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ABSTRACT. A multisite distance-based fluorescence resonance energy-transfer assay system was developed
for the study of protein folding reactions. Single- and double-cysteine substitution mutagenesis was utilized
to place sulfhydryl residues throughout the tertiary structure of the bidomain enzyme yeast phosphoglycerate
kinase (PGK). These reactive cysteines were covalently modified with extrinsic donor [5-[[2-(2-
iodoacetamido)ethyllamino]-1-naphthalenesulfonic acid] and acceptor (5-iodoacetamidofluorescein) fluo-
rescent labels. A detailed experimental strategy was followed, which revealed that, when these relatively
large extrinsic fluorescent labels are covalently attached to properly selected solvent-exposed residues,
they do not affect the intrinsic stability of the protein. The PGK crystal structure was combined with
molecular dynamics simulations of the dyes built into the protein and time-resolved anisotropy experiments,
in order to estimate a more realistic orientation facté#3, for each donor/acceptor pair. Time-resolved

and steady-state fluorescence energy-transfer experiments revealed that this distance assay, spanning six
different donof-acceptor distances, is linear and accurate (to within2d6) over the range of 3070

A. This distance assay system for PGK allows for the measurement of long-range changes in intra- and
interdomain spatial organization during protein folding reactions. The approach which we have developed
can be applied to any protein system in which unique one- and two-site cysteine residues can be engineered
into a protein. In the following paper [Lillo, M. P., et al. (199B)ochemistry 3611273-11281], these
multisite energy-transfer pairs are utilized for stopped-flow unfolding studies.

The use of fluorescence spectroscopy to study protein The goal of the experiments described in this study was
folding kinetics has had a very long and successful history. to develop a fluorescence assay for protein folding in which
This success stemmed primarily from the fact that fluores- the signal changes could be directly translated into changes
cence signals are often very sensitive to the folded state ofin intramolecular distances. To achieve this goal, a multisite
proteins and measurements can be made with good intrinsicfluorescence energy-transfer capability was engineered into
timing resolution. With this extreme sensitivity, fluorescence a single-protein system, yeast phosphoglycerate kinase
folding studies have generated an abundance of high-quality(PGK),! using cysteine substitution mutagenesis. Due to
data with complex multiphasic kinetic patterns. One serious many intrinsic problems associated with performing fluo-
problem, however, has plagued all of these studies. How rescence energy-transfer measurements, extra precautions
was one to interpret this complex change in (typically) an were taken in order to ensure that the “optical distance” assay
integrated total-intensity signal in terms of fundamental Was working properly. For each pair of donor/acceptor sites,
physical properties associated with folding intermediates? & maximum of nine mutant proteins were examined, in terms
Given a simple steady-state fluorescence signal, no funda-Of both biological stability/activity and photophysical proper-
mental interpretation is really possible. Therefore, applica- ties. This highly developed energy-transfer distance assay
tion of fluorescence spectroscopy to the protein folding System for PGK has the potential for illuminating aspects
problem was in a fundamental conundrum. What was the
use of being able to measure a fluorescence signal change ! Abbreviations: D-PGK, donor-labeled protein; D-PGK-A, donor-
with high accuracy and timing resolution if you cannot and acceptor-labeled protein; CM, center of mass of the emission

: : : spectrum; FRET, Fster resonance energy transfer; fwhm, full width
interpret the observed signal c;har_nges In ,terms of any at half-maximum probability; IAEDANS, 5-[[[(2-iodoacetyl)amino]-
fundamental property of the folding intermediates? ethyllamino]naphthalenesulfonic acid; AEDANS, reacted IAEDANS
covalently attached to protein; IAF, 5-iodoacetamidofluorescein; AF,
reacted IAF covalently attached to protein; GUHCI, guanidine hydro-
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of the protein folding problem which may not be obtainable with IAEDANS under conditions which led to partial
in any other manner (e.g., real-time measurement of long- labeling. The resulting reaction mixture contained unlabeled
range changes in intra- and interdomain organization). The PGK (Cys-PGK-Cys) and singly labeled, Cys-PGK-D and
approach which we have developed can be applied to anyD-PGK-Cys, and doubly labeled protein, D-PGK-D. The
protein system in which unique one- and two-site cysteine conditions of the chemical modification were the same as

residues can be engineered into a protein. those for the single-cysteine mutants described above, except
for the incubation time, which was reducedrrd. h to 20
MATERIALS AND METHODS min. The species with one cysteine labeled with AEDANS

and the second cysteine free (D-PGK-Cys and/or Cys-PGK-
D) were separated from the other components using an anion
exchange DE-52 cellulose (Whatman, Hillsboro, OR) column
(12 x 1.5 cm) equilibrated with 10 mM MOPS (pH 7.5)
and 1 mM EDTA at 4°C (see Results and Discussion) and
then labeled with IAF to obtain doubly labeled species (D-

1,5-IAEDANS and 5-1AF were purchased from Molecular
Probes, Inc. (Eugene, OR). DE-52 cellulose was from
Whatman (Hillsboro, MA) and Ultrogel AcA202 from IBF
Biotechnics (Columbia, MD). MOPS, HEPES, DTT, and
substrates for PGK activity assays were from Sigma Chemi-
cal Co. (St. Louis, MO). Guanidine hydrochloride (sequanal : :
grade) was from Pierce (Rockford, IL). The protein assay PGK-A and A-PGK-D). The labeling of D-PGK-Cys with

. : IAF was performed in 10 mM MOPS buffer (pH 7.5
kit was purchased from Bio-Rad Labs (Hercules, CA), and containingpl mM EDTA and 1 mM DTT, as descrilgFe)d abO\)/e
Centricon-30 microconcentrators were purchased from Ami- for single-cysteine mutants '
con, Inc_. (Beye_rly,_MA). L ) The protein concentration before labeling was determined
Protein Purification and CharacterizationSingle- and spectrophotometrically at 280 nm, as described above.
double-cysteine mutants of yeast PGK were constructed usingconcentrations of labeled protein samples were determined

s@te—specific.mutagene's.is of yeast PGK cDNA in which the by the method of Bradford (1976), using wild-type PGK to
single cysteine at position 97 had been previously mutated yronare standard curves. After the first step, the specific
to a serine, C97S (Sherman et al., 1990; Haran et al., 1992).5jvities of the labeled PGK mutants were decreased by 10

In addition to two single-cysteine mutants, Q135C and 1g5¢; compared to those of the unlabeled proteins, and by an
S290C, and a double-cysteine mutant, Q135C/S290C, which,qitional 16-15% following the second reaction step. The

were described previously (Haran et al., 1992), three ad- ot qctivity loss for the final samples was similar to the
ditional single-cysteine mutants, S75C, T202C, and S412C’activity loss experienced by WT PGK when subjected to

and five double-cysteine mutants, Q135C/S412C, S75C/jqantical procedures (2530%). The stability of the labeled
S412C, T202C/S412C, S75C/S290C, and SZQOC/S‘uzc’samples was not significantly changed (see Results and

were constructed for this study. Each mutated gene WaSDiscussion).
sequenced to confirm the presence of only the desired 114 extent of labeling with IAEDANS and IAF was

mutations (Chen & Seeburg, 1985)'. determined spectrophotometrically, using molar extinction
PGK mutants were expressed in ti8accharomyces  coefficients of 4300 M! cmt (450) at 337 nm and 61 000
cerevisiae XSB44-35D strain, which lacks PGK, and purified -1 cm1 (£4000) at 492 nm, respectively. These extinction

as previously described (Haran et al., 1992). Specific coefficients (and their corresponding error estimates) repre-
activities of the mutants were determined as describedsent the average extinction coefficients of PGK-bound
previously (Mas et al., 1986). Concentrations of unlabeled AEDANS and AF determined spectrophotometrically for
prgteins were determined spectrophotometr?cally at 280 nm, geveral i ~ 25) pure preparations of single- and double-
using an absorbance rfea 1 mg/mL solution of 0.49,  cysteine mutants covalently labeled with each probe. Cen-
determined for wild-type (WT) PGK using the method of  tricon-30 microconcentrators were used to concentrate protein
Gill and von Hippel (1989). Specific activities of the single-  samples and to exchange buffer to 50 mM MOPS (pH 7.5)
and double-cysteine mutants were within the range of the containing 100 mM NaCl and 1 mM DTT, for the fluores-
SpeCifiC activities of WT PGK preparations. cence measurements.

