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ABSTRACT: Phosphoglycerate kinase is a monomeric protein composed of two globular domains of the
o/f type. Extensive domain—domain interactions involve three segments of the polypeptide chain that
are distant from one another in the primary sequence: the N-terminus, the C-terminus, and a centrally
located a-helix. In order to monitor spectroscopically the conformational changes that occur in the
individual domains and at the interdomain interface during the unfolding process, we have constructed a
series of single-tryptophan mutants. In addition to two previously described mutants, each with single
tryptophans in the C-terminal domain (W308 and W333) [Szpikowska, B. K., Beechem, J. M., Sherman,
M. A., & Mas, M. T. (1994) Biochemistry 33, 2217—2225], four new single-tryptophan mutants have
been constructed: two with tryptophans located in the interdomain region (W194 and W399) and two
with tryptophans in the N-terminal domain (W48 and W122). The equilibrium unfolding transitions induced
by guanidine hydrochloride were monitored using far-UV CD, near-UV CD, steady-state, and time-resolved
fluorescence. These studies reveal two unfolding transitions and suggest a sequential unfolding process
for the mutants described in this paper. During the first transition (Cy, ~ 0.5 M) the interdomain region
and C-terminal domain unfold; the N-terminal domain remains relatively compact but lacks much of the
tertiary structure that characterizes the native state. A hyperfluorescent intermediate is detected during
this transition by tryptophan probes placed within the N-terminal domain. Complete unfolding of the

N-terminal domain occurs during the second transition (Cy, ~ 0.9 M).

Phosphoglycerate kinase, a well-characterized, two-domain
enzyme, is an attractive system for studying the role of
individual domains and their interactions during the folding
process. Both circular dichroism and fluorescence spectros-
copy have been used previously to monitor the guanidine-
induced unfolding and refolding transitions of wild-type yeast
and horse muscle PGK.! Although both enzymes have very
similar three-dimensional structures (Banks et al., 1979;
Watson et al., 1982), their mechanisms of unfolding appear
to differ. The unfolding transition of yeast PGK induced
by guanidine hydrochloride (Nojima et al., 1976) is highly
cooperative. In contrast, two nonoverlapping transitions are
observed using far-UV CD and tryptophan fluorescence for
horse muscle PGK (Betton et al., 1984), apparently due to a
greater stability of the C-terminal domain.

Mutants of yeast PGK with genetically engineered cysteine
residues have also been used to probe the equilibrium
unfolding/refolding transitions of this protein. After compar-
ing the chemical reactivity of introduced cysteines with
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ellipticity changes at 218 nm, Yon and co-workers concluded
that the hinge region is more sensitive to denaturation by
guanidine hydrochloride than either of the two domains
(Ballery et al., 1990). Subsequent studies of the refolding
kinetics suggested that domain pairing and formation of
native tertiary structure occur simultaneously in the slow
phase of refolding (Ballery et al., 1993). The existence of
a folding intermediate, characterized as having high second-
ary structure content but lacking a well-defined tertiary
structure, has been postulated by these authors (Ballery et
al., 1993).

It has been demonstrated that individual yeast PGK
domains produced by recombinant DNA methods can fold
independently into quasinative structures but fail to reas-
sociate (Missiakas et al., 1990). The C, value for the
guanidine-induced unfolding of the isolated C-terminal
domain was found to be lower than for the N-terminal
domain, although the structure of the latter appeared to be
less compact (Missiakas et al., 1990). The refolding of
isolated domains was more rapid than that of the same
domains when present in the complete enzyme (Missiakas
et al., 1992).

