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Forster Resonance Energy Transfer Measurements Are Consistent with a Helical

Bundle Model for Lipid-Free Apolipoprotein Atl
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ABSTRACT. Apolipoprotein (apo) A-I mutants were constructed for FRET studies to distinguish between
two possible lipid-free conformers, a globular helix bundle and an elongated helical hairpin. Mutants
containing a single Trp at position 50 were prepared by replacing Trps at positions 8, 72, and 108 with
Phe (W@50). Two mutants were constructed from W@50 by incorporating Cys at Arg83 (W@50R83C)
or Arg173 (W@50R173C) for attachment of the fluorescent probe AEDANS. Secondary structure of the
mutants is very similar to wild type (wt) apo A-1, and fluorescence emission indicates that W50 is protected
from solvent. Thermal stabilities of the AEDANS-labeled mutants are also similar to wt. These results
indicate that no discernible changes occur in structure or stability as a result of mutations or labeling. The

FRET data from W@50 to AEDANS are well-represented by a single distance distribution function with
a distance of~22 A for W@50R83C and-19 A for W@50R173C. These distances are consistent with
theoretical values calculated from a helical bundle model but not from a helical hairpin. A probability
distance distribution function yields significantly small half-width values of 5.6 and 3.7 A, respectively,
suggesting low conformational dynamics in both mutants. Differential scanning calorimetry (DSC) was
performed on wt and a C-terminal deletion mutan{187—243), to obtain information on domain
architecture. Contrary to expectations, both proteins unfold cooperatively. The results are consistent with
the presence of a single folded domain within residue486. These results support the presence of a
discrete globular bundle conformation for lipid-free apo A-l.

Human apolipoprotein (apo) A-l is a 243-residue polypep-
tide containing a series of highly homologous 11- and 22-
residue amphipathie-helices. Apo A-I resides on the surface
of high-density lipoprotein (HDL}.It comprises about 70%
of total HDL protein and is generally viewed to be
responsible for most functions of HDL. The breadth of
functions attributed to apo A-l include lipid and cholesterol
binding or solubilization, lecithin-cholesterol acyl transferase
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(LCAT) activation, antiinflammation, antioxidation, and
binding to the ATP binding cassette A1 (ABCA1) transporter
receptor.

The multiplicity of functions attributed to apo A-l suggests
a need for a flexible and adaptable structure. The functions
of apo A-l1 and HDL-bound apo A-l may therefore arise,
in part, from its existing structural form and, in fact, a var-
iety of data indicate that apo A-l adopts multiple, physi-
ologically relevant, conformationsl{5). In addition to
its lipid-bound form, as associated with discoidal and
spherical HDL, apo A-l exists in plasma in various partially
lipidated states, including so-called “lipid-poor” apo A-l and
lipid-free apo A-1 (found to be up t0-510% of circulating
apo A-l 6, 7)). These forms are apparently in dynamic
exchange as a result of metabolic enzymes that act upon
HDL.

The presence of lipid-free and lipid-poor apo A-l in the
plasma is likely of physiological importance to many, if not
all, of its functions. Therefore, it is of interest to learn the
structures of, and the mechanism for interconversion be-
tween, these functionally relevant conformations. With this
in mind, a number of studies in the past decade have focused
on the conformation of the lipid-free state of apo ASH
21). From these, an image of the protein’s shape emerges
that is not as much globular as it is elongated, or possibly
even fluctuating between a globule and a more elongated
form. The studies to date, therefore, leave open the question
of which form dominates in solution.
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Here, mutants were constructed that contain a single nativeAgilent 2100 BioAnalyzer electrophoresis), analytical C18
tryptophan at position 50, W@50, by replacing native reversed phase HPLC (Vydac, 218TP104) and electrospray
tryptophans with phenylalanine at positions 8, 72, and 108. mass spectroscopy. The Agilent BioAnalyzer is a microflu-
Previously, all possible single tryptophan mutants of apo A-l idics “lab-on-a-chip” gel electrophoresis system that provides
(including one similar to W@50) were constructed by a read-out of electrophoresed samples analogous to that
Davidson et al. for intrinsic fluorescence studies (not FRET) obtained from a stained SB®AGE polyacrylamide gel.
(14). In the present studies, a cysteine was also incorporatedUnlike the latter, each sample is electrophoresed individually,
for attachment of the extrinsic fluorescent probe AEDANS. and samples are normalized to each other using internal
The amino acid position for cysteine replacement was markers and a system peak (for more information see
selected so that energy transfer from W@50 in a helical www.agilent.com/chem./labonachip). In all cases, purified
bundle conformation would yield a distance easily distin- proteins were found to be equal to or greater than 90% pure
guished from the distance measured if the protein was foldedand to contain little or no cystine cross-linked dimer (by
as an elongated hairpin. Two such mutants were constructecelectrophoresis and mass spectroscopic determination). Cys-
that met this criterion by replacing either arginine 83, or teine oxidation was not found to be a problem within-24
arginine 173, within the W@50 mutant: W@50R83C and 48 h in solution. For longer periods, some reducing agent
W@50R173C. To aid in the interpretation of the FRET (S-mercaptoethanol, DTT or TCEP) was present in the
results, we built structural models for a globular helical sample. Extinction coefficients at 280 nm were calculated
bundle and an elongated hairpin of lipid-free apo A-l that based on the protein’s sequence and used for concentration
are consistent with known structural data and derived determinationsi 8 M guanidine hydrochloride: 1.07 or 1.12
from the intermolecular helixhelix interactions found in mL/(mg cm) for wt apo A-l with or without His tag,
our crystal structure of apA(1—43)A-1 (10, 12, 13). The respectively, and 0.5 mL/(mg cm) for single tryptophan
structural models and the FRET measurements are discussethutants of apo A-l. Unless otherwise indicated, constructs
in light of results from differential scanning calorimetry used in the described experiments retained both the histidine
(DSC) that support a cooperative folded structure for apo tag and the Factor Xa cleavage site. Previous studies have
A-l. shown that this N-terminal tag has no significant effect on

the properties of the proteiri2, 13).
EXPERIMENTAL PROCEDURES Electrospray Mass Spectroscopic Analyditass spectra