Protein Labeling with IAEDANS and IAF.Covalent Steady-State Fluorescence Emission Spec€@arrected
modification of single-cysteine mutants with IAEDANS and/ steady-state emission spectra were obtained with a SPEX
or IAF was carried out as described previously (Haran et 1681 Fluorolog spectrofluorometer (Edison, NJ), equipped
al., 1992), with several modifications. Protein samples32  with a 450 W xenon arc lamp. AEDANS and AF fluores-
mg/mL) in 50 mM HEPES buffer (pH 8.0) and 1 mM EDTA  cence emission were collected from 400 to 700 nm by
were incubated at 4C for 1 h with a 20-fold molar excess  exciting the donor and donor- and acceptor-labeled proteins
of IAEDANS or for 4 h with a 40-fold molar excess of IAF.  at 340 nm. Acceptor emission was collected from 465 to
The reactions were carried out in the dark, with magnetic 700 nm, by exciting directly AF at 440 or 460 nm in the
stirring. A 10-fold molar excess (over probe concentration) donor/acceptor samples. Tryptophan emission spectra were
of DTT was added, and incubation was continuedifd to excited at 295 nm, with emission collected from 300 to 410
terminate the protein modification reaction. The labeled nm. The excitation and emission band width were2Inm
samples were separated from free probes by gel filtration for all the spectra. Background fluorescence from unlabeled
on an Ultrogel AcA202 column, equilibrated with the above protein, buffer, and denaturant was recorded and subtracted
buffer containing 1 mM DTT. For samples labeled with IAF, from the protein spectra.
extensive dialysis against the same buffer was necessary Steady-state measurements were performed in gul50
following the column filtration step to completely remove fluorescence cuvette with 10 mm (excitation) and 2 mm
free IAF. (emission) path lengths. The absorbance at the excitation

Modification of double-cysteine (Cys-PGK-Cys) mutants wavelength was always lower than 0.03 (10 mm path length),
was carried out in two steps. First, the sample was incubatedand the absorbance at the maximum of the absorption spectra
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of fluorescein in the donor/acceptor samples was lower thanresults. Since the final resonance energy-transfer efficiencies

0.1. The temperature of the measurements was2h1
°C.
Time-Resaled Fluorescence Measurement3ime-re-

are calculated as the ratio of two different protein samples
(donor-only and donor/acceptor pair), one has to ensure that
both samples have identical (or nearly identical) stabilities.

(@)

F(U) = (Yobs ®3)

Alto, CA) synchronously pumping a dye laser (Coherent 702) resolved) techniques with guanidinium hydrochloride (Gu-
and the pulse width was approximately 1 ps. A half-wave folding transitions using the measured center of mass, CM
the polarization biasG factor) of the detection instrumenta-
S F()

cut-on filter and focused into a SPEX 0.22 m emission
2—4 nm, and detected by aén microchannel plate detector  the emission spectra as well as fluorescence total intensity
1994; Jones et al., 1995). The impulse response functionsD-PGK and D-PGK-A samples were utilized to monitor
Typical total intensity sum curves had approximately 10 000  The protein samples (series of protein solutions at identical
in cuvettes with a 3« 3 mm path length. Protein solutions t0 measurement to assure that equilibrium conditions had
of the measurements was 250.2°C. During acquisitions,  tion of the stock solutions was determined using the refractive
components of the emission. The thermostated samplesamples was examined by dilution of the unfolded samples

Data Analysis. Time-resolved fluorescence anisotropy ~ The transition midpoints and cooperativity indexes were
parallel and perpendicular intensity decays were performed CA) to the equation derived from the denaturant binding
to be adequately described as a biexponential function: ~ comparison of the stability measured for wild-type PGK and

fraction of the unfolded form:
= YRl(Yy — Y¢)

tively. Within the context of an orientation factor calculation
(B1). A nonassociative anisotropy decay model [e.g., Beechemof the Y characteristic of the folded and unfolded conforma-

solved fluorescence measurements were performed using & he unfolding transitions for D-PGK and D-PGK-A samples
frequency-doubled Coherent Antares Nd:YAG laser (Palo were monitored using fluorescence (steady-state and time-
using kiton red (Exiton, Dayton, OH) for AEDANS and AF HCI) as a denaturant.
at 325 nm. A laser repetition rate of 4 MHz was utilized, For some measurements, it was found useful to quantitate
plate in the excitation beam was utilized to rotate the (eq 2), of the emission spectra:
excitation polarization to horizontal for the determination of
AFL)
tion. The fluorescence emission signal was passed through M= L
a Glan-Thompson polarizer and a Hoya (Fremont, CA) 420
monochromator set at 450 nm (donor emission studies) orwhere F(4)) is the fluorescence intensity measured at the
560 nm (acceptor emission studies), with a band width of emission wavelengthi. Changes in the center of mass of
(Hamamatsu R2809U-01, Bridgewater, NJ) operating in the 0f AEDANS in D-PGK {lex = 340 nm), AF in D-PGK-A
single-photon-counting, time-correlated mode (Bloom et al., (4ex = 460 nm), and tryptophani{ = 295 nm) in both
were typically 46-80 ps at fwhm. Timing calibration was guanidine-induced transitions. Unfolding transitions were
6—12 ps/channel, with 50868000 channels of data obtained. also examined using the energy-transfer efficiencies.
counts in the peak channet80 x 10° total photons). Time- ~ Protein concentration) were incubated at each GuHCI
resolved measurements were performed ondi28amples  concentration (from 0 to 2 M) for a minimunf & h prior
(1—4 uM) were prepared in 50 mM MOPS, 100 mM NaCl, been reached [the proteins are completely unfolded at 2 M
1 mM EDTA, and 1 mM DTT, at pH 7.5. The temperature GUHCI (Szpikowska et al., 1994)]. The GuHCI concentra-
the emission polarizer rotated from vertical to horizontal index of Pace et al. (1989) and an empirical equation
every 30 s to measure the parallg) &and perpendicular) (Nozaki, 1972). Folding reversibility of all the labeled PGK
holder was rotated from the donor-only cuvette to the donor/ from 1.5 to 0.15 M GuHCI (MOPS buffer). All the
acceptor cuvette every 60 s (ISS Koala unit, Urbana, IL). preparations contained 1 mM DTT.
decays were used to study internal rotational motions of the calculated by fitting the experimental data (using a nonlinear
probes attached to the protein. Simultaneous analyses of théeast-squares algorithm, Sigma Plot software, San Rafael,
using Globals Unlimited (Urbana, IL) as described in model as described by Szpikowska et al. (1994). This
Beechem et al. (1991). Anisotropy decan($), were found method of analysis was selected to allow for a direct
those of all the variously labeled mutants.

r(t) = B exp(—tigy) + By exptig,) 1) The unfolding curves were normalized to the apparent
where; and 54 are the amplitudes of the fast local probe
motion (pr) and overall global protein motiorpg), respec-
(see below)fq represents the limiting anisotropy (i.e., the whereYysis the observed physical parameter (fluorescence)
long-time asymptote) for the fast local motion of the probe at a given denaturant concentration afacdaindYy are values
et al. (1991)] was utilized for all of the labeled proteins. The tions, respectively, at the same denaturant concentration.
goodness of the fit was judged by examination of randomness The baseline correction was done, prior to normalization,

in the residual distribution and recovered glohasquare
().