The equilibrium unfolding of yeast PGK and three of its
mutants, each lacking one or both native tryptophans (W308
and W333), was studied previously in this laboratory by
utilizing circular dichroism (CD), steady-state, and time-
resolved fluorescence techniques to examine global and local
structural changes induced by guanidine hydrochloride. For
each mutant, unfolding transitions monitored by changes in
ellipticity at 220 nm were coincident with transitions
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FIGURE 1: Ribbon diagram of yeast phosphoglycerate kinase
showing the positions of the two native tryptophans (W308, W333;
C-domain) and the residues mutated to tryptophan for this study
[F194, interdomain helix: L399, hinge-spanning C-terminus; Y48,
N-domain, helix I (shaded); and Y122, N-domain, extended loop
(black)]. The figure was drawn with the program MOLSCRIPT
(Kraulis, 1991) using coordinates from Brookhaven file 3PGK
(Watson et al., 1982).

monitored by changes in tryptophan fluorescence emission
intensity. A two-state unfolding model was most consistent
with the data from this study. Time-resolved fluorescence
measurements yielded transition midpoint (Cy,) values that
were virtually identical to values obtained from steady-state
measurements. However, these studies did not confirm the
presence of a hyperfluorescent intermediate in wild-type PGK
reported in an earlier study (Missiakas et al., 1990).

Genetic engineering techniques have been used in the
present study to introduce single tryptophan residues at new
locations in the PGK structure as probes of local conforma-
tional changes. In addition to the two previously described
mutants containing single tryptophans in the C-terminal
domain (W308 and W333) and a no-tryptophan mutant (W—)
(Szpikowska et al., 1994), four new single-tryptophan
mutants have been constructed, two with a tryptophan located
in the N-terminal domain (W48 and W122) and two in the
interdomain region (W194 and W399) (Figure 1). Two
double-tryptophan mutants (W48/W308 and W48/W333),
containing one tryptophan in each domain, have also been
constructed and included in this study. The equilibrium
unfolding transitions of these mutants have been investigated
using far-UV CD, near-UV CD, and steady-state, and time-
resolved fluorescence in an effort to further characterize the
conformational changes that occur under equilibrium condi-
tions during guanidine hydrochloride induced unfolding.
Stopped-flow kinetic studies of these mutants are described
in the accompanying paper (Beechem et al., 1995).

EXPERIMENTAL PROCEDURES

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

Construction, Expression, and Purification of Single- and
Double-Tryptophan Mutants. Site-directed mutagenesis
experiments, yeast expression, and purification of mutant
proteins were performed using previously described proce-
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dures (Mas et al., 1986, 1987, 1988). A PGK gene in which
both native tryptophans have been replaced with phenyla-
lanines (W—; Szpikowska et al., 1994) was used as the
template for constructing the mutants described in this paper.
Two tyrosines located in the N-terminal domain, Y48 and
Y122, were selected for replacement. Both are partially
exposed to solvent and surrounded by one or more charged
residues, yet each is situated on opposite sides of the domain.
Two double-tryptophan mutants, W48/W308 and W48/
W333, were also created so that a single probe would be
present in each domain of the same protein. Mutants with
single tryptophans located in the interdomain hinge region
were also constructed. W 194 and W399 replace F194 and
L.399, respectively. Both are buried and pack against each
other in the native structure (Figure 1) but belong to different
secondary structure elements.

Determination of Specific Activity. Enzyme activity in the
direction of formation of 1,3-diphosphoglycerate was mea-
sured spectrophotometrically at 25 °C as previously described
(Mas et al., 1986), in the absence of sulfate.

Determination of Molar Extinction Coefficients. Molar
extinction coefficients at 280 nm were determined with a
Uvikon 860 spectrophotometer (Kontron) using the method
of Gill and von Hippel (1989).

CD Measurements. Circular dichroism experiments were
carried out using a Jasco-600 spectropolarimeter and quartz
cuvettes of 1 mm (far UV) or 10 mm (near UV) path length.
Protein solutions (0.1 mg/mL, far UV; 1.0 mg/mL, near UV)
were prepared in 20 mM sodium phosphate buffer, pH 7.50.
Four scans (far UV) or ten scans (near UV) were recorded
for each sample at a scan speed of 20 nm/min and a
bandwidth of | nm. The scans were averaged and corrected
for buffer baseline. Molar residue ellipticity values [@]yrw
(expressed in deg cm’ dmol ') were calculated using a
molecular weight of 44 700 for PGK (n = 415 amino acids)
(Hitzeman et al., 1982). Ellipticity (£, in mdeg), measured
in the near-UV CD range, was converted to Ae (M~ 'em™)
as described by Schmid (1989).