Construction and Expression of apo hA-I Cysteine Mu- from a Micromass Q-TOF-2 mass spectrometer were ob-
tants A pGEMEX (Promega, Madison, WI) plasmid con- tained by either the infusion mode or by LCMS. The infusion
taining a modified wt human apo hA-l gene with an mode involved delivery of the protein solution using a
N-terminal six-amino acid histidine tag and a four-amino syringe pump (Harvard Apparatus model 22) at a flow rate
acid Factor Xa cleavage site immediately prior to the start of 300 mL/min. The LCMS method used an LC Packings
of the mature apo hA-I sequence was prepared as describedJItimate liquid chromatograph. The column utilized was a
elsewhere 13). Mutants were prepared using the Quick- LC Packings Fusica 300 mm PepMap. The flow of 2 mL/
Change kit (Stratagene) with the modified apo hA-I plasmid min was introduced into the mass spectrometer through the
as a template and pairs of complementary oligonucleotide nano-Ic inlet. Calculated molecular masses were in agreement
primers designed to change tryptophan 6, 72, and 108 towith those identified by mass spectrometry.
phenylalanine. Once a construct in which only W50 remained AEDANS Labeling of Cysteine Containing MutariRso-
was obtained (W@50), mutations changing R83 or R173 to tein was dialyzed into 50 mM Tris-HCI, pH 7.5, 150 mM
cysteine were created by site-directed mutagenesis as deNaCl, 5 mM EDTA, 1 mM TCEP (buffer A) and concen-
scribed previously. After each individual mutant was created, trated to about 1@M. The protein solution was then mixed
the complete sequence of the resulting apo hA-I insert waswith an equal volume of the same buffer vt M guanidine-
checked by DNA sequencing to ensure that no other HCI (buffer B). A 20-fold excess of 1,5-AEDANS (Molec-
mutations were inadvertently created. The mutant geneular Probes) in buffer B was added into the protein to start
products were expressedtischerichia colBL21/DE3 cells the labeling reaction. The reaction mixture was kept in the
as described elsewherd?j. The harvested cells were dark under agitation at room temperature 4oh and then
resuspended in sterile PBS. moved to 4°C for overnight incubation. The extent of the

Purification and Characterization of Mutant Apolipopro- labeling reaction was checked by analytical C18 reverse
teins Apo A-l mutants were prepared as described previously phase HPLC. A 10QL aliquot of the reaction was mixed
(11). Briefly, after bacterial cell lysis in sterile buffer, the with 6 M guanidine-HCI and injected onto the column. There
lysate was suspended in 20 mM sodium phosphate, 150 mMwas a shift in elution time of the protein due to labeling,
NaCl, 1 mMg-mercaptoethanol, pH 7.4, including a cocktail which allowed the estimation of reaction completion. Once
of antioxidant and protease inhibitors, and the supernatantthe reaction was more than 90% complete, it was stopped
was purified on a 10 mL Hi-Trap Ni-chelating HP column by addition of 10 mMg-mercaptoethanol. Labeled protein
(Amersham Biosciences). The column was equilibrated with was purified by C18 reversed phase HPLC. Fractions
20 mM sodium phosphate buffer, 500 mM NaCl, 10 mM containing the labeled protein were lyophilized and stored
imidazole, 1 mMg-mercaptoethanol, pH 7.4, before sample at—20°C. The labeling of AEDANS was confirmed by mass
loading. The column was then washed by the same buffer spectroscopy.
containing 100 mM imidazole to remove contaminants. Factor Xa Cleaage and AEDANS labeling of W@50R83C
Target protein was eluted by 300 mM imidazole in the same apo A-l. Proteolytic cleavage of the six-amino acid N-
buffer and then dialyzed into desired buffer for future studies. terminal histidine tag was carried out in a 20 mM Tris-HCI
Purified protein was characterized by SBBAGE (or buffer, pH 7.4, with 50 mM NaCl and 1 mM TCEP, with a
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Factor Xa to protein ratio of 1:25 and reacted at room extinction coefficient of 1.12 (mg/mLC}cm? for wt apo A-l
temperature for 3 h. The reaction was then stopped by addingand 1.31 (mg/mL)' cm* for apoA(187—243)A-l. DSC data
10 uM dansyl-Glu-Gly-Arg-chloromethyl ketone (CalBio- were exported as ASCII files and analyzed using MicroCal
Chem, Inc.), an irreversible factor Xa inactivator. The cleaved Origin 5.0 for DSC software.

protein was purified on a Hi-Trap Ni-chelating column to  Fjygrescence Measurements. Experimental MetrStesdy-
separate cleaved and His-tagged protein. Further purificationgiate fluorescence measurements were carried out &€ 20
was carried out using analytical C18 reverse phase HPLC, o an 1SS PC1 photon-counting spectrofluorometer, using a
and the purified protein was subsequently subjected t0 pang-pass of 3 nm on both the excitation and the emission
AEDANS labeling as described above. After purification of - yonochromators. All fluorescence spectra were recorded on
the sample by analytical C18 chromatography, SPBGE monomeric concentrations of protein &l in 50 mM Tris,
showed that the labeled protein wa80% pure. It was not pH 8.0, 0.1 M NaCl, and 1 mM DTT. When present, the
possible to produce cleaved W@50R173C in sufficient rea concentration was 5 M. All emission spectra were
quantities for subsequent labeling. background subtracted with solutions in which proteins were
Circular Dichroism (CD).CD spectra were recorded for - omitted and corrected for variation of the detector system
W@50R83C, W@50R173C, aph(187-243)A-I (Minus  with wavelength. Quantum yields of Trp50 in W@50R83C
His tag) and wt apo A-I (minus His tag) on an Olis DSM  gng W@50R173C apo A-l mutants were determined with
1000 CD spectrophotometer (USA). The cells have a path gycitation at 295 nm by the comparative metha@) (using
length of 0.02 fqr far-UV spectra for protein concentrations cqrrected emission spectra antryptophan as the standard
of 3.4-10.1uM in 20 MM HEPES +1 mM TCEP pH 7.4. as previously describe@4). Measured quantum yields were

A small concentration dependence on the ellipticity was ysed in the calculation oR,, the Faster critical distance
observed for apo A-l and W@S50R83C. Spectra were (gq 3, see below).

recorded from 260 to 185 nm for far UV in 1-nm steps with
a variable scan speed at 22. The molar ellipticity values
are calculated according to the following expressio@®] [
= (®)(100 x MRWI/Ic), where © is the ellipticity in
millidegrees, MRW is the mean residues molecular weight
in grams per mole (116.1 for wt apo A-l and 116.8 for both
unlabeled mutants},is the path length in centimeters, and
c is the concentration of the protein in milligrams per
milliliter. The value [®] has the units of deg chdmol .
The calculations ofa-helical content are based on the
equationfy = —([®]222 + 2340)/30300 Z2).

