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ABSTRACT: Yeast 3-phosphoglycerate kinase contains two tryptophans, both situated in the carboxy-terminal
domain, and seven tyrosines, five in the amino-terminal domain, one in the domain—domain interface, and
one in the carboxy-terminal domain. Site-specific mutagenesis has been used to construct two single-
tryptophan mutants and one no-tryptophan mutant by replacing one or both native tryptophans, W308 and
W333, with phenylalanines. The mutations have been shown to have a relatively small effect on the overall
structure and enzymatic properties of the mutants. Both tryptophans are quenched in the folded state. The
steady-state emission spectra and tryptophan quantum yields are the same in the single-tryptophan mutants
and in the wild-type protein. Large changes in the tryptophan emission maxima and steady-state emission
intensities are observed upon unfolding. Far-UV circular dichroism and steady-state as well as time-
resolved fluorescence spectroscopy have been used to monitor the equilibrium unfolding transitions of these
mutants and wild-type PGK. For each protein, the transitions followed by CD and steady-state fluorescence
are nearly coincident, suggesting that the structural changes monitored by local fluorescence probes and
ellipticity changes, which are sensitive to the changes in the overall structure, report a single cooperative
transition, consistent with a two-state unfolding mechanism. Both tryptophans have three lifetimes, which
follow a similar pattern as a function of denaturant concentration. The amplitude terms associated with
the two longer lifetimes increase with unfolding while the short lifetime amplitude decreases. It thus
appears that these population amplitudes represent markers for the unfolded and folded states, respectively.
The transition midpoints calculated from the analysis of each amplitude term are identical with those
determined from the steady-state total intensity changes. In contrast, those determined from the lifetime
changes and from the preexponential associated with the long correlation time appear to precede the transitions
followed by steady-state intensity changes and CD. The time-resolved anisotropy decays associated with
WT, W308, and W333 are distinct in the folded proteins and become essentially identical in the unfolded
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state.

Native tyrosines and tryptophans have been used extensively
as sensitive intrinsic fluorescence probes of protein confor-
mational changes. Since most proteins contain multiple
tryptophans and tyrosines, it is usually difficult to interpret
the observed spectral changes in terms of specific structural
changes. Recently, genetic engineering has been exploited to
resolve fluorescence properties of multi-tryptophan-containing
proteins (Royer et al., 1990; Harris & Hudson, 1990; Axelsen
et al.,, 1991; Atkins et al., 1991; Loewenthal et al., 1991;
Willaertetal., 1992) and to produce single-tryptophan mutants
for folding studies (Smith et al., 1991; Staniforthet al., 1993).

Yeast phosphoglycerate kinase (PGK!) contains two tryp-
tophans, W308 and W333, both situated in the carboxy-
terminal domain. In addition, there are seven tyrosines, five
of which are situated in the amino-terminal domain, one in
theinterdomain hinge region, and one in the carboxy-terminal
domain near the domain—domain interface (Figure 1). Ac-
cording to the crystallographically determined structure of

¥ This research was supported in part by National Institutes of Health
Grants GM33715 and GM41360 to M.T.M. Support by Cancer Center
Support Grant CA33572 for the Computer Graphics Facility (M.T.M.)
is also acknowledged. J.M.B. gratefully acknowledges support from the
Lucille P. Markey Foundation and NIH Grant GM45990.

* Author to whom correspondence should be addressed.

t Beckman Research Institute of the City of Hope.

§ Vanderbilt University.

® Abstract published in Advance ACS Abstracts, February 1, 1994,

yeast PGK (Watson et al., 1982), W308 is situated on the
surface and is surrounded by several charged amino acid
residues. In contrast, W333 is buried in a hydrophobic
environment.

Unusual fluorescence properties have been reported for yeast
PGK by Nojima et al. (1976, 1977). These authors reported
an unusually large contribution of the tyrosyl fluorescence at
excitation wavelength 280 nm to the fluorescence emission
spectrum and a very low quantum yield of tryptophanyl
fluorescence. A significant increase in the tryptophanyl
quantum yield upon unfolding has led to the suggestion that
at least one or possibly both of the tryptophans are quenched
in the native form of PGK (Nojima et al., 1976). Time-
resolved fluorescence studies (Privat et al., 1980; Wasylewski
& Eftink, 1987) revealed that tryptophanyl fluorescence decay
in yeast PGK can be resolved into three components and

! Abbreviations: PGK, 3-phosphoglycerate kinase; WT, wild type;
W308 PGK, PGK mutant with a single native tryptophan at position 308
and a phenylalanine substituted for tryptophan 333; W333 PGK, PGK
mutant with a single native tryptophan at position 333 and a phenylalanine
substituted for tryptophan 308; W- PGK, a no-tryptophan mutant in
which both native tryptophans were replaced by phenylalanines; MOPS,
3-(N-morpholino)propanesulfonic acid; CD, circular dichroism; UV,
ultraviolet; SDS, sodium dodecyl sulfate; PAGE, polyacrylamide gel
electrophoresis; Gdn-HC], guanidine hydrochloride; FWHM, full width
at half-maximum.
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FIGURE 1: Locations of two tryptophans (W308 and W333) and seven tyrosines (@) in the native structure of yeast phosphoglycerate kinase.
The ribbon drawing of the PGK structure was made using INSIGHT software (Biosym, San Diego, CA).

suggested that the two longer components were associated
with W308 and the major short component with W333. More
recently, Dryden and Pain (1989) concluded from steady-
state and time-resolved fluorescence quenching studies that
both tryptophans have a heterogeneous emission with multiple
decay times.

