  
Stern-Volmer Plots 

dynamic static mixed 

F0/F 

!0/! 

1 

F0
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=
τ 0
τ
=1+KSV Q[ ] =1+ kaτ 0 Q[ ]

F0
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 -- kinetics! 

 -- affinity! 
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Förster Resonance Energy Transfer: 
A Special Case of Dynamic Quenching 
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Förster Resonance Energy Transfer: 
A Special Case of Dynamic Quenching 
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Figure S2. Mean Rg values obtained by ECMC of tau in solution using 0, 6 or 12 smFRET 
constraints, demonstrating similar asymptotic behavior to DS (cf. Figure 2a): most of the 
compaction relative to the random-coil limit is observed even with a partial set of 6 constraints. 

 

 

Figure S3. (Top) Distribution of values for the orientation factor κ2 based on 1000 samples of 
random values for the three angles describing dye geometry θD, θD and ϕ on the interval [0, 2π], 
and typical experimental anisotropy values for labeled protein. (Bottom) Distribution of 
perturbations in Förster radius R0 due to the potential uncertainty in κ2. 
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Figure S1. (a) Inter-residue distance distribution P(r) of an unconstrained excluded-volume MC 
simulation as a function of sequence separation. Mean and standard deviation of P(r) are 
displayed as black and gray lines, respectively. Inset: plot of P(r) distribution at a sequence 
separation of 100 residues (red), demonstrating that the distributions from excluded-volume MC 
calculations are much better described by normal distributions (black) than by the Gaussian chain 
model (orange). (b) Relationship between inter-dye distance and ETeff, calculated using the 
Förster equation alone (black), the excluded-volume approach described here (red), and the 
Gaussian chain model (blue). (c) The expected means and standard deviations of P(r) distributions 
corresponding to different values of ETeff. These mean and standard deviation values were used to 
parametrize harmonic constraints for ECMC calculations based on measured ETeff values. 

•  very sensitive to 
distances ~ R0 
(typically 20-60Å) 

•  rapid dynamics can 
flatten the distance 
dependence 

•  #2 = 2/3? not always! 
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Distance Distributions by TR-FRET 

summarized in Fig. 5, where it is evident that
within the experimental uncertainty, the mean of
each distance distribution was unaffected by the
change in temperature. Thus, over the temperature
range of 5 to 40 °C, the N-terminal domain of αS
neither folds nor unfolds. Only for two segments
was an increase in the width of the distribution
observed. Thus, except for the segment labeled in
the NAC domain (66–90) and the N-terminal (4–18)
chain segments, the chain segments of the
N-terminal domain are fully disordered under
folding conditions, and the changes reported for
the entire molecule (change in the far-UV CD
signal and enhanced rates of aggregation)35
cannot be attributed to major changes of the
disordered state of this domain.

Temperature dependence of the intramolecular
diffusion coefficients

The probes' fluorescence decay curves obtained in
trFRET experiments are affected by nanosecond
fluctuations of the distance between the probes.
Analysis of the experimental decay curves assumed
a model of normal diffusion of the labeled residues
with constraints imposed by the segmental EED
distributions. We interpreted the diffusion coeffi-
cients determined by analysis of the trFRET exper-
iments as a measure of the fast fluctuations of the
distance between the labeled residues. These fluc-
tuations result from the constrained fast Brownian
motions of residues that compose the labeled
segment, regardless of the rotational or translational
motions of the entire chain. At elevated tempera-
tures, the rate of fluctuation is expected to be
increased for all chain segments, while the con-
straints that are dependent on specific interactions
may vary to different extents in each segment. For
most segments, the expected monotonous linear
increase of the diffusion coefficient with tempera-
ture was observed up to very high values of close to
25Å2/ns (i.e., 2.5×10−6 cm2/s). These are very high
intramolecular diffusion coefficient values, only an
order of magnitude smaller than the common free
diffusion coefficients for low-molecular-weight
components in aqueous solution. This high value
was independent of segment length (beyond some
threshold length) and appears to set an upper limit
for the segments of αS. This pattern of temperature
dependence is as expected for the unconstrained
dynamics of the ends of unstructured polypeptide
segments. There were three exceptions to this
normal temperature effect. The diffusion coefficient
obtained for the shortest labeled segment, only nine
residues long (18 to 26), was very low, and no
temperature dependence could be observed. This
result seems to be significant, even though for this
short segment the transfer efficiency was high and
the donor lifetime was short. At the reduced lifetime
of the excited state, the relative contribution of the
fast fluctuations to the rate of energy transfer and
hence to the overall excited state decay rate is
reduced. Thus, the uncertainty in the determination
of the value of the diffusion is larger than that found
for the other segments. The temperature depen-
dence of the diffusion coefficient obtained for the
terminal chain section, 4–18, is nonlinear. It seems
that this chain section undergoes a minor unfolding
transition between 20 and 30 °C that is manifested
by a very small increase in the width of the distance
distribution and relaxation of the forces that
constrain the dynamics of the chain ends. At 30 °C,
the diffusion coefficient of the ends of this segment is
the same as for the remaining segments; that is,
the specific local constraints were overcome by the
increased temperature. The third exception to the