Equilibrium Unfolding Studies Monitored by Steady-State
Fluorescence.All of the site-specific energy-transfer pairs

using linear extrapolation of the baselines in the pre- and
post-transition regions to obtain estimatesYefandYy in

the transition region (Pace et al., 1989; Szpikowska et al.,
1994).

have been designed in order to examine changes in distances Measurements of Energy TransfeFhe Faster distance,
during equilibrium and kinetic folding studies. Since experi- R, is the dye-to-dye separation distance for 50% efficiency
ments need to be performed under both native and unfoldedof resonance energy transfer. This constant is calculated (in
conditions, the number (and importance) of the “donor-only” angstroms) using the spectroscopic properties of the donor
controls are crucial for obtaining meaningful energy-transfer and acceptor:
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R,= 0.2116 *Qur2)"° (4)
A refractive index ) of 1.4 was used for all protein samples
(Nsurrer = 1.337, Nomgurc = 1.375, andnproten ~ 1.4).
The fluorescence quantum yield of the donor sampls (

Lillo et al.

with the known crystal structure, the donor and acceptor
probes were built into the crystal structure (Brookhaven
Protein Data Bank file 3PGK; Watson et al., 1982) so that
a “sterically appropriate” orientational averaging could be
performed. For the serine> cysteine mutants (S75C,

was determined for each position by reference to a solution S290C, and S412C), it was relatively easy to replace the

of quinine bisulfate in 0.1 N B50,, using a quantum yield
for quinine of 0.51 (Velapoldi, 1972)J (M~*cm™® nn?) is

serine OH with the cysteine SH, maintaining the same
geometry as in the crystal structure. The probe label was

the spectral overlap integral between the emission spectrumthen built onto the SH as S-GHCO-NH-fluorescein or
of the donor and the absorption spectrum of the acceptor S-CH-CO-NH-CH-CH,-NH-naphthalene-1-sulfonic acid.

and was approximated by

I=[ Foea@A* ALY Fp(A)A] (5)

where Fp(1) was the corrected emission spectrum of the
donor-labeled samples (arbitrary units) an¢il) the extinc-
tion coefficient (M cm™2) of the acceptor from the donor/
acceptor samples. Acceptor extinction coefficientd at
492 nm were determined for all the different labeled
preparations and found to be nearly identie4¥{= 61 000
M~ cm™).

The orientation factorf) depends on the relative orienta-
tion of the transition dipoles of the donor and acceptor. In
the samples described in this work, multiple estimations of
the orientation factor were performed. The first estimation
was to calculate the Fster distancé,, introducing into eq
4 the isotropic dynamic average valuewdf(x?> = ?/3; Dale
& Eisinger, 1975). In addition, steady-state and time-

For Q135C, the glutamine side chain was replaced with
cysteine so that the sulfur atom assumed the position of the
glutamine Cy atom. For T202C, the threonine side chain
was replaced with cysteine so that the sulfur atom assumed
the position of the threonine @-atom. Molecular models

of AF and AEDANS were constructed from fragments
supplied with BIOGRAF (Molecular Simulations Inc.,
Waltham, MA) and energy minimized using the DREIDING

Il force field (Mayo et al., 1990). The region of conforma-
tional space accessible to each probe was evaluated by
dynamics simulation in which four torsion angles (bonds
connecting Ga, C-3, S+, probe methylene C, and probe
carbonyl C) were allowed to vary randomly and simulta-
neously (Monte Carlo simulation). Of the 500 conformers
generated, those with the lowest energy were saxdd(
conformers) and their coordinates averaged to generate an
estimate of the equilibrium configuration of the emission
oscillator for the donor and the absorption oscillator for the

resolved fluorescence anisotropies of all the labeled samplesacceptor. The MD calculations allowed all but the sterically
were examined in order to obtain a more realistic estimation restricted configurations of the probes to be adopted. In
of the proper orientational averaging. From the measured theory, the MD simulations could have been utilized to obtain

limiting anisotropy for the fast local motioiBg) (refer to eq
1), the donor and acceptor depolarization factagland
[d.*Owere calculated asi*C= (B /)2 (Soleillet’s theorem;
Dale et al., 1979). The half-cone angtg, over which the
probes move, was also estimated usifigr()¥/? = cos (1

+ cos6)/2 (hindered rotation model; Kinosita et al., 1977).
The measured anisotropy value at time zero (fig+ fr,

eg 1) was found to match the fundamental anisotrapy (
previously reported for both of these probes (dane+ 0.20

+ 0.02, acceptor; = —0.14 £+ 0.02) (Hudson & Weber,
1973; Chen & Bowman, 1965). Applying averaging analy-
sis, we estimated the maximum and minimi#iCvalues

(egs 6 and 7) from the measured depolarization factors (Dale

el al., 1979):
[0 0= 75(1 + [y O (@, TH- 3@, T, ) (6)
E i = 231 — (W O+ @, 0/2] @)

R,™> and R,™" are the Foster distances derived from the
minimum and maximum values af from the relationship
Romax/min — (1 Sg2[maxminl6R (/) For the unfolded samples,

not only the “mean configuration” of the probe but also the
full @?Oby calculating depolarization factors from the
individual MD trajectories. However, it was felt that the
measured time-resolved anisotropy provided a much more
accurate measurement of the probe’s motion. Therefore, the
mean probe configuration from MD was combined with the
measured time-resolved anisotropy of the probes motion to
obtain a final formula for4?3:

W3 = MD(6p, 0,, ¥)d, [, “TH Y5(1 — [y 0 +
Y41 — @, + cos(6,) M, M1 — [, ) +
COSZ(GA)@AXEﬂl — Wy (8)
where
MD(0p, O, v) =
[sin(@p) sin(@,) costy) — 2 cosOp) cos@A)]2 (9)
and 6p, 6a, andy represent the MD-determined average

angular position of the donor and acceptor dipoles and the
azimuthal angle connecting the two, respectively [see Dale

depolarization of the fluorescence anisotropy was essentiallyet al. 1979)] anddpy*0and [da*0are the measured depolar-
complete before emission (see Table 3), allowing the use ofization factors from the fluorescence anisotropy decay (see

K2 = 2/3.
Looking for a Better Estimation d&?%. The abovd#?0]

above). It is interesting to note that the MD simulations
revealed the same trend in rotational mobility as that

(min/max) calculation, however, does not make use of the measured by the time-resolved anisotropy.

crystal structure of PGK and the known site locations of the
inserted cysteines. For instance, th&(min/max) calcula-
tion above would allow the dye probe to sample conforma-
tions which would clearly not be allowed due to simple steric
constraints. To obtain@?calculation which was consistent

Steady-State Energy Transfelhe ratio of steady-state
fluorescence intensities for the donor onlly)(and the donor
in the presence of the acceptdpA) (for identical protein
concentrations of D-PGK and D-PGK-Agx = 340 nm,Aem
= 400-460 nm) is proportional to the average energy-
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transfer efficiency[EL) as described by eq 10:

!
E=1--2
ID

(10)

Two labeled samples, D-PGK and D-PGK-A, were used for
each set of experiments. The transfer efficiency was also
calculated from sensitized acceptor emission.