Steady-state fluorescence has been used to monitor the
reversible equilibrium unfolding transition of wild-type PGK
and the isolated carboxy-terminal domain (Missiakis et al.,
1990), using guanidine hydrochloride as a denaturant. The
existence of a hyperfluorescent intermediate, not previously
reported in earlier folding studies of yeast PGK (Nojima et
al., 1977; Adams et al., 1985), was detected by these authors.

The aim of the present study was two-fold: (i) to resolve
and characterize the fluorescence properties of the two
tryptophans and (ii) to correlate the steady-state and time-
resolved fluorescence properties with the structural changes
occurring during the equilibrium unfolding process. Thelong-
term goal of this approach is to produce a series of mutants
containing single tryptophans situated throughout the struc-
ture, designed as local probes of the equilibrium and kinetics
of folding of this enzyme. In two of the single-tryptophan
mutants described here, W308 PGK and W333 PGK, one of
the two native tryptophans has been replaced with a phenyl-
alanine. In the third mutant, both tryptophans have been
replaced with phenylalanines tocreate a no-tryptophan mutant,
W- PGK. Far-UV circular dichroism, steady-state fluores-
cence, and time-resolved fluorescence have been used to
monitor the equilibrium unfolding transitions of these mutants
and those of wild-type PGK.

EXPERIMENTAL PROCEDURES

Reagents. Guanidine hydrochloride (sequanal grade) was
purchased from Pierce. L-Tryptophan was from Aldrich
Chemical Co. MOPS was purchased from Sigma and sodium
phosphate (monobasic and dibasic) from J. T. Baker. The
source of the reagents used in the PGK assay was as reported
previously (Mas et al., 1987, 1988).

Production of Single-Tryptophan and No-Tryptophan
PGKs. Two single-tryptophan mutants (W308 PGK and
W333 PGK) and one no-tryptophan mutant (W-PGK) were
constructed by substituting one or both native tryptophans

with a phenylalanine. Site-directed mutagenesis experiments,
yeast expression, and purification of mutant proteins were
performed using previously published procedures (Mas et al.,
1986, 1987, 1988).

Determination of Enzyme Activity. Enzyme activity in
the direction of formation of 1,3-diphosphoglycerate was
measured spectrophotometrically at 25 °C as previously
described (Mas et al., 1986), in the presence and absence of
50 mM sodium sulfate.

Determination of Molar Extinction Coefficients. Molar
extinction coefficients at 280 nm were determined using the
method of Gill and von Hippel (1989). The extinction
coefficients at 295 nm were determined from the absorbance
spectra of samples at known protein concentrations, on the
basis of the extinction coefficients at 280 nm. All spectro-
photometric measurements were performed using a Uvikon
860 spectrophotometer (Kontron).

CD Measurements. Circular dichroism measurements were
carried out using a Jasco-600 spectropolarimeter and quartz
cuvettes of 1-mm path length. Protein solutions (0.05-0.1
mg/mL) were prepared in 20 mM sodium phosphate buffer
(pH 7.5). Four scans were recorded for each sample at a scan
speed of 20 nm/min and a bandwidth of 1 nm. The scans
were then averaged and corrected for the buffer base line.
Mean residue ellipticity values, [] (expressed in deg:cm?
dmol-!), were calculated using a molecular weight of 44 700
for PGK (n = 415 amino acids) (Hitzeman et al., 1982).

Steady-State Fluorescence Measurements. Steady-state
fluorescence measurements were performed at 25 °C using
a Fluorolog-2 photon counting spectrofluorometer (Spex
Industries, Edison, NJ). All measurements were conducted
inthe ratiomode with 5-nm bandwidths for both the excitation
and emission monochromators. Steady-state fluorescence
emission spectra were recorded at a scan rate of 1 nm/s. The
emission spectra were acquired at an excitation wavelength
of 295 nm, in the 300~-450-nm range, or at an excitation
wavelength of 280 nm in the emission range from 290 to 450
nm. Background fluorescence from buffer and denaturant
was also recorded and subtracted from the protein spectra.

Determination of Quantum Yields. Tryptophan quantum
yields for WT PGK and single-tryptophan mutants were
determined at 25 °C relative to a value of 0.14 for tryptophan
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in water (Kirby & Steiner, 1970), using the relationship

QProt - f IP'm Atl’P
Qtrp f Itrp Aprot

where Q is the quantum yield, {7 is the integrated intensity
of the corrected emission spectrum over the wavelength range
300-400 nm (excitation, 295 nm), and A4 is the absorbance
at 295 nm (Parker & Rees, 1960). L-Tryptophan and the
protein solutions were prepared to have the same optical
densitiesat 295 nm (0.028-0.038 OD range). Quantum yield
determinations were performed three times for each protein,
and the results were averaged.

Time- Resolved Fluorescence Measurements. Time-re-
solved fluorescence measurements were performed utilizing
a Coherent Antares Nd:YAG laser (Palo Alto, CA), fre-
quency-doubled and synchronously pumping a dual dye jet
(Coherent 702) laser using rhodamine 6G and a DODCI
saturable absorber. Output pulses from this laser at 295 nm
were utilized at 4 MHz and had a pulse width of approximately
1 ps. Time-resolved detection utilized time-correlated single-
photon counting with a 6u Hamamatsu (R2809U-01, Bridge-
water, NJ) microchannel plate detector, high-frequency 50X
amplifiers (Phillips Scientific 774, Mahwah, NJ), constant
fraction discriminators (Tennelec 454, Oak Ridge, TN), time-
to-amplitude converters (Tennelec 862), and pulse-height
analysis analog-to-digital converters (Nucleus PCA-II, Oak
Ridge, TN). The instrument response function was approx-
imately 50-80 ps. The collimated fluorescence emission was
passed through Glan-Thompson polarizers on automated
mounts (ISS, Urbana, IL) and focused onto the entrance slits
of a SPEX (Edison, NJ) 0.22-m emission monochromator. A
half-wave plate in the excitation beam was utilized to rotate
the excitation polarization to horizontal for the determination
of the polarization bias (g factor) of the detection instru-
mentation.