Fig. 3. Global analysis of trFRET decay curves to yield
intramolecular distance distributions. (a) Fluorescence
decay curves of the segment labeled at positions 4 and
18, at 5 °C (blue) and 40 °C (red). The upper curve at each
temperature was measured for the DO mutant, and the
lower curve for the DA mutant. The major change of the
donor fluorescence lifetime induced by the distance-
dependent excitation energy transfer and the enhanced
deviation from monoexponential decay is visible. The
lower frame shows the autocorrelation of the residuals for
the two DA experiments. (b) Fitting the decay data of the
DO and DA mutants to a distance distribution model
using the global analysis approach yields the distance
distributions at 5 °C (blue) and 40 °C (red).
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was independent of segment length (beyond some
threshold length) and appears to set an upper limit
for the segments of αS. This pattern of temperature
dependence is as expected for the unconstrained
dynamics of the ends of unstructured polypeptide
segments. There were three exceptions to this
normal temperature effect. The diffusion coefficient
obtained for the shortest labeled segment, only nine
residues long (18 to 26), was very low, and no
temperature dependence could be observed. This
result seems to be significant, even though for this
short segment the transfer efficiency was high and
the donor lifetime was short. At the reduced lifetime
of the excited state, the relative contribution of the
fast fluctuations to the rate of energy transfer and
hence to the overall excited state decay rate is
reduced. Thus, the uncertainty in the determination
of the value of the diffusion is larger than that found
for the other segments. The temperature depen-
dence of the diffusion coefficient obtained for the
terminal chain section, 4–18, is nonlinear. It seems
that this chain section undergoes a minor unfolding
transition between 20 and 30 °C that is manifested
by a very small increase in the width of the distance
distribution and relaxation of the forces that
constrain the dynamics of the chain ends. At 30 °C,
the diffusion coefficient of the ends of this segment is
the same as for the remaining segments; that is,
the specific local constraints were overcome by the
increased temperature. The third exception to the

Fig. 3. Global analysis of trFRET decay curves to yield
intramolecular distance distributions. (a) Fluorescence
decay curves of the segment labeled at positions 4 and
18, at 5 °C (blue) and 40 °C (red). The upper curve at each
temperature was measured for the DO mutant, and the
lower curve for the DA mutant. The major change of the
donor fluorescence lifetime induced by the distance-
dependent excitation energy transfer and the enhanced
deviation from monoexponential decay is visible. The
lower frame shows the autocorrelation of the residuals for
the two DA experiments. (b) Fitting the decay data of the
DO and DA mutants to a distance distribution model
using the global analysis approach yields the distance
distributions at 5 °C (blue) and 40 °C (red).
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Environment-Sensitive Extrinsic Fluors: 
the Twisted Intramolecular Charge-Transfer Mechanism 

confined environment or high viscosity 
slows rotation, raises quantum yield 

rotation (conformation relaxation) 

examples: ANS, TNS, Nile Red, Thioflavin T… 
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The Perrin Equation 

r0
r
=1+ τ

θ

τ = fluorescence lifetime     R=gas constant 
r0 = fundamental anisotropy    T=temperature 
θ = rotational correlation time    η=viscosity 