The measured energy-transfer efficiency was used to
calculate the average distanc¢B[] between the donor and
acceptor transition dipoles by using eq 11:

31/6

Time-Resaled Energy Transfer (Empirical Exponential
Analysis). Determination of the average energy-transfer
efficiencies, [(E[] was also obtained from the ratio of the
average lifetimes of the D-PGK3zp[] and D-PGK-A,Zpal]
calculated from a nonlinear least-squares multiexponential
fitting procedure:

Ip(t) = Zai exp(—tizp)

The average donor lifetimeipll] is calculated with the
equation

1-[E
(EQ

DREh:F%( (11)

(12)

n n

o= ) ayrp/ ) o

(13)

o; andzp, are the amplitude and lifetime, respectively of the
ith component. Three lifetimes are required for adequate
fitting for the donor-only samples at, = 450 nm, and two
lifetimes are required atem = 560 nm. The fluorescence
decay of the donor/acceptor pair was also empirically
analyzed by multiexponentials. This analysis gave the
averagdipp [l The average energy-transfer efficiency was
calculated byE(= 1 — [paIEpl Sinceld ppyCandEpO

are obtained without the need of absolute protein concentra-

tions, uncertainties associated with protein concentration
determination are eliminated by the time-resolved fluores-
cence measurements.

Time-Resaled Distance AnalysesDiscrete donotac-
ceptor distances were also obtained from direct simultaneou
analysis of both the donor-only and donor/acceptor decays
using

n 6

| D(A) =

1 1[R

14
75, 7p|R

Q; ex
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N-domain

C-domain

Ficure 1: Schematic representation of the crystal structure of yeast
PGK (Brookhaven Protein Data Bank file 3PGK), showing the
position of the residues that were modifia) ( Of the six distances
measured in this study, the 135290, 75< 290, 290 412, and
412 — 202 are interdomain distances and ¥35412 and 412—~

75 are intradomain distances. Residue 412 is only three residues
apart from the C-terminal end, and it is situated on the N-terminal
domain in the folded protein.

R is the maximum DB-A distance. In this study, we used
a Gaussian form for the distributioR(R) to describe the
shape of the distance distribution:

1

ov2r p[
whereRis the DA distance R; is the mean distance of the
calculated distribution (most probable distance), atglthe
standard deviation of the distribution. We did not attempt
to resolve the intrasite diffusion coefficient in these analyses
(Haas & Beechem, 1989). In these global analyses, the
donor-only lifetimeszp,, were linked between both D-PGK
and D-PGK-A decay curves. It was found that all of the
observed dynamic quenching could be adequately represented
(see Figure 3 for a typical fit) using only the energy-transfer
distance terms.R. ando were adjustable parameters in the
fitting of the donor/acceptor decay data. Thg and

(R—R)’
207

P(R) = (16)

Sresiduals distribution were utilized to judge the goodness of

the fit.

RESULTS AND DISCUSSION

The locations of the cysteines engineered into PGK are
shown in Figure 1. The overall design concept is the
generation of unique fluorescence labeling sites by replace-

If the protein has conformational flexibility in solution, the ment of one or two selected residues with a cysteine. In
interchromophoric distance will not be unique, and eq 14 this work, an initial set of six different energy-transfer pairs
will not be able to adequately represent the measured datawas characterized in terms of both site-specific photophysical
The observed donor decay in the presence of the acceptoproperties and enzyme stability. Although it is possible (in
will contain multiple contributions with a probability dis- theory) to make an energy-transfer measurement with only
tribution function dependent upon the distribution of B two labeled protein samples (donor only and donor/acceptor
distancesP(R) (Haas et al., 1978, 1988; Haas & Steinberg, pair), we decided to take a more rigorous approach to
1984): characterizing the energy-transfer pairs in this system. To
generate a completely defined “distance assay” between any

Ry n 1 1(R)° single site on PGK, as many as nine proteins were examined.
lowy = [, "P(R) Y oy exg —t|—+— R dR (15)  This experimental design strategy included a range of extra
= ™o, Tp, controls which are important when using fluorescence
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Table 1: Summary of the Labeled Proteins Examined for the Photophysical Characterization of Each Energy-Transfer Pa@ygys

no. of
sample name Cys~>Cyg cysteines fluorophore
donor only (D-PGK) i-single cysteine D--- 1) AEDANS (i)
j-single cysteine ---D 1§ AEDANS (j)
i-two cysteines D- - -Cys a()) AEDANS (i)
j-two cysteines Cys---D a) AEDANS (j)
(i, j)-two cysteine average D- - -CysCys- - -D 24)) AEDANS (i) + AEDANS (j)
(i, j)-two cysteine “double donor” D---D 4,0) AEDANS (i, j)
acceptor only i-single cysteine A--- 1if AF (i)
j-single cysteine ---A 1 AF ()
donor-acceptor (D-PGK-A) i, j specific label D—A 2(,)) AEDANS (i) and AF (j)
j, i specific label A—D 2(,j) AEDANS (j) and AF {)
i, ] average label D-A+A<—D 2,)) AEDANS (i) and AF (j) and+
AEDANS (j) and AF {)
energy transfer to monitor protein folding reactions. Table 010
1 summarizes the various modified proteins which have been ¢ =~ |A KCI Gradient I
examined for each energy-transfer pair. It is important to § 0051 . . m ¥
understand the symbols in Table 1. For instance, fluores- £ o000 ) .
cence energy transfer between sitaadj requires cysteines 0 6 20 30 40 50 60 70 80
at both thei and | sites. To “force” the donor label FRACTION NUMBER
(IAEDANS) exclusively to site, the single-cysteine mutant
is examined. Similarly, to force the donor to gitéhe single- g 0021B KCl Gradient i
cysteine mutant at sitg is examined. These single-site § 001 {
mutants are extremely useful in unequivocally characterizing &' 000
the photophysical characteristics of each individual labeling 0 10 30 30 40 50 60 70 80

site (i.e., rotational mobility, lifetimes, emission spectra, etc.).

FRACTION NUMBER

These single-site mutants, however, are not particularly well Figure 2: Chromatographic separation of D-PGK and D-PGK-A
suited for serving as donor-only or acceptor-only controls for the C135-C412 mutant. Double-cysteine mutants were labeled

because the double-cysteine mutants must be used for all ofvith IAEDANS (D) and IAF (A) in a two-step procedure as
the actual fluorescence energy-transfer measurements. Therglescribed in the Materials and Methods. Labeled proteins were

f dditi I t ic studi f donth separated on a DE-52 cellulose column 2.5 cm) with a linear
ore, additional Spectroscopic studies were periormed on tN€gy ¢ gragient (0~ 0.25 M KCI). Two milliliter fractions were
double-cysteine mutants.

S ) _ collected at a flow rate of 20 mL/h. Shown in panel A is the
In order to be able to individually characterize the various separation of the mixture of labeled and unlabeled species following

labeled protein species in the double-cysteine mutants, it islabeling of the C135C412 PGK mutant with IAEDANS. In this

important to be able to chemically separate each labeledCase: the singly D-labeled species modified at positions 135 and

. - ) .~ 412 eluted as separate peaks (peaks IIA and IIB, respectively). Peaks
species (refer to the multiple two-cysteine-labeled proteins |54 || represent unlabeled and doubly labeled protein, respec-

in Table 1). For the labeled PGK proteins, it was possible tively. In some experiments, peaks IIA and 1IB were pooled together
to separate many (in some cases all) of the singly and doublyprior to IAF labeling. In one experiment, only the 41235 mutant
labeled proteins from each other. For the double-cysteine-!abeled with AEDANS at C412 (peak IIB in panel A) was subjected

. ; ; £ . to modification with IAF to produce site-specifically labeled protein
containing p“’te'r.‘?’ a two-stage reaction and purification with D at position 412 andpA at position 1p35 (den(})/ted 4—12['3?5).
procedure was utilized.