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 in the ratio mode
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. Background fluorescence from buffer
and denaturant was also recorded and subtracted from the
protein spectra. Time-resolved fluorescence measurements
were performed as described previously (Szpikowska et al.,
1994).

Determination of Tryptophan Quantum Yields. Tryp-
tophan quantum yields were determined at 25 °C relative to
a value of 0.14 for tryptophan in water (Kirby & Steiner,
1970), as previously described (Szpikowska et al., 1994),

Equilibrivm Unfolding Experiments. Unfolding transitions
were monitored using circular dichroism (CD), and steady-
state, and time-resolved fluorescence techniques. The equi-
librium unfolding data were obtained for protein solutions
at 0.1 mg/mL in 20 mM sodium phosphate, pH 7.5, by
monitoring the ellipticity at 220 nm and total fluorescence
emission intensity (area under the emission peak from 305
to 450 nm; excitation at 295 nm). Protein solutions were
incubated at least 3 h at room temperature in the presence
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Table 1: Specific Activities and Spectral Properties of PGK Mutants?

mean residue ellipticity

extinction coefficients

fluorescence emission maxima (nm)? at

specific activity (deg cm’ dmol ™) €280nm Ag'glo% oM maximum 4M tryptophan
mutant (units/mg) [812080m [6l2200m  (M7'em™) (mg™'mL cm™')  Gdn-HCl intensity Gdn-HCl  quantum yield Q¢

W194 394 —10792 —11191 17433 0.39 328 355 0.393
W399 243 —9834 —9101 16092 0.36 339 355 0.206
W48 381 —8843 —8401 14304 0.32 342 347 357 0.116
w122 562 —9618 —9478 13410 0.30 330 341 355 0.045
W48/W308 703 —10642 —11363 20562 0.46 342 348 356 nd

W48/W333 445 —10965 —10986 20562 0.46 339 349 355 nd

w3084 576 —-10717 —10750 16986 0.38 339 355 0.038
W333¢ 356 —11525 —11116 16986 0.38 317 356 0.020
W4 448 —9900 —9890 10728 0.24 nd nd nd nd

@ Spectral measurements were performed in 20 mM sodium phosphate buffer, pH 7.5. Enzymatic activity measurements were carried out as
described in the text. # Aex = 295 nm; data represent uncorrected values. © Quantum yields relative to tryptophan in water (Q = 0.14). ¢ Data from

Szpikowska et al. (1994).

of various concentrations of Gdn-HCl (0—4 M) to ensure
that equilibrium had been reached. Longer incubation times
(up to 24 h) produced no further changes in the fluorescence
and CD signals. The spectra of solutions lacking protein
were measured in parallel for each sample and subtracted
from the spectra of the protein sample. Conditions of the
time-resolved fluorescence experiments were as described
by Szpikowska et al. (1994). Renaturation experiments were
performed to verify the reversibility of the unfolding transi-
tions. Renaturation of proteins unfolded in 6 M Gdn-HCl
was performed as described by Missiakas et al. (1990). In
these experiments, the unfolded proteins were diluted to a
series of final denaturant concentrations (between 0 and 6
M Gdn-HCl) and incubated for 5 h prior to spectral
measurements. The final protein concentration of each
renatured sample was the same as in the equilibrium
unfolding experiments (0.1 mg/mL).

Analysis of the Unfolding Transitions. Guanidine-induced
unfolding transitions were analyzed using Marquardt’s
nonlinear least-squares algorithm (Sigma Plot 5.0; Jandel
Sci., San Rafael, CA) to fit the experimental data to a two-
or three-state unfolding model as described previously (Mas
et al., 1995). The second transition midpoint in the far-UV
CD unfolding curves is more difficult to determine due to
low amplitude of this minor but undisputable transition and
to a decreased signal/noise at high denaturant concentration.
It was clear from examination of the data that the second
transition was not simply a baseline effect. However, when
baseline correction terms were included in the curve fitting
equation, the entire second transition was incorporated into
the upper baseline term. For this reason, in the analysis of
the CD data according to a three-state model, baseline slopes,
sn and sy, were fixed at zero. This simplification appears
justified because the effects of Gdn-HCl on the far-UV signal
of the folded and unfolded states are relatively small (less
than 10%) for the data gathered between O and 4 M.