To monitor thermal unfolding by changes in the far UV
CD, the temperature of the monomeric protein (V) was
increased in steps of ZC (through the thermal transition
range) or 4°C (below the thermal transition) at an average
rate of 0.3°C/min. The sample equilibrated at each temper-
ature for approximately#9 min, and 3 scans were recorded
from 215 to 225 nm, which were subsequently average

Fluorescence intensity decays were measured a€20
the time domain with an IBH 5000 photon-counting lifetime
system equipped with a very stable flash lamp operated at
40 kHz in 0.5 atm of hydrogen. For FRET measurements,
the donor was tryptophan 50 and the acceptor was the
extrinsic fluorophore AEDANS covalently linked to the
single Cys83 or Cys173 of W@50R83C and W@50R173C.
The excitation wavelength was 295 nm and the emission
wavelength was 333 nm for donor tryptophan. Intensity
decays of the donor from the donor-alone and denor
acceptor samples were collected into 1024 channels of a
multichannel analyzer (PCA3) under identical experimental
conditions and were corrected for background signals using
an identical solution in which the protein was omitted. These
decays were used to calculate the distribution of intersite
distances between donor and acceptor as in previous work
d (egs 2 and 4, see below}5y).

(total time at each temperature wag4 min). The unfolding FRET Theory and Analytical Methods for Determination
profiles were normalized and a van’t Hoff analysis was used Of Intersite DistancesThe physical basis for determination
to obtain the unfolding temperaturgy, and enthalpyAHy. of an ensemble of intersite distances by FRET has been

Differential Scanning Calorimetry (DSCAIl DSC scans  Previously described?6—28). We summarize here the time-
were performed with an N-DSC Il differential scanning domain procedure used in the present analysis to facilitate
calorimeter (Calorimetry Sciences Corp.). Lyophilized wt apo discussion. Donor intensities, in the absence of energy
A-l (minus His tag) or apa\(187—243)A-I (minus His tag) transfer, are fitted by convoluting the observed lamp profile
were dissolvedri 6 M guanidine-HCI to approximately 0.2  With a multiexponential function of the form
mg/mL and dialyzed extensively against 10 mM sodium
phosphate, pH 7.2 at€. The dialysate was filtered through D(t) = zaDi exp(—t/ty;) (1)

a 0.22uM syringe top filter and degassed. It was loaded i

into the DSC cells and scanned up and down from 0 to 110

°C at 1°C/min several times to condition the cells and Whereayp; is the fractional amplitude associated with the
establish the buffer baseline. Protein solution was then lifetime zp; for theith component. In the presence ofrBter
degassed and loaded into the sample cell and scanned up teesonance energy transfer, the distance-dependent donor
110°C at the same scan rate. Scans of Ab87—243)A-| intensity decay of a donefacceptor pair separated by a given
were obtained in a similar manner in 20 mM sodium distancer is given by

phosphate, pH 7.4. The concentrations of protein used in

the DSC scans shown in F|gurg 7 are both 0.16 mg/mL. A Ipa(r,t) = Z%i exp[—(t/ry;) — (t/fDi)((RO/r))G] (2
repeat scan of the same protein sample was performed to .

determine reversibility of unfolding, and both were found

to be largely reversible. Exact concentration of protein in whereR, is the Faster critical distance at which the energy
the cell was determined by absorbance at 280 nm using antransfer efficiency is 0.5R, is experimentally derived for
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each donotacceptor pair from 1 2 3 4 5 6 7 8
R, = 0.211f*n *QuJ(1)]*® (in A) (3)

where wavelength is expressed in nanometefsis the kDa

orientation factorn is the refractive index of the medium, WEsmEmsmpEenss. s Qpy sx s

Qo is the quantum vyield of the donor in the absence of 53 S e s e i —

.

acceptor, and(X) is the spectral overlap integrd(A), which |
quantifies the degree of spectral overlap between the donor

emission and acceptor absorption, is calculated from the 325

respective corrected and normalized spectra of the donor and 29 :

acceptor. It is common to use the dynamic averaging value

2/3 for k2, but whether this assumption is valid for any FRET 215 —__-M-__
study should be determined on a case by case h28jisl iz

the present studies, it is a reasonable assumption. Chromphores 14 .4

that have mixed polarizations and are characterized by

multiple dipole transitions across the absorption band can G —

have a narrowc? range R9), and when the acceptor (not T e N = (N S5 S5 e e
donor) chromophore exhibits this property, reduction of the 45@ i — q.
«? ranges toward 2/3 occur8@. AEDANS, the acceptor 3 55 g

used in the present studies, is a close structural homologue EET T e e P o PR T DT
of the dansyl moiety (both are 5 substituted 1-sulfonyl-
naphthalenes), which is known to exhibit mixed polarizations

across the absorption ban2g. Ficure 1: Electrophoretic analysis of purified proteins. Lane 1
The observed donor intensity decay may be treated in theMW standard markers: lane 2, wt apo A-l; lane 3, W@5OR836;

most general case as an ensemble of democeptor pairs  |ane 4, W@50R83C-AEDANS; lane 5, W@50R83C (minus His-
and is given by the average of the individual decays weightedtag); Lane 6 W@50R83C-AEDANS (minus His-tag); lane 7,

by the distance probability distributiof(r)] of the donor- W@50R173C; lane 8, W@50R173C-AEDANS. Proteins were

acceptor pairZ6) analyzed by the Agilent Bioanalyzer. Dashed boxes surround the
' internal markers (at 53 and 3.5 kDa) and system peaks (4.5 kDa),

respectively (see Experimental Procedures for details).

loa() = f; PNl pa(r.t)dr (4)
- . W@50, two new mutants were constructed, each with an
The probability distribution is usually assumed to be a arginine to cysteine replacement at either arginine 83
Gaussian with a mean distan@@Jand half-width (hw) of (W@50R83C) or arginine 173 (W@50R173C).
the distribution. The standard deviation) ©f the Gaussian Purified proteins were labeled with the extrinsic fluorescent
is related to the half-width by hw= 2.354. probe iodo-AEDANS and repurified by reversed phase

The distributions of the distances between W@50 and yp_c. purity and stoichiometric labeling was confirmed by
Cys83 and between W@50 and Cys173 were calculated Usp|ectrophoresis (Figure 1, Table 1) and mass spectroscopy

ing the program CFS_LS/GAUDIS, using data obtained from (taple 1). Both AEDANS-labeled proteins were estimated

corrected donor fluorescence decays and experimental valueg, pe greater than 99% pure by densitometric analysis of
of R, separately determined for each mutant. The reducedine electrophoresis profile, and singly labeled by AEDANS

chi squares ratioyg?) and an analysis of the dependence of by mass spectroscopy. His-tag minus W@50R83C and
this ratio on the mean distance and the half-width were used\y@50R83C-AEDANS were also prepared for confirmatory

to judge goodness of fit for the distribution and determine analysis (Table 1). As shown in Tables-4 (discussed

the upper and lower estimates of the mean distance and th‘below), no discernible differences were observed between
half-width at the 68% confidence leve?§, 28). the plus and minus His-tag constructs.