! 1 Panel B shows separation of D412-PGK-A135 (peak Il) from the
Reaction with IAEDANS (donor) generates a total of four remaining D412-PGK-SH.

protein species: Cys-PGK-Cys (unlabeled protein), D-PGK-

Cys, Cys-PGK-D, and D-PGK-D. To separate these multiple  Once the singly labeled donor species were purified, these
labeled species, anion exchange chromatography was utilizedproteins were further reacted with IAF. Purification of these
Figure 2A depicts a chromatographic profile for the double- labeled proteins was much easier, because only two protein
cysteine mutant Cys135/Cys412, obtained from the initial species are present: D-PGK-Cys and D-PGK-A. A chro-
reaction mixture with IAEDANS. The peaks in this elution matography profile of the acceptor-reacted protein using peak
profile were identified by comparing their elution with the 1IB as starting material (in Figure 2A) is shown in Figure
elution of the controls: single-cysteine mutants specifically 2B. Comparison with the elution profile of the D-labeled
labeled at each site, the unlabeled protein, and the exhaussingle-cysteine control proteins and examination of the ratio
tively labeled double-cysteine mutant. Peaks | and Il of absorbance at 280 and 492 nm confirmed that peak | was
(Figure 2A) were identified as the unlabeled and doubly D-PGK-Cys and peak Il was D-PGK-A. In all cases, the
labeled proteins, respectively, and peaks IlA and IIB large chromatographic separation distance between the
represented D-PGK-Cys412 and Cys135-PGK-D, respec-elution pattern of D-PGK-A and D-PGK-SH protein peaks
tively. Being able to isolate each of the singly labeled donor eliminated any need for spectroscopic corrections associated
species (in this case) allowed the measurement of distancesvith incomplete labeling of the D-PGK-SH samples with
from both the specific and the average donor/acceptor the acceptor.

labeling positions (see Table 1). The extent of separation This biochemical separation of the various donor/acceptor
of two singly labeled species (D-PGK-Cys and Cys-PGK- species allowed for the photophysical characterization of
D) depends on the location of the probe. The elution volume many of the protein species described in Table 1. These
for the singly labeled mutants (peak I) increases in the samples were also characterized for folding properties (Figure
following order: C75< C135 < C202 < C290 < C412. 6 and Table 2) and enzyme activity. Only mutants which
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Table 2: Folding Transition Midpoints for All Six D-PGK and 0.1
D-PGK-A Energy-Transfer Pairs % § 0.8
energy-transfer pair ~ Cp (M) (tryptophany Cn (M) (all)® *’5 S By
n
135< 290 0.60 0.68 T L 04l o
75< 290 0.53 0.53 S 3 0.0l
135+ 412 0.63 0.63 a & 450 806
412—135 0.57 0.62 0.0 . .
412— 75 0.59 0.58 400 450 500 550 600
290« 412 0.62 0.62 wavelength (nm)
202412 0.59 0.60 __ 8000
column average 0.52 0.03 0.61+ 0.05 a
=]
aCenter of mass of tryptophan emission spectra of D-PGK and 2
D-PGK-A. ® From the 6-1 normalized data corresponding to all of o
the spectroscopic markers described in Figure 5 for D-PGK and w 4000 4 D
D-PGK-A. g
-
Q
8 DA
could pass all of the required tests, which confirmed their 0 —
close similarity with respect to WT PGK, were utilized. 6
The experiments described below demonstrate that all of residuals O
the characteristic photophysical signatures which indicate ‘g
energy transfer are apparent for all six of the donor/acceptor )
. . . . . K residuals 0
pairs described in this study. In all six energy-transfer pairs, s

one observes (1) a quenching of the donor fluorescence in 0 10 20 30 40 50 80

the presence of acceptor in the native state which decreases time (ns)

dramatically upon unfolding (Figure 3, upper inset), (2) an Ficure 3: Quantitative determination of the origin of the fluores-
enhancement of the acceptor fluorescence in the presenceence changes in the D-PGK-A sample using both steady-state (SS)
of donor in the native state which decreases upon unfolding and time-resolved (TR) fluorescence methodologies. (OMGuUHCI,

; ; ; unlabeled spectrum) (SS) Corrected steady-state fluorescence
of the protein (Figure 3, top), (3) a dynamic quench of the emission spectra of D-PGK and D-PGK-A (185290), folded (0

fluorescenge lifetime of Fhe donor in the presence _of acceptory GuHCl) and unfolded (2 M GUHCI) proteins, at equal concentra-
in the native state (Figure 3, bottom) which is greatly tions (2u4M), in MOPS buffer at pH 7.5 and 25, with anie, of

diminished upon unfolding, and (4) appearance of charac- 340 nm. (Inset) Donor emission increase in D-PGK-A when the
teristic energy-transfer kinetics in the acceptor time-resolved Protein unfolds. (TR) Time-resolved AEDANS fluorescence total

. . . . . . intensity decays for the D-PGK (D) and the D-PGK-A (DA) for
fluorescence which yields essentially identical distances aSi o 135<» 419 sample under native conditions (MOPS buffer at

compared to t.he donor-emission analysiS.(TabIe 5)_- pH 7.5 and 0 M GuHCI at 25C). The differences between the
A long series of “control-type” experiments will be measured data and the fits from a simultaneous analysis of the donor

described first, not in order to establish the existence of and donor/acceptor decays (Globals Unlimited, see Materials and
fluorescence energy transfer for each pair but rather to Methods) reveal a random residual pattern.
determine if there are any unique characteristics associatedstudy, the IAEDANS was covalently attached to five different
with any energy-transfer pair which would preclude its use Cys residues of PGK: Cys75, Cys135, Cys202, Cys290, and
in a real-time kinetic distance assay for protein folding. Cys412. Therefore, it was important to spectroscopically
Photophysical Characterization of Each Donor-Labeling characterize each individual donor-only mutant (in both the
Site. AEDANS — AF represents perhaps the most utilized native and unfolded states) in terms of (1) quantum yield,
fluorescence energy-transfer pair which has been character{2) emission spectral shape, (3) fluorescence lifetimes, and
ized to date (van der Meer et al., 1994). One of the major (4) rotational properties, before labeling the protein with an
concerns with using AEDANS as a donor involves the fact acceptor fluorophore.
that the fluorescence emission is very environment sensitive Table 3 summarizes the complete photophysical charac-
and multiexponential decay behavior on labeled proteins is terization of AEDANS (donor) labeled at each specific site
often found [e.g., Chantler and Tao (1986)]. The origin of in PGK. The fluorescence lifetime decay requires three
the heterogeneous character of the emission of proteinsexponentials for all labeled proteins. All sites had a long
labeled with IAEDANS is unknown. In this energy-transfer lifetime term that varied from 14 to 28 ns which accounts

Table 3: Steady-State and Time-Resolved Fluorescence Total-Intensity and Anisotropy Decay Parameters of All the Single-Cysteine D-PGK
Samples as a Function of the Labeled Position

f
donor-only quantum yield Aemmax 71 (NS) 72 (NS) 73 (NS) i[m]

Bq ¢g (nS) Br ¢g (nS)
site (£0.03) (nm) o;  (£05) oz (£0.8) a3 (£0.2) (steady state) (£0.02) (+5) (£0.03) (£0.3)
290 0.54 496 053 278 0.26 8.0 0.21 0.5 0.076 0.12 30 0.07 0.6
412 0.40 503 063 17.8 0.10 4.6 0.27 0.5 0.081 0.14 23 0.06 0.9