RESULTS

Enzymatic Activities and Spectral Properties of W48,
Wi22, W194, W399, W48/W308, and W48/W333 PGK
Mutants.  Specific activities for the W48, W122, W194,
W399, W48/W308, and W48/W333 mutants are listed in
Table 1. Most are similar to or better than those previously
reported for W— and WT PGK. The activity of the W399
mutant is significantly less than that of the W— mutant,
despite the fact that the far UV-CD spectra for these two
mutants are virtually the same (see below). This might be

due to altered packing of the C-terminus against the hinge
helix and against the N-terminal domain, previously shown
to be important for activity (Mas & Resplandor, 1988).

Molar residue ellipticities at 208 and 220 nm minima of
the far-UV CD spectra are also given in Table 1. The far-
UV CD spectra are similar for all proteins, suggesting that
their secondary structures are similar. The small differences
observed in ellipticities at the two minima might be due to
differences in their aromatic amino acid content (Woody,
1978; Manning & Woody, 1989; Chakrabartty et al., 1993).
Table 1 also lists the extinction coefficients at 280 nm
determined according to Gill and von Hippel (1989) and
tryptophan quantum yields determined relative to tryptophan
in water.

The two single tryptophan mutants with tryptophans
situated in the interdomain region (W194 and W399) have
the highest quantum yield (0.39 and 0.21, respectively; Table
1) and both exhibit a significant decrease in emission
intensity upon unfolding, in addition to a red-shift of the
emission maximum. In contrast, the two N-domain tryp-
tophans, W122 and W48, are quenched in the folded state
(Q = 0.04 and 0.12, respectively), and their emission
intensity increases upon unfolding. In contrast to the W194
and W399 mutants, for which maximum emission is ob-
served in the folded form, the W48, W122, W48/W308, and
W48/W333 mutants exhibit maximum emission intensities
at intermediate Gdn-HCI concentrations. The wavelength
of the emission maximum in the spectrum of this hyper-
fluorescent intermediate is longer than in the spectrum of
the folded protein (at 0 M Gdn-HCI) but shorter than in the
spectrum of the completely unfolded protein (at 4 M Gdn-
HCI). The emission maximum in the spectra of all unfolded
mutants undergoes a red-shift to 355 nm (Table 1).

Guanidine-Induced Equilibrium Unfolding Transitions
Monitored by Fluorescence and CD. Figure 2 and Table 2
show the equilibrium unfolding data for all single- and
double-tryptophan containing PGK mutants described in this
paper. In Figure 2, total fluorescence emission intensity
(305—450 nm) and ellipticity changes at 220 nm for each
mutant are plotted as a function of Gdn-HCI concentration
(0—2 M). Far-UV CD spectra were recorded after incubation
of samples under conditions identical to those used for
unfolding the samples prior to fluorescence intensity mea-
surements. The plots are superimposed to emphasize the
coincident transitions derived from both methods. The
fluorescence data have been normalized so that 0 and 1
correspond to the minimum and maximum observed signal,
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FIGURE 2: Guanidine hydrochloride induced equilibrium unfolding
profiles for the no-tryptophan (W-), single-tryptophan (W333,
W194, W399, W48, W122), and double-tryptophan (W48/W308,
W48/W333) PGK mutants. For each mutant, total fluorescence
emission intensities (arbitrary units), measured at 295 nm excitation
wavelength (280 nm for the W— mutant), are plotted as a function
of denaturant concentration (O). Background fluorescence due to
solvent alone (buffer solution containing identical denaturant
concentration) was subtracted from each protein spectrum. Ellip-
ticity (in deg cm? dmol-!) at 220 nm, obtained from far-UV CD
spectra of protein samples after solvent baseline subtraction, is also
plotted (®). The relative values of 0 and 1 correspond to the
minimum and maximum observed signal, respectively. No correc-
tion of the pre- and posttransition baseline slopes was performed.
The plots are superimposed to emphasize the fact that the unfolding
transitions monitored by both methods coincide. The experimental
conditions were the same for each method (protein at 0.1 mg/mL
in 20 mM sodium phosphate, pH 7.5, 25 °C). Solid lines represent
nonlinear least-squares fits to a three-state (two transition) model
for all data except the W333 and W399 fluorescence data, for which
a two-state (single transition) model was employed.
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respectively. The solid lines represent nonlinear least-squares
fits to the data as described under Experimental Procedures.
A three state model (N, I, and U) was adopted whenever a
two-state model (N and U) failed to adequately describe the
data (i.e., transitions were asymmetric or distinctly biphasic).