RESULTS Significant physical characterization of single tryptophan
mutants has been conducted previously, which showed that
Expression, Purification, and Physical Characterization W@50 has secondary structure, stability, and lipid binding
of apo A-l Recombinant Protein§.he construction and  properties similar to wild-type apo A-ILd). As shown here,
expression inE. coli of wt apo A-l, W@50R83C, and a further cysteine replacement does not cause significant
W@50R173C were made possible using the gene for full- structural perturbation. The W@50R83C and W@50R173C
length mature human apo A-I containing an N-terminal His- constructs have similar secondary structures to wild-type apo
tag and Factor Xa cleavage site. The general methods forA-l, based on far-UV circular dichroism (Figure 2 and Table
mutagenesis, expression, and purification have been previ-1). After labeling with AEDANS, stability was assessed by
ously described](1, 12, 13). Mutagenesis was performed in  monitoring thermal unfolding in the far UV CD (Figure 3
a stepwise fashion. First, the single tryptophan 50 mutantand Table 1). Midpoint unfolding temperature$y) of
was constructed by replacing tryptophans at positions 8, 72,labeled mutants were found to be within a few degrees of
and 108 with phenylalanine. A similar triple substitution wild-type apo A-l, and van't Hoff enthalpiesAf,n) of
mutant, containing an N-terminal prosequence, was con-unfolding were also similar to wild typél,, and AH,4 of
structed by Davidson et all4), and we have adopted their wild-type apo A-l1 were very similar to those reported
nomenclature for this substitution pattern, i.e., W@50. From previously (8, 21).
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Table 1: Analysis of Protein Purity, Identity, and Stability of wt apo A-

| and Mutants

mass? experimental TS
protein % purity % helix calculated AHy4 (kcal/mol)
wt apo A-l 95 50.8 61.3+ 0.8°C¢
59.4+ 0.3°C®
39.3+4.0¢
391+ 1.5
W@50R173¢C 93 48.4+ 1.0
W@50R173C-AEDANS 99 29625 61.7 0.6°C
29624 31.4-1.7
W@50R83¢ 97 52.5+ 3.5
W@50R83C-AEDANS 99 29624 58.6£ 0.4°C
29624 31512
W@50R83C-AEDANS 90 28215
28215

aBased on Bioanalyzer analysis; see FigureéDetermined by mass spectromettydetermined by CD measurements; see Figufe\deasurement

on plus His-tag construct.Measurement on minus His-tag construct.
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Ficure 2: Far-UV circular dichroism of wt apo A-l1 and W@50

mutants. Wt apo A-1, solid line, 8,6M; W@50R83C, dashed line,
8.1 uM; W@50R173C, dotted line, 54M.
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Ficure 3: Thermal unfolding of wt apo A-l and its AEDANS
labeled W@50 apo A-I mutants. Wt apo A-I/minus His tad, (
solid line); wt apo A-l/plus His tagd, dashed line); W50@R83C

(O, dotted line); W@50R173Ca(, dash-dotted line); as detected

by CD. Each point represents the average of normalized data
collected from 222 to 224 nm. The lines represent the van't Hoff
fit from which theT,, andAH,4 were obtained (given in Table 1).

The fluorescence emission properties determined from the
corrected spectra of W@50R83C and W@50R173C are
indistinguishable, as summarized in Table 2. The emission
maxima @may are 334 and 333 nm, and the quantum yields

Table 2: Steady-State Fluorescence Properties of Monomeric
W@50 apo A-l Single Tryptophan Mutants

protein condition Amadnm) quantum yield
W@50R83C native 334 0.23
W@50R83C +urea 349 0.14
W@50R83C native 335 0.22
W@50R83C@ +urea 348 0.11
W@50R173C native 333 0.22
W@50R173C +urea 349 0.12

a Measurements made on the minus His-tag construct.

Table 3: Fluorescence Lifetimes of Monomeric W@50 apo A-I
Single Tryptophan Mutants

fluorescence lifetimes (ns)

sample condition 1 T2 T3 @0
W@50R83C native  8.32(0.08)2.86(0.47) 0.78(0.45) 4.10
W@50R83C +urea 7.86(0.06) 2.58(0.50) 0.67(0.44) 3.51
W@50R83¢C native 8.50(0.07) 2.86(0.34) 0.64(0.59) 4.10
W@50R83¢ +urea 8.16(0.05) 2.68(0.46) 0.66(0.49) 3.48
W@50R173C native  8.42(0.07) 3.29(0.38) 0.91(0.55) 4.08
W@50R173C +urea  7.92(0.06) 2.72(0.43) 0.77(0.51) 3.52

aThe numbers in parentheses are the fractional amplitudgs (
associated with the individual lifetime components$zUis the intensity-
weighted mean lifetime calculated froz0= Y aiti¥/3 aiti. ® Mea-
surements made on the minus His-tag construct.

are 0.23 and 0.22, respectively. The values of both the
emission maxima and associated quantum yields are con-
sistent with each other and indicate that in the folded state,
W@50 is substantially shielded from solvent. Thésgx
values for W@50 are 45 nm shorter than the value
previously reported, which was obtained from an uncorrected
emission spectrumld). In the presence of 5 M urea, the
Amax Of both mutants becomes red-shifted to 349 nm, and
their respective quantum yields are reduced to 0.14 and 0.12.
These results are consistent with unfolded proteins where
W@50 is exposed to the solvent. The steady-state fluores-
cence results indicate that the substitutions of Arg83 and
Arg173 by cysteine do not alter the local structural environ-
ment of apo-Al in the region of W@50. Collectively, the
data summarized in Tables 1 and 2 indicate that no significant
structural perturbations occur in apo A-l with the mutations
described or subsequent AEDANS labeling of cysteine.
Time-Domain Fluorescence Measuremeiftse intensity
decays of W@50 in all mutants could not be fitted with a
monoexponential function but could be fitted with three
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Ficure 4: Fluorescence intensity decays of apo A-l W@50 apo A-I mutants with and without labeled AEDANS. (A) Native W@50R83C.
(B) Native W@50R173C. (C) W@50R83€ urea. (D) W@50R173G- urea. ®): decay in the absence of an accept@y):(decay in the
presence of an acceptor (AEDANS linked to cysteine).

exponentials yielding three lifetimes (Table 3). Three . £ 3— :
lifetimes are commonly observed in proteins containing g \ g "F’V"‘""""“‘”““““]
single tryptophans and have been reported before for the gl <3 10 20 30 40
single tryptophan apo A-l mutantsl4). The intensity- @
weighted mean lifetimes are in the range 4:@810 ns, and §
the corresponding mean lifetimes of the mutants in urea are .
3.48-3.52 ns. The very narrow range of the mean lifetimes - &f | K
suggests very similar local environment for W@50 in the j,l' \
mutants. = . . . .