Equilibrium Unfolding Studies. The unfolding transitions
for WT PGK and the W308, W333, and W~ mutants were
monitored using circular dichroism (CD) and fluorescence
(steady-state and time-resolved) techniques. Theequilibrium
unfolding data were obtained for protein solutions (protein
concentration, 0.05-0.1 mg/mL) prepared in 20 mM phos-
phate buffer (pH 7.5) by monitoring ellipticity at 220 nm and
total fluorescence emission intensity (excitation at 295 nm for
tryptophan-containing proteins and at 280 nm for the no-
tryptophan mutant). Theequilibrium unfolding data for WT
PGK, W308 PGK, and W333 PGK (protein concentrations,
0.25mg/mL)in 50 mM MOPS buffer (pH 7.5) in the presence
of 100 mM NaCl and varying concentrations of guanidine
hydrochloride were obtained by measuring, in parallel, the
steady-state fluorescence emission spectra and time-resolved
fluorescence and anisotropy decay. A seriesof protein solutions
at identical protein concentrations was incubated in the
presence of 0-6 M Gdn-HCI. Protein solutions were incubated
forat least 3 h prior to measurement to assure that equilibrium
conditions had been reached. The same results were obtained
when the incubation time was increased to 24 h. The spectra
of buffer solutions were measured for each sample and
subtracted from the protein spectra. The unfolding data
obtained from steady-state fluorescence spectra were plotted
asa function of total emission intensity (area under the emission
peak from 310 to 450 nm with excitation at 295 nm or from
290 to 450 nm with excitation at 280 nm), using the InPlot
scientific graphics package (GraphPad Software, San Diego,
CA). Time-resolved fluorescence data analysis was performed
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utilizing the Globals Unlimited analysis software (Urbana,
IL). The recovered time-resolved fluorescence decay pa-
rameters (lifetimes, rotational correlation times, and associated
preexponential factors for each component) were plotted as
a function of Gdn-HCl concentration using Sigma Plot (Jandel
Scientific, Corte Madera, CA) and analyzed as described here.

Analysis of the Unfolding Transitions. The unfolding
transitions were analyzed by fitting the experimental data
(using a nonlinear least-squares algorithm of Marquardt
provided in the Sigma Plot or InPlot software packages) to
the equation derived from the denaturant binding model (Aune
& Tanford, 1969), as described by Betton et al. (1984) and
Missiakis et al. (1990). This method of analysis was selected
to allow for a direct comparison of the results with those
obtained previously for wild-type yeast PGK by Missiakis et
al. (1990).

Su = KO (1 + K ) 1
Kapp = K,C" 2)

where fy;is the fraction of unfolded protein, Cis the denaturant
concentration, K,pp is an apparent equilibrium constant for
the unfolding reaction, assuming a two-state model,

K
F=U

n is the cooperativity index, and Ky is a constant. At the
transition midpoint (Cn), fu = fr, Kapp = 1, and

1/K,=C"=C," 3)

Using the above relationships, transition midpoints and
cooperativity indexes can be calculated by fitting the observed
data to the following equation:

Yobs =fUYmax + (1 _fU)Ymin (4)
where
fu=CNC"+C) (5)

The unfolding curves obtained by CD and steady-state
fluorescence intensity were normalized tothe apparent fraction
of the unfolded form, F(U):

F(U) = (Yops = YF)/(YU -Yg) (6)

where Y is the observed total fluorescence emission intensity
or ellipticity at 220 nm, determined as described above. The
base-line correction was performed for the unfolding curves,
whenever necessary, prior to normalization, using linear
extrapolation of the base lines in the pre- and posttransition
regions to obtain estimates of Yy and Y in the transition
region, as described by Pace et al. (1989).

Nonlinear least-squares analyses were performed to obtain
free energies (AG°N.y) and slope terms (m) using eq 4 of
Senear and Bolen (1992).

RESULTS

Characterization of W308 PGK, W333 PGK, and W- PGK.
Mutants in which one or both tryptophans were replaced with
phenylalanines were overexpressed in a yeast strain that does
not produce wild-type PGK (Shermanetal., 1990). WT PGK
was also expressed and purified using the same procedure.
Special precautions were taken to obtain the highest possible
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Table 1: Specific Activities, Mean Residue Ellipticities, and Molar
Extinction Coefficients for WT PGK and the W308, W333, and W-
Mutants

mean residue molar extinction

specific activity ellipticity coefficients
(units/mg) (deg-cm? dmol-?) (M-tcm!)
—sulfate  +sulfate [0lo08nm [6)2000m  €80nm  €295nm

WT 450 (100%) 796 -10997 -11504 22797 6660
W333 356 (79%) 676 -11525 -11116 16986 3755
W308 576 (127%) 724 -10717 -10750 16986 4336

Ww- 448 (100%) 579 -9900 -9890 10728 nd

protein purity, in order to minimize a possible contribution
of other proteins to the fluorescence properties of PGK and
its mutants. Crystallization using ammonium sulfate was
introduced as an additional step in the purification procedure
for the W- mutant. The purity of the final preparations was
estimated to be 299%, on the basis of the silver-staining method
of protein detection on SDS-PAGE gels.