         VH=volume of molecule 
         DR=rotational diffusion coefficient θ =
ηVH
RT

= 6DR( )−1

r0 =
3cos2 ξ −1

5
≤ 0.4 where % is the angle between excitation 

and emission dipole moments 

Helicase Activity Monitored by 
Anisotropy 

anisotropy jumps upon helicase 
binding to labeled DNA 
 
ATP addition triggers unwinding – 
anisotropy progressively decreases 
as strands unwind 
 
low final anisotropy reflects lower 
molecular weight and higher 
flexibility of ssDNA product vs. 
dsDNA substrate 

Xu et al. Nuc. Acids Res. e70 (2003) 
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Outline 

•  UV-Vis Absorbance 
»  intrinsic vs. extrinsic chromophores 

•  Circular Dichroism 
»  far UV, near UV 

•  Fluorescence 
» steady-state, lifetime, anisotropy,  

single-molecule 

Single-Molecule Geometries 

AC03CH15-Rowan ARI 10 May 2010 21:50

on fluorescence usually provide better signal-to-noise ratios and, as a consequence, much better
sensitivity. Not only does state-of-the-art optical detector technology allow for the detection of
picomolar concentrations of fluorescent dyes in a cuvette, it permits the identification of individual
fluorescent dye molecules, a prerequisite for single-molecule experiments.

The identification of individual fluorescent dye molecules relies on the time-resolved detection
of single photons emitted by the dye molecule. With modern detectors, tens of thousands of
photons can be collected from a single fluorescent molecule every second, generating a large signal.
However, this advantage for single-molecule fluorescence detection is also its biggest disadvantage
because many types of molecules fluoresce or simply scatter light. Therefore, one must take care to
eliminate contaminations. The number of different (contaminating) fluorophores that are detected
can be limited by careful choice of the illumination source and the filter set, which restricts the
excitation and emission wavelengths to the dye of interest. Also, the size and the geometry of
the illuminated volume critically determine the number of contaminants that contribute to the
detected signal. Several types of microscopy, which were invented to address this issue (Figure 2),
are discussed in the following section. Once the contamination issue has been resolved, the only
remaining requirement is to ensure sufficient spatial separation between the enzymes so that they
can be inspected independently. In single-molecule studies, two is a crowd!

dCamera

Laser

Pinhole

Laser

Detector

In Out

Laser

Camera

a c

b

Figure 2
Principles of (a) objective-type total internal reflection fluorescence (TIRF), (b) prism-type TIRF, (c) confocal
microscopy, and (d ) a comparison of the illuminated areas in two-photon and single-photon excitation. In
TIRF, only molecules close to the surface are illuminated and therefore detected. In confocal microscopy, a
certain depth in the sample can be selected, and light from other layers is rejected by the pinhole.
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Figure 3
As molecules move in and out of the focus (d ) of a microscope objective, the recorded fluorescence intensity signal (a) fluctuates. By
autocorrelating this fluorescence intensity—either via correlation of the binned signal (b, left) or via direct correlation of the photon
arrival times (b, right)—one can obtain the autocorrelation function (c). Two parameters can be obtained from the fit: the correlation
time, which is related to the diffusion constant, and the correlation coefficient, which is related to the concentration. An increase in
concentration leads to a decrease in the correlation coefficient (e) because the passing of an individual molecule contributes less to the
total intensity and the fluctuation is therefore smaller. An increase in molecule size gives rise to longer correlation times ( f ) because
each molecule resides for a longer time in the confocal volume.