Figure 4 shows the intensity decays of W@50 in QJMMWMWW"WN{
W@50R83C and W@50R173C (donor only) and with - ) ) . )
labeled AEDANS (donoracceptor). In the folded state, the I 10 20 % 40

Time (ns)

decay in the doneracceptor sample is faster than in the

donor-only sample (compare closed symbols to open symbolsFIGURE 5: An analysis of energy transfer from donor tryptophan
in W@50R83C-AEDANS to the acceptor. As an example, data

in the upper panels A and B). This is evidence of energy taken from Figure 4A are shown here. The sharp peak (green) on
transfer from the donor to the acceptar.3 M urea (lower  ine jeft is the excitation light pulse. The donor intensity decay in
panels C and D), the two decay profiles are superimposable the presence of acceptor (broad peak on the right, black points)

indicating negligible energy transfer between the two fluo- was fit (red line through points) to eq 4 (see Experimental
rophores when the protein is unfolded. Procedures) with a single GaussianR{s) and a sum of three

. . . exponential terms folpa(r,t) (eq 2). The residual plot of the fit is
Intensity decay data showing energy transfer are fit to a shown in the lower panel across the figure, and the autocorrelation

tI’IeXponentlaJ funCtlon W|th a S|ng|e GaUSSIan funCtIOI’] fOI‘ plot is shown as an inset at the upper r|ght corner. The best_fit
P(r), (eq 4 in Experimental Procedures). Figure 5 illustrates data from this analysis were used to calculate the distribution of
the best fit curves for W@50R83C-AEDANS. The distribu- the intersite distances between W@50 and the acceptor AEDANS
tion of the intersite distances between W@50 and Cysg3 attached to C83.
was calculated from the best fit of the data and is displayed related to the standard deviation of the Gaussian, a half-
in Figure 6. Also shown is the distribution of the distances width in the range 46 A is suggestive of little structural
between W@50 and Cys173. These distance parameters ardynamics between the helices where the three residues (W50,
summarized in Table 4. C83, and C173) are located. This interpretation will be
The mean distances between W@50 and C83 and betweemliscussed below in further detail. Upon denaturation of the
W@50 and C173 are 21-22.3 A (representing- His tag sample in urea, the mean distances increase, indicating a
constructs) and 19.2 A, respectively. The experimental value decrease in energy transfer, as expected. The concomitant
of the Faster distanceR,) for the donor-acceptor pair used increases in the half-width reflect an increase in random
in this study, 23.724.2 A, is optimal for determination of  motions of the polypeptide.
these intersite distances, since it is in this range of distances The relatively narrow half-widths of the single-distribution
that energy transfer will be easily detected. The half-widths fits support a discrete structure for lipid-free apo A-1. Since
of the distributions are 3:75.6 A. Since the half-width is  this conclusion is at odds with previous data suggesting a
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Shown in Figure 7 are the DSC data obtained for
recombinant wt apo A-l under solution conditions similar

03 to those reported earlie8). Thermodynamic analysis of the
endotherm indicates the monomer unfolds in two steps
021 represented by two two-state transitions (see Table 5). The
& ratio AH,w/AH; = 0.50, not 0.16 as obtained previously. The
0.1- van't Hoff enthalpy,AH,; = 41.8 kcal/mol, compares well
_ to the spectroscopically derived value (Table 5) and the
YL J p— earlier DSC value §. The presence of two two-state

transitions suggests that apo A-1 unfolding proceeds through
. ‘ ‘ a single intermediate, i.e., a three-state unfolding model.
15 20 25 30 35 Thermal unfolding was also monitored by far UV CD, and
Distance (A) the normalized data are shown in Figures 3 and 8. The data
FIGURE 6: Area-normalized distributions of intersite distances can be fit equally well to either a two- (Figure 3) or a three-
between W@50 and C173-AEDANS in W@50R173C (A) and state (Figure 8) modél.
between W@50 and C83-AEDANS in W@50R83C (B). In our 1998 publication2), we compared the structure
. _ . and stability of full-length apo A-I to a C-terminal deletion
dynamic equilibrium between a closed bundle conformation 1, tant apaA(187—243)A-1. We concluded that the folded
and an open hairpin conformatiobd), we also mvgsugated core of apo A-l is contained within the N-termina-186
whether the FRET data could be better described by two resjques due to the similarities in a variety of physical and
distributions of the intersite distances, which would be gpeciral properties, including structural stability and the near-
compatible with a dynamic interchange between these two v/ D for the two proteins. This viewpoint has subsequently
extremes in conformation. This analysis was accomplished ygen reinforced by other&J). In fact, a CD analysis of the
by using two Gaussian functions fB(r) in the calculations.  thermal unfolding of a similar C-terminal construct led to
T_hese results are included in Table 4. Because (_)f the inversgpe suggestion that removal of the C-terminus increases the
sixth power dependence of FRET on the distance, the cooperativity of the remaining structurg1).
distance distribution is heavily weighted toward short  apincrease in cooperativity would be readily detected by
distances. Therefore, it is not surprising that the short-distancepgc \which also allows for a quantitative analysis. DSC was

distributions are similar to the single distributions in both therefore, performed on ap(187—243)A-1 and the result-
the mean distance and the half-width. The Iong—distancemg DSC and CD curves are shown in Figures 7 and 8,

distribution is considerably broader than the short-distance respectively. The DSC transition fits well to a single two-
distribution for W@50R83C (a 2-fold increase in half-width),  state transition for the monomer, as shown. The rati,./

but the reverse was found for W@50R173C. In fact, the half- Ay = 1 o (derived from a single non-twatate fit; fit not
width of 0.5 A i not physically meaningful and is indicative shown), which is equivalent to a two-state fit. This result is
of a poor model for fitting. Further evidence for this ¢onsistent with a single, discrete, cooperative domain. For
conclusion is the mean distance of 80 A recovered from the comparison, the CD data is also shown fit to a two-state
long-distance distribution, which is also not physically {ansition (Figure 8). The\H for full-length wt apo A-l
meaningful. Such a long distance of 80 A4s2R, for the  ang apoA(187—243) A-l are essentially the same (Table
tryptophar-AEDANS pair and would not be resolvable. For - 5y ‘\which is consistent with our earlier suggestion that the

both of the two-distribution fits, there is no improvementin  foded core of the protein resides within the first 186 residues.
the fitting statistics gr?) over the single-distribution fits.