Enzymaticactivities of the purified proteins were measured
both in the absence and in the presence of activatory sulfate
ions (50 mM). Specific activities, expressed in units/
milligram, were calculated using the extinction coefficients
listed in Table 1. These molar extinction coefficients,
determined by the method of Gill and von Hippel (1989),
correspond to the absorbances of 1 mg/mL protein solutions
at 280 nm, which are 0.51 for WT PGK, 0.38 for W308 PGK
and W333 PGK, and 0.24 for W- PGK. In the absence of
sulfate, the specific activities of WT PGK and the W- PGK
mutant were virtually identical (Table 1). Thespecificactivity
of W333 PGK was decreased by about 21% and that of W308
PGK was increased by 27%, relative to the activity of WT
PGK under the same conditions. Considering that 10%
differences are commonly observed between different prep-
arations of wild-type PGK, these results suggest that the
mutations had a relatively small effect on the enzymatic
activity. Thespecificactivity of all four proteins wasincreased
inthe presence of 50 mM sulfate, although to different degrees.
The extents of activation for the wild-type enzyme (1.8-fold)
and for W333 PGK (1.9-fold) are very similar. In contrast,
W308 PGK and W- PGK, both of which share the mutation
Trp-333 — Phe, exhibit only 1.3-fold activation. In the
presence of sulfate, the specific activities of W308 PGK and
W333 PGK were slightly lower than the activity of WT (9%
and 15%, respectively). The specific activity of W~ PGK was
decreased by about 27% as compared to WT PGK activity in
the presence of sulfate.

In order to evaluate the effects of the mutations on the
structure, the far-UV CD spectra were measured for each
protein in 20 mM phosphate buffer (pH 7.5) from 190 t0 250
nm. The CD spectra of the mutants exhibited two charac-
teristic minima at 208 and 220 nm and were similar to the
spectrum of WT PGK. The mean residue ellipticity values
at these two wavelengths are givenin Table 1. Thedifferences
between the spectra of the two single-tryptophan mutants
and WT PGK are essentially within experimental error,
although they could also be ascribed in part to a change in
the tryptophan content (Woody, 1978; Chakrabartty et al.,
1993). A slightly larger difference between the ellipticity
signal for the W- mutant (10% and 14% decreases at 208 and
220 nm, respectively) could be due to the decreased contri-
bution of aromatic side chains resulting from the substitution
of two tryptophans with phenylalanine. It is also possible
that small structural changes or an error in the determination
of the protein extinction coefficient using the method of Gill
and von Hippel (1989), which is based on the absorbance
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spectra of a set of 30 tryptophan- and tyrosine-containing
proteins, might also contribute to this difference.

Fluorescence Emission Spectra of Folded and Unfolded
Proteins. (a) EmissionSpectraat \,,= 295 nm. Fluorescence
emission spectra (uncorrected) for WT PGK, W-PGK, W333
PGK, and W308 PGK in 20 mM phosphate buffer (pH 7.5)
in the presence and absence of 4 M Gdn-HCI are shown in
Figure 2. Theemission maxima determined from these spectra
as well as those from the corrected spectra are given in Table
2. Yeast PGK has been known to exhibit unusual fluorescence
properties, i.e., a low tryptophan quantum yield in the folded
protein followed by a dramatic increase upon unfolding
(Nojima et al., 1976, 1977). This has been attributed in part
toa possible quenching of tryptophan fluorescence in the native
structure. It hasbeensuggested (Wasylewski & Eftink, 1987,
Dryden & Pain, 1989) that one of the tryptophans, presumably
Trp-308, is quenched by neighboring amino acid residues. It
is clear from the spectra of the single-tryptophan mutants
shownin Figure 2B,C that the fluorescence emission intensity
of both tryptophans increases upon unfolding, indicating that
bothare quenched in the native state. Under native conditions,
the emission maximum in the corrected spectrum of WT PGK
is at 332 nm. The emission maximum of Trp-333, a buried
residue, is blue-shifted to 314 nm. Incontrast, W308,asurface
residue, exhibits a 4-nm red shift relative to the WT emission
maximum. Upon unfolding, in addition to the significant
change in fluorescence intensity described above, there is also
ared shift of the emission maxima. A dramatic shift of about
37 nm is observed for W333, whereas WT and W308 emission
maxima undergo smaller 19- and 15-nm red shifts, respectively.
The fluorescence emission intensity measured for the no-
tryptophan mutant is negligible in the tryptophan emission
region (Figure 2A). The low emission intensity around 300
nm might be due to a small contribution from the excitation
of tyrosine residues at 295 nm (Willis & Szabo, 1989).

(b) Emission Spectra at A, = 280 nm. Uncorrected
fluorescence emission spectra were measured in 20 mM
phosphate buffer (pH 7.5) in the absence and presence of 4
M Gdn-HC] (Figure 3) at a protein concentration of 0.05
mg/mL. The emission spectrum of WT at an excitation
wavelength of 280 nm is dominated by tyrosine fluorescence,
asreported previously by Nojima et al. (1976). The twosingle-
tryptophan mutants also exhibit a single peak, with the emission
maximum at about 307 nm (Figure 3 and Table 2). The W-
mutant’s spectrum is typical for a protein containing only
tyrosine fluorophores and exhibits a single emission maximum
at about 304 nm. Upon unfolding, the spectra of WT PGK
and the single-tryptophan mutants exhibit two emission peaks,
corresponding to the emissions of tyrosine and tryptophan. In
contrast, the unfolded W- PGK exhibits a single emission
peak with a maximum at the same wavelength as that in the
spectrum of the folded protein but with a decreased emission
intensity (Figure 3D).