(1) Unfolding Transitions Monitored by Steady-State
Fluorescence. Unlike ellipticity changes, where the signal
becomes increasingly less negative upon unfolding, the
direction of fluorescence intensity change varies from mutant
to mutant. Tryptophan fluorescence emission intensity (or
tyrosine fluorescence in the case of W—) decreases upon
unfolding for the W194, W399, and W— mutants and
increases with increasing denaturant concentration for the
other mutants (Figure 2).

Biochemistry, Vol. 34, No. 42, 1995 13937

The W122 and W48 unfolding curves are clearly biphasic,
yielding two distinct Cy, values which are identical for both
mutants (Table 2). Transition midpoints occur at 0.40 and
0.91 M guanidine concentration for both tryptophans, despite
their positions on opposite sides of the N-terminal domain.

Two transitions were also observed in the fluorescence-
detected unfolding curves of the W48/W333 and W48/W308
double mutants, and the transitions were virtually identical
(0.54 and 0.90 M) for both mutants. Comparing the
transition midpoints calculated from the W48 single tryp-
tophan fluorescence data (0.41 and 0.90 M) to those from
the double mutants suggests that the addition of tryptophans
to the C-terminal domain shifts the first transition to a slightly
higher concentration of Gdn-HCI but has no effect on the
second transition. A close examination of the data reveals
that the unfolding profile of the W194 mutant is also
biphasic. However, 86% of the maximum signal change is
due to the first unfolding transition.

In contrast, the W399 unfolding profile is clearly monopha-
sic, as were the previously reported W308 and W333 single-
mutant curves [Figure 5 in Szpikowska et al. (1994)].
Interestingly, the two hinge tryptophans (W194 and W399)
experience changes in environment at distinctly different
concentrations of Gdn-HCl (C,, = 0.52 and 0.39), despite
their expected similar environment at the interface between
two helices in the hinge. However, it should be pointed out
that the environment of W399 appears to be less hydrophobic
than W194, as indicated by their different emission maxima
(339 and 328 nm, respectively). This suggests that the
packing of the C-terminal tail may have been perturbed by
the L399W mutation, resulting in greater solvent exposure
and destabilization of the hinge. Also note that W194
belongs to the helix which begins in the N-domain and ends
in the C-domain. W194 is therefore more likely to sense
changes in both domains compared to W399, which belongs
to the C-terminal tail that spans the hinge region.

(2) Unfolding Transitions Monitored by Far-UV Circular
Dichroism. Unlike fluorescence emission measurements at
Aex = 295 nm, which are sensitive to changes in the local
environment of tryptophans, changes in the far-UV CD
spectrum upon addition of Gdn-HCt are believed to primarily
reflect changes in the secondary structure (peptide backbone)
of the entire protein although aromatic residues may also
contribute in this region (Woody, 1978; Manning & Woody,
1989; Chakrabartty, 1993).

When CD is used to monitor unfolding (Figure 2), two
transitions are observed for all single tryptophan mutants with
tryptophans located in N-domain and hinge (W48, W122,
W194, and W399) as well as the two double tryptophan
mutants (W48/W308 and W48/W333). The first transition
consistently represents ~65% of the observed signal. With
the exception of the W194 mutant, the first phase for all
single tryptophan mutants has its midpoint centered around
0.42 M Gdn-HCI, identical to the value obtained for the
parent mutant (W—) when analyzed in a similar manner. For
the W194 mutant, the first transition occurs at a significantly
higher guanidine concentration (C,, value of 0.53 M), perhaps
due to tighter packing in the hinge region.