While it is not possible to unequivocally rule out the bimodal DISCUSSION

fits, taken together, these considerations lead to the conclu- . .
sion that the present FRET results are most consistent with The DSCfan? FdRFT data reporr;[ed.hire r?rde' consstengwnh
a single distribution (and do not support a bimodal distribu- a structure for lipid-free apo A-l that is both discrete, and as
tion) for the separations between W@50 and C83 and c173 discussed below, globular. These data are inconsistent with

. . . . earlier reports that the structure is conformationally dynamic
Differential Scanning CalorimetryThe data presented thus  54/0r exists as an ensemble of conformations, typical of a
far are consistent with a discrete structure for apo A-I (single ,qjten globule § 13). Possible reasons for the lack of
distribution function of relatively narrow half-width). How- '

S S _ : / correspondence with earlier data will be posed.
ever, this interpretation is not consistent with the widely held  Hg- Analysis of Molten Globules: Backgroufithe lack
view that lipid-free apo A-l is a molten globul&,(21, 31). :

) - . . ; of a cooperative structure is a hallmark of the molten globule
The first and still the most direct evidence suggesting a

. . state and was originally thought to be a universal feature of
_molten globule state was published by Gursky and Atklnson molten globules since early on species identified as such had
in 1996, based on DSC of apo A-I thermal unfoldir@). (

no detectable unfolding transitioB3, 34). However, there
This is the best approach to obtain the necessary thermody- g %39

namic parameters required to identify the presence of an 2 For noncalorimetrically derived unfolding data, it is not unusual
equilibrium St"’.‘te _S’UCh as th? mo!ten globuBg)(We f{"?c'ded to find that the number of experimental points is son‘wetimes insufficient
to look at this issue again with a more sensitive DSC to distinguish between unfolding models. Normally, we would use the
instrument and at an apo A-l concentration where the simplest model that fits the data to obtain thermodynamic parameters,
monomer is the predominant species (0.16 mg/mL), repre- and in the past we have used a thermodynamic two-state fit to obtain
. . AGy,0 values (L1, 12), as have all others reporting such values for apo
senting a 10-fold lower concentration than the lowest used a.|. A three-state fit is shown simply to illustrate that the CD data are

in the earlier study. not inconsistent with it.
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Table 4: Intersite Distance Parameters for Monomeric AEDANS-Labeled W@50 apo A-l Single Tryptophan Mutants

protein conditions Ro(A) mean distance (A) half-width (A) A2
W@50R83C
single-distribution fit native 24.2 21.40.8,+1.0p 5.6(-0.3,+0.2p 1.18
two-distribution fit 21.1(79%) 6.3 1.19
30.5(21%) 11.1
single-distribution fit unfoldedfurea 20.1 35.2¢1.2,+1.5)2 8.9(-0.5,+0.6)¢ 1.17
W@50R83C
single-distribution fit native 24.1 22.30.9,+0.7p 5.0(-0.4,+0.3¢ 1.20
single-distribution fit unfoldedfurea 19.8 29.3t1.4,+1.5p 10.6(-0.6,+0.7¢ 1.26
W@50R173C
single-distribution fit native 23.7 19.20.9,+0.9¢ 3.7(-0.4,+0.2¢ 1.21
two-distribution fit 22.2 (5698) 4.1 1.23
80.0 (40%) 0.5
unfoldedfurea 19.7 no FRET detected no FRET detected NA

aNumbers in parentheses are the lower and upper 68% confidence (one standard deviation) estimates of the fitted mean distance and half-width.
b Number in parentheses given with each of the two mean distances (from the two-distrubution fits) are the amplitudes associated with the individual
distances® Measurements made on the minus His-tag construct.
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Ficure 7: Differential scanning calorimetry of wt apo A-l and the  Ficure 8: Thermal unfolding of wt apo A-l and the C-terminal
C-terminal truncation mutant, ap&(187—243)A-I (both in the truncation mutant, apa(187—243)A-1. Wt apo A-I/minus His tag,
absence of His tags). For purposes of comparison, the heat capacity+, solid line); apoA(187—243)A-I/minus His tag ¥, dashed line);
profiles of each protein (normalized to the monomeric concentra- as detected by CD. Each point represents the average of normalized
tion) are superimposed. Data are shown in solid lines and fitted data collected from 222 to 224 nm. The data for wt apo A-l is the
curves are shown in dashed lines. The single curve centered neasame as that shown in Figure 3 and is repeated here for clarity and
59 °C is for apoA(187—243)A-I and is fit with a single two-state  for direct comparison to the mutant. The lines represent the van't
unfolding model. Wt apo A-l is broader and centered neaf®3 Hoff fit to a three-state fit for apo A-I (for comparison to the two-
It is best fit to two two-state transitions, as shown. The thermo- state fit shown in Figure 3) and a two-state fit for ap@l87—
dynamic parameters associated with these fits are given in Table243)A-I. TheT,, andAH,y obtained from these fits (two-state only)
are given in Table 5.

are now many examples of molten globular structures that

show cooperativity32, 35, 36). Some degree of cooperativity be much lower than 0.5 and will be less cooperative than
is implicit in the ability to detect (either spectroscopically either a two-state or three-state transitiGg)(

or by calorimetry) unfolding induced by heat or denaturants. New Results Lead to Different Conclusions: Wy?the

Arai and Kuwajima have reviewed the cooperativity of basis of the DSC data presented here, there is good reason
molten globules in detail3?). The degree of cooperativity to believe that apo A-l exhibits a discrete, compact structure.
can only be determined by a calorimetric analysis, by The low thermodynamic stability of apo A-l is not at odds
comparison of the van't Hoff and calorimetric enthalpies. A with this interpretation nor is the vast majority of the
discrete structure will unfold through one or more two-state experimental data that exist for apo A-I, with the exception
transitions. This ratio is 1 for a single two-state transition of the earlier DSC study of Gursky and Atkinso3),(and

and 0.5 for a three-state transition (or two two-state transi- our own results indicating dynamic conformational hetero-
tions). The molten globule will not exhibit this level of geneity. We drew this conclusion from a van Holde-Weishet
cooperativity since it is an ensemble of structures with analysis of sedimentation velocity datd3]. A likely
different energies and different amounts of residual structure, explanation for the inconsistency between the results from
even though they may share a common structural featurethis earlier study and the present is found in the different
(37). A statistical thermodynamic formalism for this concept techniques used. The protein is subjected to an external
shows that if there are as few as 2 to 3 independent residualcentrifugal force during collection of the sedimentation
structural elements that must unfold during the transition velocity data. On hindsight, it seems likely that the relatively
between the molten globule and the fully unfolded denatured low stability of apo A-l is not sufficient to withstand such
state, the ratio of the van’t Hoff to calorimetric enthalpy will forces. However, since the changes are subtle and reversible
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Table 5: Thermodynamic Parameters Obtained from Fits of wt apo A-I and\@®7—243)A-1 Thermal Unfolding