function was flat. Time traces of more than 100 enzyme molecules were recorded and analyzed by
autocorrelation. Within the duration of the experiment, the individual enzyme molecules showed
a large distribution of rates for the formation of the enzyme-product complex (static disorder).
Furthermore, as in the experiment with cholesterol oxidase, the autocorrelation functions could
not be fitted with a single exponential; rather, a stretched exponential was introduced to obtain
a good fit. A stretched exponential is characteristic of dynamic disorder, meaning that a large
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TIRFM Selective Probes Surface-
bound Molecules 

Olympus, http://www.olympusmicro.com/primer/ 

Single Molecules Are Resolved as  
Diffraction-Limited Spots 

and Simon, 2003). This finding was made possible, in part, by the
spatial restriction and high signal-to-noise ratio of the excitation
field, as well as by the rapid acquisition rates that are possible when
using wide-field acquisition. Furthermore, the increased excitation
of fluorophores near the cover slip permitted the quantification of
microtubule motility in the axial direction, revealing how
microtubules are targeted to focal adhesions (Krylyshkina et al.,
2003). TIRF also provided the spatial and temporal resolution to
study the dynamics of actin and actin-associated proteins near the
plasma membrane in several endocytosis studies (Kaksonen et al.,
2005; Merrifield et al., 2002). Finally, fluorescence speckle
microscopy, in which a limiting amount of cytoskeleton monomers
are fluorescently labeled, combined with TIRF was able to deliver
important information about the dynamics and flow of cytoskeleton
filaments (Danuser and Waterman-Storer, 2006).

Endocytosis
The formation of endocytic vesicles involves the recruitment of
cytosolic proteins to the adherent plasma membrane. When viewed
with standard epifluorescence, the surface patches of the vesicle coat
protein clathrin are difficult to discern from background fluorescence
and intracellular clathrin structures (Fig. 1C). The initial report to
image clathrin during endocytosis in live cells employed
epifluorescence and was thus restricted to analyzing only those
events that occurred in the cell periphery, because of out-of-focus
signals (Gaidarov et al., 1999). By contrast, when TIRF is used, the
clathrin patches on or near the membrane appear as distinct features
(Fig. 1D). Imaging the dynamics of endocytosis is aided by rapid
image acquisition, background elimination and the exponential
decrease in excitation intensity with distance from the cover slip.
TIRF has made it possible to gain insight into the components that
are necessary for vesicle formation and the dynamics of this process
(Rappoport, 2008). A main focus of studies that have applied TIRF
to analyze endocytosis has been to determine the ‘life history’ of the
formation of individual clathrin-coated vesicles. These studies have
demonstrated that some proteins are present throughout the
endocytosis process (e.g. clathrin and epsin) (Rappoport et al., 2006;
Rappoport and Simon, 2003), whereas the localization of other
proteins to the coated vesicle either increased over time (e.g.
dynamin) (Merrifield et al., 2002; Rappoport et al., 2008; Rappoport
and Simon, 2003) or decreased (e.g. AP-2) (Rappoport et al., 2003;
Rappoport et al., 2005).

Exocytosis
The thin TIRF excitation field allows identification of secretory
carriers near the membrane (Lang et al., 1997). Specific criteria,
which involve quantifying the total fluorescence, as well as its
peak and spread, have been established to quantify and characterize
the fusion of vesicles with the plasma membrane (Schmoranzer et
al., 2000). The exponential decay of the TIRF excitation field
allows the small motions of individual fluorescence-marked
secretory carriers in the direction normal to the substrate and
plasma membrane (the axial or z-direction) to be manifested as
intensity changes. The precision of tracking such axial movements
can be as small as 2 nm, which is considerably smaller than the
resolution limit of light microscopy (Allersma et al., 2006). Because
of the high contrast and low background, the position of the centers
of vesicles can be measured with an accuracy of about 10 nm and
motions before fusion that are smaller than the granule diameter
can be followed. By observing single vesicles as they approached
and fused with a membrane, it was found that many of the vesicles
did not deliver all of their cargo in a single fusion step, but required
two or more fusions to fully discharge their cargo (Jaiswal et al.,
2009; Schmoranzer et al., 2000).