The second transition midpoint for each far-UV CD
unfolding curve is more difficult to determine due to signal
noise experienced at high concentrations of Gdn-HC! and
low amplitude of the second transition but is typically
centered around 1.0 £+ 0.15 M for all mutants studied,
including the double tryptophan mutants. Two transitions
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Table 2: Free Energy Changes,® Denaturant Concentration Indexes,? and Transition Midpoints® for Gdn-HCl-Induced Unfolding Transitions in

Phosphate Buffer As Monitored by Fluorescence and CD

AG% n—u mMN—U AGPoN—1 mN—1 AG®,1~u ML
mutant (kcal/mol) (kcal/mol-M) (kcal/mol) (kcal/mol-M) (kcal/mol) (kcal/mol*M) Coi (M) Cm2 (M)
Fluorescence

W194 6.30 £0.28 12.1 £ 0.6 2.68 £2.14 29+ 1.7 0.52 £0.01 091 £0.2
W399 4,15 +£0.18 10.7 £ 0.5 0.39 £0.01

W48 5.31 £ 0.37 127 £ 09 3.80 £0.36 4.1x03 0.42 £0.01 0.92 £ 0.01
Wi22 4.81 £0.24 11.9£0.6 345 £0.58 38x£0.5 0.40 £ 0.01 0.91 +=0.03
W48/W308 6.84 £0.35 12,7 £0.7 4.94 + 0.57 54+05 0.54 £0.01 0.92 £0.01
W48/W333 6.85 £0.30 129+ 0.6 4.45 £0.57 50x05 0.53 £0.01 0.90 £0.02
W308 942 £ 1.39 148 £22 0.64 £ 0.01

w333 7.66 = 0.36 124 £ 0.6 0.62 £ 0.01

wW-— 5.38 £0.74 121 £1.7 436 £1.16 51x1.1 0.48 £0.01 0.86 = 0..04

Circular Dichroism

w194 5.44 £048 10.2 £ 0.9 233+ 1.52 24+ 1.1 0.53 £0.01 0.97 £0.20
W399 340 £0.56 8.1+15 5.06 £241 53+23 0.42+£002 095+0.06
W48 4.31 £ 0.67 105+ 1.7 3.54 £ 1.58 33£13 0.41 £0.01 1.06 £ 0.08
W122¢ 5.79 £0.76 13.7£1.8 272+ 141 32+1.3 0.42 £0.01 0.86 £0.10
W48/W308¢ 5.93£0.72 109£1.3 2.34 +£2.02 24+£15 0.55 £0.01 0.96 £ 0.27
Wd48/W333¢ 7.89 £ 1.06 154 £ 2.1 3.64 £ 1.56 40x14 0.51 £0.01 091 £0.08
W308¢ 6.85 £ 0.08 109 £22 4.87 £0.11 58+49 0.62 £0.03 0.84 £ 0.27
W333¢ 7.48 £1.03 119+£1.7 1.95 £ 4.09 24+£26 0.63 £0.05 0.82 £0.83
W— 6.08 £1.19 140£29 8.37 £ 3.89 11.5+5.0 0.43 £ 0.01 073 £0.03

@ Calculated as described in Experimental Procedures. Values reported are + one standard deviation. AG®°,n— and AG%, ¢ are the free energy
changes for the native to intermediate and intermediate to unfolded transitions, respectively, in the absence of denaturant at the reference temperature
(25 °C), and mn— and my—y are the corresponding denaturant index values which describe the dependence of the standard free energy changes on
denaturant concentration (Eftink et al., 1994). ? Calculated using the relationship Cr, = AG°/m. ¢ Fraction of change at 220 nm attributed to the N

— I transition fixed at 0.65 during curve fitting.