CD? DSC
protein Tm AHyy (kcal/mol) Tm AHy (kcal/mol) AHc (kcal/mol)
wt apo A-l single non-two-state
59.4+ 0.3°C 39.1+ 15 63.29+ 0.04°C 418+ 0.2 83.8+ 0.4
two two-staté
61.2+ 0.3°C 41.4+0.8 41.4+0.8
65.2+0.2°C 43.4+0.8 43.4+0.8
apoA(187—243)A-I single two-state
52.3+0.3°C 83.7+ 8.2 58.65+ 0.01°C 84.7+ 0.1 84.7+ 0.1

a Parameters are obtained from a two-state fit of the data. Parameters obtained from a three-state fit are not given because they are not statistically
significant.? In a two-state fit,AH,; and AH. are contrained to be the same.

and the protein does not denature during the course of thethe size of the two presumptive domains are not (186 versus
experiment, this dynamic behavior has gone undetected by56 residues). In fact, thaH. for apo A(187—243)A-I is
other means of analysis. essentially the same as théd. for the combination of both

Second, why do these new DSC results differ from the transitions in full-length apo A-1, while one might expect it
earlier DSC study? Using the best instrumentation available to be close ta\H. for only one of the two transitions. Despite
at the time, apo A-l unfolding was shown to be of very low the foregoing discussion, the unfolding of 2-folded domains
cooperativity, as evidenced by the ratio of the van't Hoff to remains a possible explanation for the two transitions
calorimetric enthalpy, 0.16, whersH,; = 32.5+ 5 kcal/ observed in the full-length apo A-l, even though the exact
mol andAH, = 200 + 20 kcal/mol 8). In further support identity of the domains cannot be determined by the present
of this conclusion were far-UV CD spectra taken over the studies. An alternative explanation for the two transitions
thermal unfolding transition. These did not show an isoch- observed for full-length apo A-l is that they represent the
romatic point, consistent with a low cooperative, non-two- sequential unfolding of the protein, which undergoes a
state unfolding. In fact, the data we present is also consistentconformational change in the first step to a different
with this CD result since an isochromatic point would not conformation that unfolds in the second.

be observed for a three-state unfolding transition, unless the  stryctural Interpretation of FRET Distances: A Model for
two transitions were widely separated in temperature. apo A-l. If one accepts the possibility that the apo A-I
The primary caveat in the earlier data was the relatively structure is discrete, then it is reasonable to build a model
high concentration of apo A-l needed to obtain a detectable strycture that is consistent with the measured FRET distances
DSC signal, the lowest being 1.7 mg/mL (8), a concentration or to compare the FRET distances with an existing model.
in which apo A-l exhibits high-order oligomefsAlthough Given the limited number of distances, we have done the
convincing data were presented that the oligomers of apojatter. Figure 9 shows the hypothetical globular helix bundle
A-l present at these concentrations dissociated below theand elongated helical hairpin structures from which distances
temperature of the unfolding endotherm, the most reasonableyere calculated and compared with those derived from the
explanation for the lack of correspondence between our dataexperimental FRET measurements. The crystal structure of
and those is the relative insensitivity of the instrumentation tetrameric apaA(1—43)A-I (10) has allowed for the con-
used in the early work. struction of these models for a monomeric helical bundle
Structural Interpretation of DSC Data he unfolding of and hairpin. These structures and the rationale for proposing
full-length apo A-l is best represented by two two-state them have been presented previously 9, 13). A key
transitions. There may be several plausible structural inter- rationale for using the apa(1—43)A-I crystal structure to
pretations consistent with this thermodynamic analysis. For construct novel structures for an apo A-I helical bundle and
instance, the two transitions may represent the unfolding of hairpin is the reasonable assumption that the specific helical
two folded domains. Since the number of transitions is pairs observed in the crystal structure are preferred because
reduced to one for the C-terminal truncation mutant Apo  they have intrinsic thermodynamic stability, and so alterna-
(187—-243)A-1, it is tempting to equate the two transitions tive three-dimensional forms also containing these helical
observed in full-length apo A-I with the unfolding of an  pairs may exist.
N-terminal (residues-+186) and C-terminal (residues 187 While represented schematically here as cylinders, the

243) domain. We have also observed a single, two-statep, hjished crystallographic coordinates were used to calculate
unfolding transition for a C-terminal truncation mutant of hypothetical distances for each mod#0), which are given
mouse apo A-l (residues-2216) @9). Attributing the two i, Taple 6. Because of the overall curvature of this tetrameric
transitions to these domains cannot be ruled out, but thisqjical bundle (see red0), the measured distances should
explanatlor) seems unlikely. It is pos_5|ble to roughly correl_ate be viewed only as approximations that are no more or less
the unfolding enthalpy to the size of the cooperative gjig than a helical model designed de novo. Because it is
unfolding unit and in this case, theH. for each of the two i ssible to know how the side chains are oriented in solu-
transitions in the full-length protein are very similar, while tion, the measurements are given fromte Ca, which will
necessarily underestimate the distance between donor and
%1n 1999, Suurkuusk and Halepublished the DSC of apo A-lat  acceptor. Even with these limitations, the differences between

the somewhat lower concentration of 1 mg/ri9 This concentration, e calculated distances for the globular helical bundle and
nevertheless, will exhibit high-order oligomers. They report a similar

lack of cooperativity for apo A-l thermal unfolding as shown by Gursky the elongated helical hairpin models are so large that it is
and Atkinson 8). possible to distinguish between the two structural models in
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Ficure 9: Schematic drawings of structural models for apo A-1. (A) Simplified helical net diagram of the intermolecular associations and
alignment of protein molecules A, B, C, and D found in the crystal structure of tetrameria @pet3)A-I, a mutant of apo A-I missing

residues +43 (2, 10). The diagram illustrates the specific helix-helix pairings along the length of each monomer within the tetramer. The
nomenclature for helices {410) and monomers (A, B, C, D) is found in ref 9. The lengths of all strands, helical and nonhelical, are
roughly to scale according to the crystal structure. (B) Helical net diagram of the proposed helical bundle structure for monomeric apo A-l,
derived from the intermolecular helical pairs found in tetrameric Afib—-43)A-l. Dashed lines that extend through structure in panel A
indicate which portion of the tetramer structure (shaded helices) is used to construct the hypothetical monomeric structure. Implicit in this
transformation are the following assumptions: (i) that the structure of the central residu#87#dre largely unchanged; (ii) the structure