75 0.40 504 060 179 0.15 5.0 0.25 0.2 0.070 0.12 21 0.10 0.6
135 0.35 513 056 152 0.18 55 0.26 0.6 0.047 0.08 15 0.12 0.6
202 0.36 514 042 142 034 65 024 0.3 0.053 0.07 18 0.13 0.9
all 0.35 515 0.5 135 0.18 45 0.32 0.3 0.02 006 +2 0.13 0.6

aUnfolded statefy and¢g also represent local motion components. Total-intensifya(dt;) and anisotropy/f and¢i) symbols are defined in
egs 12 and 1, respectively.
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. ‘ weighted average emission spectra of the doubly labeled and
1.0 ¢ 3 ] the singly labeled two-Cys samples (our control in the FRET
v i experiments) allows us to estimate the relative labeling
/ efficiency at each site of the two-Cys mutants and the
0.5 / \ 1 possible effect of the free cysteine on the fluorescence
emission of the donor-only sample. Rather surprisingly, for
135 < 290, the two-Cys mutant with the most distinctly
0.0 ‘ ‘ different donor-only spectrum, the measured emission spectra
400 500 600 700 of the donor-only two-Cys samples could be exactly repre-
Wavelength (nm) sented as the linear combination (50% each) of the emission
FiGUrRe 4. AEDANS fluorescence-corrected emission spectra of spectra of the two single-Cys donor-only samples (Cys135

g” six legelrgé/-ggr&sfer tdor:o)r-cF))nly Sagnp'es t(;WO'Ca’Steif”?' single- and Cys290). These results reveal that, even under condi-
onor labele mutants). Froceeding In the order or Increasing .. . . . .
wavelength of maximum emission: #5290, 135<> 290, 412— tions where the cysteine sites are most different in the

75, 135< 412, 290« 412, and 202> 412. MOPS buffer at pH photophysical environment, the donor probe will be evenly
7.5, whereT = 25°C andiex = 340 nm, at «M. The dotted line distributed between both sites. It is also clear that the

spectrum represents that observed for all of the unfolded proteinspresence of the free Cys in the donor-alone sample has
(2 M GuHCI). absolutely no effect on the overall fluorescence at the labeled
site.

Experiments were also undertaken in order to test whether
the presence of two cysteines would affect the intrinsic
stability of the protein. PGK'’s stability can be conveniently

Fluorescence Intensity

for 75—95% of the total fluorescence intensity, a medium
lifetime of 5-8 ns, and a short lifetime of 26600 ps 1%
of total). In the unfolded state, the observed lifetimes for

all of_ the mutant-labeled proteins are identical (within 0 ioreq using intrinsic tryptophan fluorescence (Szpi-
experimental error; see Table 3). ~ kowska et al., 1994; Sherman et al., 1995; Beechem et al.,
AEDANS bound to Cys135 and Cys202 has properties in 1995). Similar to the unlabeled protein, when the labeled
the native state which are nearly identical to what is observed protein unfolds, a large increase in the tryptophan fluores-
for the unfolded protein.(see Table 3_). _These positions havecence is observed and the tryptophan emission spectra are
the lowest quantum yield (0.35, similar to the unfolded ghjfted to the red. The advantage of using the tryptophan
proteins), the more red-shifted emission spedira= 512 fluorescence of the labeled protein is that it represents an
515 nm), shorter fluorescence lifetimes, and a less reSt“Ctedindependent way to study the stability of the D-PGK and
motion (3, eq 1) than the probes at other locations. Positions p_pgK-A samples. Tryptophan fluorescence emission spec-
135 and 202 are absolutely ideal labeling sites, in that asyr3 were found to be identical at 0.0 and 2.0 M GuHClI for
the protein undergoes a folding transition the dye’s rotational poth D-PGK and D-PGK-A samples (all mutants), indicating
and photophysical properties are essentially invariant. that tryptophan to AEDANS or AF energy transfer in this
AEDANS labeled at Cys290 has the highest quantum yield system must be very small (data not shown). Unfolding
(0.54), the most blue-shifted emission specfig.{= 494 experiments were performed on all of the two-Cys mutants,
nm), longest fluorescence lifetimes, and a more restricted with a special emphasis on examination of the singly labeled
rotational environment. Compared to Cys135 and Cys202, and doubly labeled proteins.
Cys290 is in the most protective environmental position of  |n addition to tryptophan fluorescence, it was found that
any of our labeled proteins. The photophysical character- opne can monitor the unfolding transition with each of the
istics of Cys412 and Cys75 are between these two extremeyarious fluorescence probes at each site using the emission
classes, but much closer to the unfolded protein state thanwavelength shifts in AEDANS and AF (even though these
is Cys290. When the protein unfolds (in the presence of shifts were very small, they were very reproducible and easily
>1 M GuHCI, Table 3 all), the different sites have identical quantitated). Figure 5 summarizes the equilibrium unfolding
spectroscopic properties. transitions monitored from all the different fluorophores
Although the single-cysteine mutants were very useful for (AEDANS, AF, and Trp, average FRET efficiency). The
characterization of the individual properties associated with equilibrium unfolding transitions for all six donor/acceptor
each labeled site, these proteins are not actually utilized in proteins followed a simple two-state model (see Figure 5).
the fluorescence energy-transfer efficiency calculations. ForIn Table 2, we compare th&€, determined from the
these calculations, the two-cysteine proteins are required.tryptophan emission of the D-PGK and D-PGK-A samples,
Figure 4 shows the corrected emission spectra of all of the with the C2" values from the simultaneous analysis of alll
donor-alone (two-Cys mutants), for the native and unfolded the different fluorescence changes. Rather remarkably, for
state. The emission peak changes from 499 nm for>75 these derivatized proteins, the presence or absence of the
290 to 513 nm for 202> 412. The unfolded proteins all  fluorescence label had essentially no effect on the overall
have an emission maximum of 515 nm. These measuredGuHCI stability (i.e., the D-PGK and D-PGK-A unfolding
spectral shifts and quantum yield changes were taken intotransitions are completely overlapping). In addition, for all
account in the calculation oR, (see below and Data the samples, the cooperativity indexes were also similar, and
Analysis). One can see, however, that for these samples then the range of 16t 2. The overlap of all of the unfolding
actual spectral changes associated with each particaté& D transitions indicates that the singly labeled donor-only sample
site are relatively small, generating an average change inis a good control for the doubly labeled donor/acceptor
overlap integral of only~8%. sample. The fact that the individual stabilities between
The comparison of the sum of the two emission spectra different double-cysteine mutants are essentially coincident
of each donor single-Cys sample (weighted for the optical allows a direct comparison of changes in distance between
density OD at the excitation wavelength) with the OD different D/A pairs without having to take into account
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Table 4. Estimated#?® Value, Maximum and Minimum?
Limits, and Foster Distances for All Six Energy-Transfer Pairs

energy-transfer &2 @2hin  Whhax  Ro(%a) R2
pair (£0.2) (£0.02) (£0.1) A)(x£1) A)(x2)
135— 290 1.30 0.19 2.6 45.6
290— 135 1.26 0.22 25 43.2 50.2
- 135—412 0.59 0.25 2.3 41.9 40.0
g 412— 135 0.68 0.20 2.6 424 42.6
— 290— 412 211 0.20 2.6 54.8
8 412— 290 2.47 0.12 3.1 43.8 52.8
! 75— 290 1.25 0.15 2.9 47.0
) 290— 75 1.24 0.14 3.0 44.0 50.1
o 202— 412 1.67 0.26 2.2 47.6
o 412— 202 2.16 0.13 3.0 41.7 51.6
= 412— 75 1.06 0.12 31 42.4 45.8
g aR, from @M, and J and Qp, for each Cys, singly labeled PGK.
E: b Specific labeled sample. All unfolded proteins were found to have a

@20well approximated by, yielding anRy(%/s) of 41 A.