Cell–substrate contact regions
TIRF has also been used to investigate cell–substrate contact regions
using several different approaches. Similar to the examples above,
the restricted excitation field was shown to be crucial for studying
focal adhesions with regard to their location, composition, motion
and specific biochemistry (Axelrod, 1981; Choi et al., 2008). One
technique for identifying cell–substrate contacts involves adding a
fluorophore to the surrounding solution (Todd et al., 1988). The
intensity of fluorescence can be used to calculate the distance of the
membrane from the surface and to ‘map’ the bottom surface of
the cell (Gingell et al., 1987). This technique requires the thin
excitation field of TIRF, as other imaging methods would result in

3622 Journal of Cell Science 123 (21)

A B

C D

E F G

Epifluorescence TIRF

Epifluorescence TIRF

Epifluorescence TIRFConfocal

Fig. 1. Comparison of images obtained using epifluorescence and TIRF. In
both cases, the microscope was focused at the adherent plasma membrane and
images were acquired with one of three modes of excitation: epifluorescence,
TIRF or confocal. (A,B)�Actin (LifeAct–GFP) in a migrating MDCK cell.
(C,D)�Clathrin (clathrin light chain–GFP) in a HeLa cell. (E–G) Caveolin-1
(caveolin-1–EGFP) in MDCK cells. In each case, TIRF clearly eliminates of
out-of-focus fluorescence and reveals details at or near the cell surface. Scale
bars: 10��m.

Mattheyses et al. J. Cell. Sci. (2010) 123:3621 

Proc. Natl. Acad. Sci. USA 93 (1996)

FIG. 2. Two-color near-field scanning fluorescence images of doubly labeled DNA molecules, obtained with linearly polarized excitation light
(along the white 1 ,um scale bar). The donor channel image (a) is colored in green. The acceptor channel image (b) is colored in red. The images
are 128 X 128 pixels, 20 nm/pixel, with an integration time per pixel of 10 ms. Both images were obtained simultaneously by separating the emission
with a dichroic mirror at 600 nm and collecting the signals on two APD detectors. The two color images are overlaid and their red-green-blue values
are added together to form the composite image of c. There is a considerable amount of cross-talk between the channels due to dichroic polarization
sensitivity and due to spectral overlap of the two fluorophores. To minimize this cross-talk, narrow bandpass filters are placed in front of the
detectors. The number of red, green, and yellow spots can be used as a crude estimate of the degree of DNA hybridization on the dry surface.

the excitation polarization); and (iii) red features can also
result from complete energy transfer. Yellow spots in Fig. 2c
arise when donor and acceptor have comparable emission and
signify that the DNA molecule still holds the two fluorophores
together even on the dry surface, such that they are both under
the near-field probe. Such emission from a distinct spot in
space is evidence for two-color emission from a doubly labeled
molecule (or possibly two single-stranded DNAs in very close
proximity labeled with a single-donor and single-acceptor).

In a similar way to the data presented in Fig. 1, to acquire
spectra of doubly labeled DNA, the near-field probe was
positioned over a yellow spot and its emission spectrum was
taken. It was found that yellow spots had broad and most often
two-peaked spectrum that is quite distinct from that of a single
fluorophore (donor-only or acceptor-only).

Such a typical double peak spectrum from TMR-20-TR pair
is shown in Fig. 3a (gray circles). These data were fit (solid line)
by a superposition of the individual donor-only (dashed line)
and acceptor-only (dotted line) spectra. Fitting was accom-
plished by starting with the average donor-only and acceptor-
only two-Gaussian curve-fits (see Fig. 1 Insets) and allowing
the FWHM and the peak positions to vary within their
experimentally determined limits.
The excellent fit of Fig. 3a using typical single molecule

spectra indicates that any interaction between the TMR and
the TR is sufficiently weak and that the individual emission
characteristics are not perturbed. This weak coupling indicates
that Forster's theory (1) should be applicable to an analysis of
energy transfer between the donor and acceptor on the
TMR-20-TR. We note, however, that the spectrum and excited

state lifetime can be affected by the metallic coating of the
NSOM tip (11, 12, 13). At room temperature, the tip has little
effect on single molecule spectra, although it can have a
significant effect on the lifetime. Alteration of lifetime can
affect the efficiency of energy transfer, although such an effect
would not be expected to invalidate the underlying Forster
theory. Even though the tip effect on energy transfer was not
pursued in this work, we note that quantitative measurements
of distances and their relation to energy transfer efficiencies
would require investigation of the tip effect.