(¢c) Additivity of Tryptophan Fluorescence Emission in
PGK. Inorder tocompare the steady-state emission properties
of the two tryptophans in WT PGK with those of the same
tryptophans in the single-tryptophan mutants, the emission
spectra of WT PGK were compared with the spectra generated
by adding the emission spectra of the single-tryptophan
mutants and subtracting the spectrum of the tryptophan-less
mutant. Asshown in Figure 4A,B, the spectra of the sum and
WT PGK are virtually identical, both at excitation 280 and
295 nm. The small differences are within the experimental
error, due to dilution and background subtraction.
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FIGURE 2: Fluorescence emission spectra of wild-type, a no-tryptophan mutant, and two single-tryptophan mutants of phosphoglycerate kinase
at excitation wavelength A = 295 nm in the absence (—) and presence (- - -) of 4 M Gdn-HCI: (A) WT and W- (folded, +; unfolded, — -);
(B) W333; (C) W308. Uncorrected fluorescence emission spectra were recorded using protein solutions (0.1 mg/mL) prepared in 20 mM

sodium phosphate buffer (pH 7.5).

Table 2: Fluorescence Emission Maxima and Quantum Yields®

Aex = 295 nm
Aex = 280 nm Amax (M)
uncorr Ay, (nm) 0 M Gdn-HCI 4 M Gdn-HCI
protein 0 M Gdn-HCI 4 M Gdn-HCI uncorr corr uncorr corr quantum yield
WT 311 ~307 337 332 355 351 0.03
353
W333 307 306 317 314 356 351 0.02
352
w308 307 306 339 336 355 351 0.038
351
w- 304 304 nd nd nd nd nd

O(W308 + W333),,> = 0.03

4 Quantum yields relative to the quantum yield of tryptophan in water (@ = 0.14) were determined as described in the Experimental Procedures.

5 Q(W308 + W333),, is an extinction-weighted average quantum yield.
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FIGURE 3: Fluorescence emission spectra (uncorrected) of wild-
type, a no-tryptophan mutant, and two single-tryptophan mutants of
phosphoglycerate kinase at excitation wavelength A = 280 nm in the
absence (—) and presence (- - -) of 4 M Gdn-HCL: (A) WT; (B)
W333; (C) W308; (D) W-. Protein samples (0.05 mg/mL) were
prepared in 20 mM sodium phosphate buffer (pH 7.5).

Tryptophan Quantum Yields in WT PGK, W308 PGK,
and W333 PGK. The quantum yields (Table 2) relative to
tryptophan in water (Q = 0.14) were determined from the
corrected emission spectra at Aex = 295 nm over the range
300-400 nm, as described in the Experimental Procedures.
The quantum yields of W333 and W308 in the single-
tryptophan mutants (Q = 0.02 and Q = 0.038) were lower
and higher, respectively, relative to the quantum yield of WT
tryptophan (Q = 0.03). However, the extinction-weighted
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FiGURE4: Comparison of fluorescence emission spectra of WT PGK
(—) and the spectrum generated by adding the emission spectra of
the two single-tryptophan mutants and subtracting the spectrum of
the no-tryptophan mutant (---) (W308 + W333 - W-): (A)
excitation wavelength A = 280 nm, protein concentration 0.05 mg/
mL; (B) excitation wavelength A = 295 nm, protein concentration
0.1 mg/mL.

average quantum yield calculated for the sum of W308 and
W333, using extinction coefficients given in Table 1, was
virtually identical to the quantum yield of the WT protein.

Unfolding Transitions Monitored by CD and Steady-State
Fluorescence. Changes in ellipticity at 220 nm as well as
changes in total fluorescence emission intensity (Figures 2
and 3D) were utilized to monitor guanidine-induced transi-
tions. The unfolding transitions normalized to the apparent
fraction of unfolded protein, F(U), for WT PGK, W308 PGK,
W333 PGK, and W- PGK in 20 mM phosphate buffer (pH
7.5) are shown in Figure 5. The protein samples were
incubated at each guanidine concentration (from O to at least
4 M) for a minimum of 3 h to assure that equilibrium conditions
had been reached. The proteins were completely unfolded at
2 M Gdn-HCl, as indicated by the lack of further changes in
the monitored optical signals at higher guanidine concentra-
tions. Total fluorescence emission intensity was measured by
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FIGURE 5: Equilibrium unfolding transitions monitored by CD (-0-)
and steady-state fluorescence (--0--): (A) WT;(B) W333; (C) W308;
(D) W-. The fraction of unfolded protein at each Gdn-HCl
concentration, calculated from the change in total emission intensity
or molarellipticity at 220 nm, is plotted as a function of the denaturant
concentration. All samples were prepared in 20 mM phosphate buffer
(pH 7.5). Fluorescence emission spectra were recorded at excitation
wavelengths A = 295 nm (A-C) and A = 280 nm (D). Solid lines
represent the nonlinear least-squares fits to eq 4.