R90-412 ~4 ns. From the measured time-resolved anisotropies of
0.0 bu | ) each of the probes at each of the individual sites, site-specific
: depolarization factors were obtained. From the measured

0.0 1.0 2.0 0.0 1.0 . 2.0

limiting anisotropy for the fast local motiongg), we

GuHC1 (M) calculated an approximate cone angle (over which the probes
Ficure 5: Equilibrium unfolding transitions monitored by steady- move) of 38 for Cys290-, Cys412-, and Cys75-labeled
state fluorescence using multiple spectroscopic monitors (seepositions and between 40 and°g§0r Cys135, Cys202, and
below). The fraction of unfolded protein at each GUHCI concentra- the ynfolded proteins. Applying averaging analysis, the
tion, calculated from the change in the center of mass of the ; i 2 2. ’
emission spectra or by changes in energy-transfer efficiency, is maXImun; 3nd Tlnlmqua‘“ an?[lz %‘%\;axg? Trom tTe
plotted as a function of the denaturant concentration. Solid lines Measured depolarization factdty*Cand[da*(J(Dale et al.,
represent the simultaneous nonlinear least-squares fits of all the1979) were calculated. The calculated site-spebificlimit
data to eq 3 using a single two-state transitio®) {ryptophan values are between 0.12 and 3.0 for all the different positions

]?rrgrir']ssl:i)og glgrg B'PE'%(%X n:migg)”pr\?:) 'eﬁq)istggrtlof?g‘;”lae’gg;i% (Table 4). For experimental and theoretical reasons described
- - ex — ) - - i i i 2
(ex = 460 nm), () AEDANS emission from D-PGKZx = 340 below, this uncertainty in th&?2Ovalue represents a large

nm), and ©) fluorescence steady-state energy-transfer efficiency Overestimation of the actual value. An improved orientation
from the ratio of D-PGK and D-PGK-AL, = 340 nm, donor- estimation procedure was also utilized, which makes use of

side emission). the site-specific crystal structure, most probable fluorophore
location, and measured time-resolved anisotropy mobilities
altered intrinsic stability. This was a very important result [see[#2% (Table 4)]. Although it is very difficult to estimate,
which could not have been predicted beforehand; singly andthe uncertainty in the®?® determined in this manner
dOUbly labeled proteins have identical (Wlthln eXperimental (described in detail in Materials and Methods) is ap-
error) stabilities. proximately+0.2. From the measured time-resolved anisotro-
Characterization of the site-specific changes in acceptor pies of the unfolded proteins (both donor- and acceptor-
(AF) absorption and emission (total intensity and anisotropy) labeled), it is clear thai?(= %/ is a very good approximation
was also performed (data not shown). It was found that all to this state.
AF-labeled sites have nearly identical photophysical proper-  To experimentally test the limits of the effect of the0
ties. There is essentially no change in the fluorescenceorientation factor, as well as the lifetime heterogeneity on
quantum yield and molar extinction coefficient for all the the recovered energy-transfer distance determination, a
different sites in the folded proteins. The absorption peak detailed energy-transfer study was performed on multiple
is in the range of 492494 nm. When the protein unfolds, specifically labeled proteins which combined sites Cys412
the emission and absorption spectra aré 2im red-shifted,  with Cys135. This pair represents an extreme in changes in
and the quantum yield slightly decreases from 0.8 to 0.75. donor orientation factor, with site Cys412 and Cys135 having
The final photophysical parameter required to completely donor depolarization factorsidpX) of 0.84 and 0.64,
characterize this system was the rotational characteristics ofrespectively (eqs 6 and 7). This case also represents a
the fluorescence probes attached to each of the individualsignificant change in lifetimes, in that the specifically labeled
sites. Time-resolved and steady-state anisotropy experimentsite 412 has a donor lifetime that is almost purely single-
were performed. The steady-state anisotropies of AEDANS exponential (97% of a 17 ns lifetime), compared to the mixed
from each of the individual sites were 0.076 (Cys290), 0.081 labeled sample which consists of approximately 84% of a
(Cys412), 0.070 (Cys75), 0.047 (Cys135), and 0.053 (Cys202).17 ns component and 15% of a 5.1 ns lifetime term. The
In the unfolded state, all of the observed anisotropies droppedexperimentally recovered intersite distances were found to
t0 0.02. The time-resolved anisotropies for all of the mutants be identical for these two extreme cases (Table 5; compare
partitioned into approximately 50% fast local motion (600 135< 412 with 412— 135). Since these two independent
ps) and 50% global motion of the entire protein {ZAD ns) distance measurements are performed on proteins represent-
(Table 3). In the unfolded state, all of the probes revealed ing an extreme in site-specific rotational mobility and altered
70% of a 600 ps motion and 30% of a slower component of lifetime properties, we conclude that the rotational and
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Table 5: Comparison of the Measured FRET Distances with That Predicted from the Crystal Structure

measured time-resolved
measured time-resolved distance distribution

measured - : crystal estimated
energy-transfer  steady-state discrete distance R (A) structure dye-to-dye
pair distance (A) R(A) %2 [£2] oA 22 Co— Cu(A)?2 distances (&)
135290 43 43.3 2.7 39.4 7.3 1.3 39 39
40.3 1.6 38.8 6.1 1.2
135412 40 40.4 2.7 39.5 3.8 1.3 40 46
412— 135 40 39.5 21 38.0 3.9 1.2
38.7 1.4 381 34 1.3
290« 412 69 63.6 1.4 64.8 135 1.3 48 56
56.66 1.8 58.6 13.2 1.4
75< 290 50 51.7 4.3 46.6 13.5 1.2 40 46
202412 39 41.7 1.5 37.8 6.6 11 26 34
412— 75 47 48.2 31 44.8 13.5 14 32 46
alid - 60-70 1.1 60-80 15-30 11 - -

a\Watson et al. (1982f Donor-to-acceptor distance from MD simulations based on Watson et al. (1982) crystal strudtoeptor-side FRET
measurements.Unfolded samples (MOPS buffer at pH 7.5 and°Z5and 2 M GuHCI).¢ MOPS buffer at pH 7.5 and 2%C. D <= A: average
labeled samples (donor distributed between the two Cys sites) AD specific labeled samples. Unless otherwise indicated, distance determinations
are from donor-side experiments. The errors on the recovered distances are dominated by “nonfitting” sources and are estimsekl (sebe
the text).

lifetime effects on the rest of the energy-transfer pairs mental error. Time-resolved experiments (described below),

described in this work are probably relatively small. however, can be performed much more accurately and allow
Steady-State Energy TransfeFThe doubly labeled PGK  the estimation of the intramolecular distances in the unfolded

sample shows a major emission band due to AF fluorescencestate.

and a small contribution of AEDANS fluorescence (Figure  Time-Resaled Energy TransferTime-resolved fluores-

3, top). Donor emission is quenched through FRET from cence lifetime measurements were performed on all six FRET

AEDANS to AF when the protein is folded. The fluores- pairs (donor sidefex = 325 M, Aem = 450 nm). Three

cence changes are measured by comparing the fluorescencgyorescence lifetimes were observed for all the D-PGK

emission spectra of the D-PGK and the D-PGK-A labeled gecays. The fluorescence decays of D-PGK-A samples were
proteins for the native samples at the same concentration.; s, satisfactorily analyzed with an empirical three-expo-
The steady-state average FRET efficienci&dor the native nential modelfg?= 1.1-1.2). Analysis of the time-resolved

gnd the unfolded state are_optamed from the ratio of the 5 escence data was performed at three different levels of
integrated fluorescence emission spectra of the D'PGK'.A complexity: (1) average energy-transfer efficiency calculated
and D-PGK samples on the donor suje (see Data An"’.‘lys's'from the mean lifetime of donor and donor/acceptor proteins,
Aex = 340 NM, ey, = 400-460 nm). Since the donor-side (2) global analysis of donor and donor/acceptor decay in