of residues 193243 in lipid-free apo A-l are not critical to the integrity of the helical bundle. Residu&&3thave been modeled as helical

based on a secondary structure analy$ énd NMR of an apa\(187—243)A-I deletion mutant47). The nonhelical regions 0f-133 are

assumed to be in an extended conformatié®) énd lengths are modeled roughly to scale. The secondary structure of residue®393

found in the apdA(1—43)A-I crystal structure were not used and are absent in the monomeric models of apo A-I shown in panels B, C,
and D since there is experimental evidence that in&fio-43)A-I these residues adopt the lipid-bound conformation of apo ). (The

letter W denotes the position of native tryptophans at 8, 50, 72, and 108. (C) Three-dimensional representation of the helical bundle shown
in panel B, where cylinders represent putative helices. Relative positions of residues 50, 83, and 173 are shown. (D) Three-dimensional
representation of a hypothetical helical hairpin structure that is derived by a hinge-type opening around break in helix 2. This structure has
the approximate dimensions that have been found experimentally through analytical ultracentrifugation and fluorescence mea2urements (

the context of the measurements obtained in the FRET exper
iments. That is, the mean FRET distances for the two amino
acid pairs 56-83 and 56-173 are ~21—22 A. These

Table 6: G to G, Distances, in A, in Hypothetical Helical Bundle
and Hairpin Structurés

distances are far smaller than the distances calculated from___residue pair helical bundle helical hairpin
the hairpin model, 4756 A. On the other hand, the fact W50-R83 10.0 46.8
that the experimental FRET distances are somewhat longer  ws0-R173 15.5 56.5

than those measured on the helical bundle structure in Figure
9 may reflect the limitations of the model used or our
inability to assign the side chain locations in the model. The

a Distances were measured from 1AV1 PDB coordinates based on
models shown in Figure 9.
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purpose here is to present one possible model that may be~or many of these conformers, the distance measured was
critically evaluated as more structural information becomes 10 A or more greater than observed in the X-ray crystal
available. structure (absolute distances measured were43A) and
Clearly, there are many more ways to construct a bundle, the half-widths of the distance distributions ranged from 18
and many of these hypothetical helix bundle structures would to >40 A. A majority of distances were significantly shorter
not be ruled out by two FRET measurements. The measure-than the estimated distance between the residues in a
ments reported here do not address nor are they inconsistenstatistical coil state (some were shorter by 20 A), indicating
with (1) a close proximity or interaction between the N- and a significant degree of compactness.
C-terminii (13, 15, 16, 19, 41, 42) or (2) the presence of a From these studies, it may be concluded that distance
two domain architectured( 12, 14, 18, 21), since the most  distributions measured in a molten globule state can be
C-terminal acceptor fluorophore is located at residue 173. remarkably narrow, or not, depending on the location of the
However, a necessary constraint on any alternative modelresidues and the nature of the folding intermediate. The
would be that a reversed turn exists some place betweenpractical conclusion for the present studies remains the same,
residues 50 and 83. Alternative models where this segmentwhich is the data are consistent with a discrete compact state.
of the polypeptide is one continuous stretch of helix would  Comparison of Present FRET Data with Rreus FRET
exhibit a distance too great to match the-2R A measured  Data. The FRET data presented here may also be compared
here. For example, the two FRET measurements we havewith FRET data obtained previously on lipid-free apo A-l
obtained do not fit an alternative helical bundle model (16, 17). In those reports, energy transfer was measured to
constructed by Sean Davidson and colleagle4?). the extrinsic probe acrylodan from five tryptophans, four
FRET Analysis of Molten Globules: What Can We Learn? from the native apo A-l tryptophans at positions 8, 50, 72,
A related guestion is, would an ensemble of globular helical and 108, and one from position3 that arose from the
structures, as envisaged to exist in a molten globule state,inclusion of the apo A-l prosequence into the recombinant
yield the same FRETistance distribution®btained here,  proteins. In these two reports, multiple constructs containing
thus rendering moot comparisons to a particular model? In a single acrylodan at different locations were used to measure
other words, the single distribution fit supports a “single” energy transfer from the constellation of five tryptophans
conformation, the specific distances measured support thewithin the protein. On the basis of the FRET distances, a
globular (helical bundle) conformation, and the narrow hairpin structure was constructed that brings the carboxyl
distance distribution supports the discrete (not molten) natureand amino terminus in close proximity. In those studies,
of the conformation. What range of distance distributions donor lifetimes and energy transfers were necessarily an
are found in the molten globule class? This question is average from the five tryptophans. Therefore, the authors
difficult to address directly since there is not a body of the interpreted their results as a measure of the distance from
literature on molten globules to which we may compare our the single acceptor site to a region of the protein in which
distance distributions. However, the following published the five tryptophans are located. Such a calculated distance
accounts provide some insights. based on the averaged lifetimes of the five donors is ill-
Tcherkasskaya and Ptitsyn measured, by FRET, thedefined because it is impossible to know how the individual
distance between two tryptophans and two modified ty- tryptophans contribute to the average lifetimes and which
rosines, all within the AGH helix complex of apomyoglo- ones participate in the energy transfer.
bulin in the molten globule statet®). Their earlier studies Conclusions.FRET measurements were taken from a
showed that this helix complex forms at an early stage of single native tryptophan at position 50 to a single acceptor,
folding and exists in the molten globule state, and from their AEDANS, at either position 83 or 173. These data have been
FRET studies, they found that the measured distances werdnterpreted in the context of two structural models for lipid-
within 1—2 A of those observed in the X-ray crystal structure free apo A-I that were constructed using structural informa-
of native apomyoglobulin. No distance distributions were tion on interhelical pairing obtained from the crystal structure
determined. This is an example of a molten globule ensembleof apo A(1—-43)A-1. Of the two models, a globular helical
of conformations that all share a common structural motif bundle and an extended helical hairpin, the results are most
found in the native state37). In a different approach, consistent with the presence of single conformation in the
Lakshmikanth et al. used FRET methods to measure distancdorm of a helical bundle. The validity of proposing a discrete
distributions between a single doreacceptor pair (Trp 53  bundle structure for apo A-l rather than an ensemble of
to a modified Cys 82) as a function of denaturant-induced globular structures comes from new DSC results that call
unfolding of barstar 44). In these studies, nativelike into question the appropriateness of considering apo A-l a
intermediates, likened to a molten globule, were inferred by molten globule.
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