In contrast to the TMR-20-TR data shown in Fig. 3a, the
typical two-color emission spectra for the TMR-10-TR sample,
as shown in Fig. 3b, cannot be fit well by a superposition of the
donor and acceptor spectra. To achieve the fit shown in Fig. 3b,
it was necessary to use the extreme values for the FWHM of
the donor-only and acceptor-only base functions (see Fig. 1).
This contrast between 10-mer and 20-mer samples is highly
reproducible. A strong coupling, or Dexter exchange, may be
present in the 10-mer case (14). No evidence for strong
coupling was observed in solution.

Two-color emission such as in Fig. 3 can arise either from
independent emission of the donor and the acceptor (acceptor
absorption at the 514.5-nm excitation wavelength is non-zero)
or due to excitation of the donor, followed by energy transfer
to the acceptor. Here, we show how the dynamics of the
photodestruction (photobleaching) of the fluorophores can
assist us in determining the presence and extent of energy
transfer. We distinguish between two cases: (i) either the
acceptor photobleaches first or (ii) the donor photobleaches
first. If the acceptor photobleaches first (and at the same time

6266 Biophysics: Ha et al.

Ha et al. PNAS (1996) 93:6264 

Airy disk: the point spread function 
that determines the diffraction limit 400-500 nm 
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Measuring Stoichiometry by 
Single-Molecule Photobleaching 

Ulbrich & Isacoff Nature Methods (2007) 3:319 

Super-Resolution Microscopy : 
(STORM, PALM, FPALM, PAINT, SHRIMP, FIONA…) 

Betzig et al. Science (2006) 313:5793 

resolution depends on number of 
photons detected per molecule: σ ∝

1
N

von Diezmann et al. 
Chem. Rev. (2017) 117:7244 
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Conformational Dynamics of  
Immobilized Protein Molecules 

Rhoades et al. JACS (2004) 126:14686 

F 

U 

residence time histograms: 
kinetic information 

closed → open 
6.5 ms-1 

open → closed 
2 ms-1 

Henzler-Wildman et al. Nature (2007) 450:838 

σ = N

Confocal Single Molecule-FRET 
50-100 pM of labeled species,  
so each burst = 1 molecule 

compile statistics 
for 1000s of bursts 

Elbaum-Garfinkle & Rhoades,  
J. Am. Chem. Soc. 134:16607 (2012) 

intrinsically disordered protein tau 
binding heparin: 
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Why Does Autocorrelation Decay? 
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N :  average number of molecules in  
 focal volume  (an absolute measure of 
 concentration!) 

τD :  diffusion time of molecules  

focal volume 

Diffusion Measurement by FCS 

in 3 dimensions,  
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Other Uses of FCS 

G(τ ) =
1− A+ Aexp − τ

τA( )
1− A

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟
1
N

1
1+ τ

τD( )
1

1+ s2 τ
τD( )

1
2

⎛

⎝

⎜
⎜⎜

⎞

⎠

⎟
⎟⎟

Fast (sub-ms) components of the autocorrelation signal can be 
used to probe conformational dynamics, chemical reactions, 

and rapid photophysical processes. 
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Summary of Fluorescence 
•  sensitive, selective and versatile probe of: 
»  conformation, local environment, intramolecular 

distances 
•  broad dynamic range for kinetics: 
»  excited-state lifetime, anisotropy, FCS 

•  insight into molecular heterogeneity, population 
distributions 
»  SM-FRET, TR-FRET, TIRF 

Caveats 
•  many factors can affect intrinsic fluorescence 
•  extrinsic fluorophores may perturb the system 
•  distance determination – low resolution, many 

potential artifacts 