25532“ r\?vi t‘;ﬁ?}:g;ﬁ%{'gﬁgﬁ?@%ﬁ rceglgz]lavt\ilgz gfbtizl?::rl]ﬁfg? terms of discrete distance(s), and (3) global analysis of donor
P P ’ and donor/acceptor decay in terms of a distribution of

efficiencies is especially easy, and not prone to artifacts di
associated with spectral subtraction of the acceptor-only |stanc?s. ) )
emission. The steady-state calculated average distances are The first level of analysis of the time-resolved data was
presented in Table 5. For all the folded and unfolded analysis of the D-PGK and D-PGK-A fluorescence decays
samples, the scaled donor emission spectrum is subtractedn terms of empirical exponential functions. From these
from the donor/acceptor spectrum. The shape of the differ- recovered lifetimes (see Materials and Methods), one can
ence spectrum is coincident with the scaled acceptor emissiorcalculate energy-transfer efficiencies ustbg= 1 — ((#pall
spectrum that is obtained when the acceptor is excited o). The main purpose of this analysis was simply to
directly (lex > 440 nm). determine if the steady-state transfer efficiencies and time-
AEDANS and AF fluorescence emission spectra have resolved data were internally consistent. Since the time-
significant overlap. In the acceptor-side measuremelgts ( resolved data did not require knowledge of the absolute
> 480 nm), FRET efficiencies were calculated from the AF concentrations of the donor-only and donor/acceptor samples,
emission enhancement (data not shown). However, due touncertainties in protein concentrations would not contribute
the large number of extra manipulations of the data required to a measured efficiency. Similarly, the steady-state transfer
to monitor the acceptor enhancement, the precision of theefficiencies can be affected by static quenching mechanisms
acceptor-determined measurements was much inferior to thewhich will not affect the time-resolved signals. When the
donor-quench determinations. There was, however, verydata analysis is performed in this very simple manner, one
good agreement between the two methods, with differencesfinds that the recovered distances determined by both
in calculated energy-transfer efficiencies ab%. The methods are in complete agreement (see Table 5). These
biggest source of error in these determinations comes fromresults support the accuracy of both the protein concentration
uncertainties in absolute protein concentrations and from determination of each of the mutants and the fact that the
subtraction of the directly excited acceptor emissity € majority (if not all) of the donor quenching which is observed
460 nm). in the steady-state measurement is dynamic in nature and
For the unfolded samples, the differences between theconsistent with an energy-transfer process. It should be noted
D-PGK and the D-PGK-A spectra are within the experi- that the small amplitude<{1% of total fluorescence) short
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lifetime component was invariant between donor and donor/ i '

acceptor samples and hence does not appear to be undergoing 0.100 i

any fluorescence energy transfer. Therefore, in all of our

subsequent analyses, no energy-transfer distance was associ- P 0.075 ¢ 1

ated with this short lifetime term and its value was linked = 202412 185280

between both the donor-only and donor/acceptor samples. £ 0.050 ¢ .
Global analyses were then performed by simultaneously S 200-412

analyzing the decay curves of the D-PGK and D-PGK-A & 0.025

samples in terms of an internally consistent distance(s). Both

discrete and distributed distances (parameterized as Gauss- 0.000

ians) were utilized. Global fits in terms of a single discrete 20 0 60 80

distance were not satisfactory for any of the native proteins. Distance (A)
Severe distortions in the weighted residual distribution were Ficure 6: Recovered energy-transfer distance distributions from
apparent, and the reduce@Z values for most of these the global analysis of the time-resolved fluorescence decays of

; AL D-PGK and D-PGK-A. The orientation fact®#?(* was utilized
analyses were>2.0. Global analysis of the time-resolved for each analysis. The predicted dye-to-dye distan®@rom the

energy-transfer data in terms of a single distributed distance g jecular dynamics simulation of each dye pair built into the PGK
yielded the besyy? and random residual patterns with the crystal structure are shown for comparison.
least number of adjustable fitting parameters. Protein

conformational heterogeneity, orientational factor, and the <Kz>

*

length and flexibility of the linker of the donor and acceptor fomy ' '
probes may be contributing to this distribution. The global ‘: 70 2/3
fitting in terms of a Gaussian distance distribution gave a 0 T
satisfactory fit to the data for all six donor/acceptor pairs. o5 & o
Random residual patterns (such as those shown in Figure 3, o S 50 74
bottom) and reduced globg)? values in the range of 1-1 5 3 A
. . 0

1.3 were obtained for all cases. The mean distance from © (I) 40 -
the single-distance distribution analysR,, was in good g -
agreement with the corresponding discrete single-distance L 30
analysis. 2 /

Three of the six energy-transfer pairs were also examined o 2020 20 4'0 5'0 50 70

by global analysis of data obtained at the acceptor-side dicted
R 3 i . L. preadicte
emission, with excitation at 325 nm and emission at 560 nm donor—acceptor ()
(Table 5). Nearly identical distance distributions are obtained S .
FiIGurRe 7: Linear correlation of the measured energy-transfer

from the acceptor-side fluorescence emission, further Strength'distances (mean of the recovered distribution function) as a function

ening the fact that the observed quenching in this system isof the predicted dye-to-dye distance from the molecular dynamics
dominated by energy transfer and not some other mechanismsimulation of each dye pair built into the PGK crystal structure.
For the unfolded proteins (2 M GuHCI), only small energy- The regression line and data for both faé = /3 and the enhanced
transfer efficiencies are observed. Since the transfer ef-°rentation factor estimatio®?( are shown. A “perfect” distance
. . L ’ . Idb li tendi tly al the di I
ficiencies are rather small, it is not possible to perform the assay wollld be a line extending exactly along the dlagona
sophisticated type of distribution analysis which is performed
for the native proteins. The global analyses were consistent;; g entirely possible that the majority of the “error”
with either a single discrete distance model or a broad 4qqqciated with this site has to do with the calculation of

distribution distance model. All of the energy-transfer o projected dye-to-dye separation distance.
signals are reversible, as refolded proteins were found to have 5 plot of the recovered energy-transfer distances as a

disfcance distributions nearly identical to those of proteins ¢,nction of predicted dye-to-dye distances (using the PGK
which were never previously unfolded. crystal structure) is shown in Figure 7. Independent of the
Figure 6 shows the recovered dorarcceptor distance  [¥?[or type of data (time-resolved or steady-state fluores-
distributions of all six doubly labeled PGK derivatives. The cence), linear correlations are observed for the recovered
mean of the recovered doneacceptor distance distribution  distances versus predicted distances from the crystal structure.
matches that predicted from the crystal structure almost The correlation coefficients for these lines are 0.97 and 0.96
exactly for 75« 290, 412— 75, 202« 412, and 135> for the time-resolved#?0(=2/5) and thel#’(® respectively.
290. These four sites span quite different regions of the The slope of the linear regression line of the time-resolved
tertiary structure of PGK (for donor/acceptor pair locations, energy-transfer distance estimations wi#gf® is 1.18, and
refer to Figure 1). For 298> 412, the recovered mean from  with [#?(J(=?%/3) 0.85. This result compares very favorably
the donor-side decay is 65 A, while the predicted dye-to- with the ideal-case distance assay which would have a slope
dye distance is 56 A. The acceptor-side measurementsof 1.0, indicating that, for all of the donor/acceptor probes
yielded a distance of 59 A, much closer to the predicted (when examined as a total system), the measured distances
distance for this case. The recovered mean distance fromreflect the predicted structural distances to witki20%.
135< 412 and 412~ 135 is 40 A (compared to a predicted For these regression curves, the ¥3%12 energy-transfer
separation distance of 46 A) when measured from either thepair was omitted due to probable errors in the calculation of
donor quench or acceptor enhancement (three independenthe predicted dye-to-dye distance (see above). However,
measurements, two different samples). Given the identicaleven when this additional FRET pair is included, the

energy-transfer distances which are obtained at this position,
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