Table 3: Transition Midpoints, Cooperativity Indexes, and Free
Energies for the Unfolding Transitions in Phosphate Buffer
Monitored by Fluorescence and CD

°nu? mb
protein Cn? (M) n (kcal/mol)  (kcal/mol-M)
Fluorescence
wT 0.77 (0.76-0.77) 19.8 (18.3-21.3) 11.75%£0.35 153%0.5
W333 0.62(0.61-0.62) 13.1(11.6-14.6) 7.71x0.31 12.5%0.5
W308 0.63 (0.62-0.64) 13.6 (10.5-16.6) 8.04x£0.66 12.8=%1.1
w- 0.49 (0.47-0.51) 4.9 (4.1-5.7) 3.03 £0.29 5905
Circular Dichroism
WT 0.77 (0.76-0.78) 15.7 (12.6-18.8) 9.31x£0.71 12.0%0.9
W333  0.63(0.61-0.65) 9.2 (7.5-10.8) 5.38 £ 0.49 8.4 0.7
W308 0.67 (0.66-0.69) 9.4 (7.8-11.1) 5.68 £ 0.45 8.440.7
w- 0.48 (0.46-0.50) 5.2 (4.1-6.4) 2.98 £0.30 6.1 %0.6

@ Transition midpoints (Cy) and cooperativity indexes were calculated
as described in the Experimental Procedures. The 95% confidence
intervals are given in parentheses. ¢ Free energy changes for unfolding,
AG®N.y, were calculated according to eq 4 in Senear and Bolen (1992).

integrating the area under the emission peak at excitation
wavelengths A = 280 nm for W- PGK, which contains seven
tyrosines and no tryptophans, and A = 295 nm for the remaining
proteins to excite predominantly tryptophans. The unfolding
transitions were corrected for any non-zero base-line slopes,
as described by Pace et al. (1989). The transition midpoints
and cooperativity indexes (Table 3) were calculated by a
nonlinear least-squares fit of the data to eq 4, derived from
the model of Aune and Tanford (1969) as described in the
Experimental Procedures. This method has been used
previously in the analysis of the unfolding transitions of yeast
PGK by Missiakis et al. (1990).
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As shown in Figure SA, the unfolding transitions for WT
PGK, monitored by CD and fluorescence, are coincident and
highly cooperative (Table 3). The fluorescence-detected
transition is very symmetrical and differs from the recently
reported denaturation curve for WT PGK, which exhibits a
characteristic fluorescence maximum at 0.9 M Gdn-HCI
(Missiakis et al., 1990). Similar symmetrically shaped
unfolding curves were obtained in MOPS buffer (see Table
4 and Figure 6) and when the fluorescence transitions were
plotted using fluorescence intensity at a constant emission
wavelength, or when the center of mass of the fluorescence
emission peak was used (not shown). Increasing the equil-
ibration time to 24 h also failed to produce different results.
A curve resembling that reported for WT PGK (Missiakis et
al., 1990) was obtained for W308 PGK only once in four
unfolding experiments carried out for this mutant in MOPS
buffer (data not shown), but was not observed for WT and
W333 PGK, although the unfolding experiments for each
protein were repeated at least twice ineach buffer. Itis possible
that the discrepancy between our data and the previously
published data (Missiakis et al., 1990) might be due to
differences in sample preparation.

The unfolding transitions in 20 mM phosphate buffer (pH
7.5) for W333 PGK and W308 PGK, monitored by both CD
and fluorescence, are also coincident within experimental error.
However, the fluorescence-monitored transitions for the single-
tryptophan mutants were more cooperative than their cor-
responding CD-monitored transitions (Figure 2B,C and Table
3). Coincident transitions were also observed for the W-
mutant (Figure 5D). The overall stability of the single-
tryptophan mutants is slightly lower than that of WT PGK,
as indicated by a decrease in the transition midpoints from
0.77 M Gdn-HCl to 0.63 and 0.67 M for W333 PGK and
W308 PGK, respectively (Table 3). The unfolding transitions
in 50 mM MOPS buffer (pH 7.5) containing 100 mM NaCl,
monitored by changes in total fluorescence emission intensity,
also followed a simple two-state unfolding model for all four
proteins. The nonlinear least-squares fits and parameters
calculated from these data (data points omitted for clarity)
are shown in Figure 6 and Table 4, respectively.

Unfolding Transitions Monitored by Time- Resolved Fluo-
rescence Spectroscopy. The time-resolved fluorescence
intensity and anisotropy decay data for WT and the twosingle-
tryptophan mutants of PGK, obtained in 50 mM MOPS
buffer/100 mM NaCl (pH 7.5), are plotted in Figure 6 as a
function of Gdn-HCI concentration (0-2 M). The data in
most cases required a minimum of three lifetimes and two
rotational terms, as determined utilizing standard statistical
criteria (Beechem et al., 1992). Since detailed time-resolved
data of this type have not been extensively reported and
analyzed, every attempt was made to keep the data analysis
as simple as possible, without imposing any particular model
concerning how the recovered parameters should change as
a function of denaturant concentration. As shown in Figure
6, this simple, unlinked analysis yielded well-defined transitions
in the recovered parameters.