(Table 2) are also observed in the CD unfolding curves of
the W—, W308, and W333 mutants upon careful re-
examination of existing data [see Figure 5 in Szpikowska et
al. (1994)]. The second transition, visible as a slight
flattening of the curve’s upper shoulder, is easily overlooked
and is largely eliminated if baseline correction techniques
are applied to the data prior to curve fitting. Note, however,
that the unfolding curve for wild-type PGK is clearly
monophasic, with no indication of asymmetry in the upper
shoulder.

(3) Comparison of the Unfolding Transitions Derived from
Fluorescence and CD Experiments. Examination of the
unfolding transition data (Table 2 and Figure 2) indicates
that when steady-state fluorescence intensity is used to
monitor unfolding, two phases are seen only when the
fluorescent probe is located in, or adjacent to, the N-terminal
domain (for the W— mutant, the “probe” is actually seven
tyrosine residues, five of which are located in the N-terminal
domain). When CD is used to monitor unfolding, two phases
are seen for all mutants which lack either one or both of the
native tryptophans, regardless of whether unfolding curves
derived from fluorescence data are monophasic or biphasic.
In cases where two transitions are present both in the
fluorescence intensity data and the CD data, both C, values
are coincident. In cases where one transition is apparent in
the fluorescence-monitored unfolding curve and two are
apparent in the corresponding CD-monitored unfolding curve,
the C, value extracted from the fluorescence data coincides
with the first of the two Cy, values calculated from the CD
data. It therefore appears that fluorescent probes located in
the C-domain or C-terminus are able to monitor only one of
the unfolding transitions (the first), even though CD data
suggest that two transitions are present, whereas fluorescent
probes located in the N-domain or trans-domain helix are
able to monitor both. Future experiments will determine if
a single or double transition is detected by additional single

tryptophans, depending on their location in the C-terminal
domain.

(4) Unfolding Transitions Monitored by Time-Resolved
Fluorescence. Equilibrium time-resolved fluorescence ti-
trations were performed on all tryptophan-containing PGK
mutants in order to examine the time-resolved rotational and
lifetime properties as a function of Gdn-HCl. A complete
analysis of the time-resolved equilibrium titrations of a
typical amino-terminal domain tryptophan (W48), hinge
domain tryptophan (W399), and carboxy-terminal domain
tryptophan (W308) are shown in Figure 3A—C. The
rotational markers (3, ¢ in Figure 3A) for W48 reveal how
invariant these parameters are from 0 to 0.8 M Gdn-HC], in
the region of the first transition detected by fluorescence
intensity and ellipticity changes (Figure 2). It appears,
however, that the W48 tryptophan lifetimes (especially the
longest lifetime term) sense both transitions (see arrows in
Figure 3A). Both the hinge region tryptophan (Figure 3B)
and the carboxy-terminal tryptophan (Figure 3C) rotational
markers parallel the observed total intensity signal changes.
The hinge tryptophan (Figure 3B) requires only two fluo-
rescence lifetime terms, whereas all of the other tryptophan
mutants require at least three lifetime terms. The amplitudes
for the hinge tryptophan (W399) long lifetime term are
dominated by the initial carboxy-terminal domain unfolding
but do reveal an additional shift in amplitude consistent with
the unfolding of the amino-terminal domain (see Figure 3B).
The carboxy-terminal domain tryptophans (Figure 3C) clearly
reveal that the total intensity change and anisotropy change
occur in the low Gdn-HCI] concentration range compared to
the amino-terminal domain tryptophans (Figure 3A). For a
full discussion of the time-resolved titrations for the carboxy-
terminal domain tryptophans [W308, W333, and wild-type;
see Szpikowska et al. (1994)].