It is clear that in all three proteins, the major changes in
the time-resolved total intensity parameters are associated
with the amplitude factors («). The predominant amplitude
factor is associated with the shortest lifetime and decreases
with increasing denaturant concentration. The twoamplitudes
associated with the medium and long lifetimes reveal a parallel
increase as the protein becomes unfolded. Since the lifetime
changes observed are relatively small and the data density
through the unfolding transition is high, it seems reasonable
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Table 4: Transition Midpoints (Cp,) and Cooperativity Indexes () Calculated from Time-Resolved and Steady-State Data?
protein
WT W308 w333 W-
Cn (M) n Ca (M) n Cn (M) n Cn (M) n

a 0.72 & 0.007 183 0.64 £ 0.005 142 0.54 + 0.02 112

%) 0.72 £ 0.009 20£5 0.64 £ 0.007 17+3 0.52 &+ 0.02 114

o 0.72 £ 0.007 18+2 0.64 £ 0.005 19+£1 0.55 £ 0.01 112

1 0.94 = 0.04 nd 0.52£0.03 11+9 nd nd

) 0.61 £ 0.02 157 0.69 £ 0.01 16+3 nd nd

3 0.54 £0.04 nd 0.52+0.01 18+6 nd nd

81 0.66 £ 0.03 nd 0.53£0.02 28+ 17 0.67 £ 0.04 §£2

B2 0.62 = 0.03 11+4 0.51 £ 0.07 1944 0.55 £ 0.02 6%2

91 0.73 £ 0.02 30£22 0.51 £0.05 4£2 0.86 = 0.16 3x2

T 0.71 11 0.6 17 0.55 9 0.45 6

< Transition midpoints (Cy,) and cooperativity indexes (#) for the unfolding transitions in 50 mM MOPS buffer /100 mM NaCl (pH 7.5) are calculated
from the data shown in Figure 6. Time-resolved data are shown in rows 1-9 and steady-state total intensity data (73) inrow 10. ¢, rotational correlation
time for long rotation; 81, 82, rotational amplitudes for fast and slow rotation; 1, 72, 73, short, medium, and long lifetimes, respectively; ay, 3, a3, their
corresponding amplitudes. Errors in the C, and # values calculated from the steady-state data (T3) are within £2% and £10%, respectively.
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FIGURE 6: Equilibrium unfolding transitions monitored by time-resolved fluorescence: left panel, WT; middle panel, W308; right panel, W333.
Population amplitudes (), lifetimes (7), rotational amplitudes (8), and rotational correlation times (¢) are plotted as a function of Gdn-HCl
concentration. Three lifetime terms (short, 7;; medium, 7,; long, 73) are required to fit the observed total intensity data. In the top two panels
these lifetimes and associated amplitudes (), a3, a3) are denoted as ¥, O, and @, respectively. The amplitude terms are not fractional intensity
weighted. Two rotational terms, short (¢;) and long (#,), are required to fit the anisotropy data. In the bottom two panels the two rotational
correlation times and their associated amplitudes (8;, 8;) are denoted by O and @, respectively. Solid lines represent nonlinear least-squares
fits of the observed time-resolved fluorescence data to eq 4. Dashed lines represent nonlinear least-squares fits of a parallel set of steady-state
fluorescence (total intensity) data obtained on the same samples (data points omitted for clarity). Transition midpoints and cooperativity index
values calculated from these transitions are summarized in Table 4. All experiments were performed in S0 mM MOPS buffer/100 mM NaCl

(pH 7.5).

to group together the amplitude terms associated with each
lifetime. However, the possibility that a more complicated
association between amplitudes and lifetimes exists cannot be
ruled out.

Examination of the time-resolved total intensity and
anisotropy decays of the folded (0 M guanidine) and unfolded
proteins (4 M guanidine) reveals a number of interesting
aspects. The normalized total intensity decays in Figure 7
(A—C) were absolutely reproducible (multiple protein prep-
arations and many separate experiments), with W333 always
decaying faster initially but having more intensity at later
times than either WT or W308. WT decay was always
intermediate between W333 and W308, with WT and W308
becoming identical at late times. Both of the native tryp-

tophans are rather severely quenched compared to other
tryptophan-containing proteins. For reference,thedecaydata
for another genetically engineered single-tryptophan PGK
mutant, with tryptophan at position 194, are included in Figure
7D. This tryptophan yields a more characteristic lifetime
(mean lifetime = 4 ns). Upon unfolding, all lifetime differences
become very small (Figure 7U).

The anisotropy decays associated with WT, W308, and
W333 in the folded form are also distinct. Both WT and
W308 have very similar rotational behavior (Figure 7B,C),
whereas W333 has a larger decrease in the early anisotropy
decay. It should be emphasized that the tryptophan signals
for WT, W308, and W333 are not very sensitive to overall
Brownian motion due to their very short lifetimes and the
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Total Intensity

Anisotropy

Time (ns)

FiGURE 7: Totalintensity decay (top) and anisotropy decay (bottom)
data for W333 (A), WT (B), and W308 (C) in the absence (A-C)
and presence (U) of 4 M Gdn-HCI. Data (every 20th point) obtained
for a single tryptophan situated in the interdomain hinge region
(W194) are shown for comparison {D). The excitation function (E)
shown in the top graph has a FWHM of 60-75 ps.

long predicted correlation time for PGK (M, = 45 000). There
does appear to be substantial initial depolarization of all
intrinsic tryptophans compared to W194, which appears to be
almost completely immobilized. Upon unfolding, all of the
observed anisotropy decays become superimposable (Figure
7U). Unfolded states of all of the proteins examined in this
study appear to be identical in terms of the time-resolved
characteristics.

DISCUSSION

This article describes the characterization of two single-
tryptophan mutants of yeast phosphoglycerate kinase and a
no-tryptophan mutant, constructed using site-specific mu-
tagenesis. One or both native tryptophans, W333 and W308,
have been replaced by phenylalanines to produce W308 PGK,
W333 PGK, and W~ PGK, respectively. These mutants are
the first in a series of single-tryptophan mutants designed to
serve as local probes of PGK folding. A comparison of the
specific activities CD spectra, and susceptibility to guanidine-
induced unfolding indicates that the mutations do not cause
significant perturbation of structure or stability relative to
WT PGK. Characterization of the steady-state fluorescence
properties reveals that both W308 and W333 are quenched
in the folded state. The large enhancement of tryptophan
fluorescence intensity observed in the presence of denaturant
is accompanied by a large red shift of the emission maxima
(Figure 2 and Table 2).

Different optical signals are used frequently in protein-
folding studies to monitor the structural changes accompanying
the unfolding/refolding transition. Ellipticity changes mon-
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itored using CD measurements can detect global structural
changes. Fluorescence changes reported by native or genet-
ically inserted tryptophans and tyrosines can detect both local
and global changes, depending on the folding mechanism and
their location in the structure. Both methods were used in the
present study tocompare the equilibrium unfolding transitions
induced by guanidine hydrochloride for WT PGK, W308 PGK,
W333 PGK, and W- PGK. The carboxy-terminal location
of the two tryptophans in PGK makes them useful for
monitoring the unfolding of this domain by selectively exciting
tryptophan fluorescence at 295 nm. Tyrosine fluorescence
emission was used to monitor the unfolding transition of W-
PGK. The tyrosyl residues in yeast PGK are located, with
the exception of one C-terminal tyrosine, at a relatively large
distance from the two native tryptophans: five in the amino-
terminal domain and one in the interdomain region (Figure
1). It is clear that both W308 and W333 reveal transitions
identical to those obtained from CD measurements, indicating
that no localized unfolding occurs within these two regions of
the protein. Symmetrical and coincident transition curves
were also obtained by both methods for W- PGK (Figure 5).
The unfolding transitions for all four proteins are consistent
with a two-state unfolding model.

Both tryptophans exhibit multiexponential fluorescence
decay kinetics, with three lifetime components recovered from
the analysis of the time-resolved data in the single-tryptophan
mutants and WT PGK. The origin of multiple tryptophan
lifetimes and amplitude factors in proteins is far from being
well-understood (Beechem & Brand, 1985; Lakowicz, 1992).
Examination of the time-resolved data for WT PGK and both
single-tryptophan mutants, however, reveals a strikingly
similar pattern. Despite the large differences in the steady-
state properties of buried W333 (blue-shifted 314-nm emission
maximum, @ = 0.02) and solvent-exposed W308 (336-nm
emission maximum, Q =0.038), both mutants have two longer
lifetimes and amplitudes that increase with unfolding and a
short lifetime and amplitude that decrease with unfolding. A
significant question remains as to what physical state these
populations represent at each stage of the unfolding transition.
One possible interpretation of these data is that the amplitude
factors represent the population of different states due to
tryptophan rotameric populations, multiple local environments,
electron-transfer pathways, or other long-range interactions.

Itappears that the data for W308 and W333 do not support
local environment effects as being a dominant mechanism
that determines the observed time-resolved populations, despite
the large difference in the steady-state properties of these
mutants. The fact that the emission spectra and quantum
yields of the WT enzyme are strictly additive (Figure 4, Table
2) rules out tryptophan—tryptophan energy transfer as a
complicating photophysical mechanism. From Figure 2A, it
is apparent that the contribution of tyrosine emission using
295-nm excitation and 340-nm emission is minimal and does
not add significantly to the observed lifetime heterogeneity.

It thus appears that the short lifetime amplitude term
represents a “marker” for the folded state, whereas the other
two amplitudes track the unfolded state. A similar pattern
has been reported for the guanidine-induced unfolding of
staphylococcal nuclease (Eftink & Wasylewski, 1992). Rather
remarkably, all three proteins contain distinct lifetime signals
which appear to be “markers” for the unfolded state, even in
the absence of denaturant. Three possible explanations
(among many) are the following: (1) the native state has
some lifetime terms which appear in a region very similar to
that of the unfolded state; (2) the unfolded lifetime amplitudes
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represent a transient small population conformation(s) of the
protein with some unfolded characteristics (as sensed by the
tryptophan environment); (3) a small amount of denatured
protein exists in all sample preparations, although every effort
has been made to maintain PGK in the native form. From
these experiments it is impossible to determine the exact origin
of the “unfolded-like” lifetime populations. Future kinetic
experiments are planned that will address these results more
directly.

In all cases, the Cp,,’s (Table 3) recovered from the analysis
of each amplitude term are virtually identical to those obtained
from the steady-state total intensity data. However, in WT
and W308 it is clear that the lifetime transitions can precede
the main steady-state emission intensity changes (Figure 6,
left and middle panels). Since the lifetime changes are
relatively small and there are no associated amplitude changes
in this pretransition region, the observed steady-state signal
change would be very hard to detect. The parallel steady-
state fluorescence experiments detected no discernible changes
in this region.

The anisotropy parameters represent a more direct measure
of overall (and local) protein tertiary structure than do the
total intensity parameters. In all three proteins, large shifts
in rotational correlation times and their associated preexpo-
nential factors occur upon unfolding in the predicted manner.
The amplitude term associated with the fast motion component
increases with increasing denaturant concentration, whereas
the amplitude term that monitors the slower rotation (overall
Brownian tumbling) decreases. It does appear that the Cy,’s
for the preexponential associated with the long rotational
correlation time also precede the main transition observed
with steady-state fluorescence and CD measurements. The
uncertainty associated with the Cy’s recovered from the
rotational correlation times is too great to allow reasonable
conclusions to be drawn.

Future equilibrium and kinetic studies of the denaturation
and renaturation of several single-tryptophan mutants of PGK
should provide further insight both into the mechanism of
folding of this two-domain protein and into the physical nature
of its fluorescence properties, including their correlation with
specific structural changes that occur during the unfolding
transitions.
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