If one overlaps the titrations from all of the various mutants
which have been examined together (both single tryptophan
and double-tryptophan mutants), one can observe that they
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FIGURE 4: Rotational amplitudes () associated with the recovered
slow rotational correlation time of all of the carboxy-terminal
domain mutants {C —; W308 (O), W333 (W), WT (Vv)], double-
tryptophan mutants {C + N —; W48/W308 (&), W48/W333 (a)],
and the amino-terminal domain mutants [N —; W122 (¥), W48
(®)] as a function of Gdn-HC] concentration.

fall into three distinct classes (see Figure 4). For this figure,
the pre-exponential associated with the slowest motion term
of the anisotropy is plotted as a function of Gdn-HCl
concentration. Rather strikingly, the C-terminal domain
markers (W308, W333) cluster around 0.45—0.55 M Cp, the
double mutants containing both an amino- and carboxy-
domain marker have intermediate 0.7—0.8 M Cy,’s, and the
amino-terminal markers are the most stable with a C,, of
W122 = 0.9 M and W48 = 1.03 M. Remarkably, the time-
resolved fluorescence anisotropy in the amino-terminal
domain is almost invariant as the carboxy-terminal domain
unfolds. This is probably due to the relatively short mean

lifetime of these tryptophans ({r)), relative to the global
motion (¢) of the entire protein [{r)/¢ = (3.1 ns/30 ns)]. It
may also be possible that both domains are not hydrody-
namically coupled to each other.

(5) Effect of Guanidine Hydrochloride on the Near-UV
CD Spectra. Protein absorbance bands in the near-UV range
(250—310 nm) can be attributed to aromatic amino acids.
Changes in ellipticity associated with these residues upon
exposure to denaturant or other perturbations are thought to
reflect local changes in tertiary structure. Five of the seven
tyrosines in yeast PGK are located in the N-domain, one in
the hinge, and one in the C-domain [see Figure 1 in
Szpikowska et al. (1994)]. Positions of tryptophans in the
proteins examined in this study are indicated in Figure 1.

Near-UV CD spectra for the W— and tryptophan-contain-
ing PGK mutants were recorded in the presence of 0, 0.5,
1.0, 1.5, and 2.0 M Gdn-HCI (Figure 5). A comparison of
the WT and W— spectra in the absence of the denaturant
reveals that about 75% of the signal at 278 nm in the WT
PGK CD spectrum is contributed by tyrosines and only 25%

by tryptophans. A small difference in the 290—300 nm

region, where overlap with tyrosine bands is negligible, can
be ascribed to tryptophans.

For WT PGK, which undergoes a highly cooperative, two-
state unfolding transition centered at 0.77 M Gdn-HCl
(Szpikowska et al., 1994), significant changes in the near-
UV CD spectrum do not occur until the concentration of
Gdn-HCI exceeds 0.5 M. Once the concentration of Gdn-
HCl exceeds 1.0 M the spectrum is virtually featureless above
270 nm, suggesting a complete loss of tertiary structure.
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average of 10 scans measured in a cell with a 1 em path length.

Figure 5 shows that, for the W— and single tryptophan
mutants, significant structural changes in the environment
of the aromatic residues are already present at 0.5 M Gdn-
HCI, as suggested by the decrease in ellipticity between 270
and 290 nm. A relatively small decrease of ellipticity in
the spectrum of W— suggests perturbation of tertiary
structure in the vicinity of some but not all tyrosines at 0.5
M Gdn-HCI concentration. At 1.0 M and higher Gdn-HCI
concentration, a spectrum characteristic of the unfolded wild-
type protein is observed. In contrast, the near-UV CD spectra
of the W48, W122, and W399 mutants suggest that, even at
1.0 M Gdn-HCl, some tertiary structure remains. However,
this also disappears once the concentration of Gdn-HCl
exceeds 1.5 M.

DISCUSSION

We have previously described two single tryptophan
containing mutants (W308 and W333) and a no-tryptophan
(W—) mutant of yeast PGK, produced by replacing one or
both of the C-terminal tryptophans with phenylalanines
(Szpikowska et al., 1994). These mutants were constructed
in order to dissect the contribution of individual tryptophans
to PGK fluorescence and to monitor the equilibrium unfold-
ing process. In the present work, genetic engineering
techniques were used to introduce several new tryptophan
residues (Figure 1) into a previously constructed tryptophan-
less mutant (W—).

It is important to note that the unfolding behavior of the
no-tryptophan, single-tryptophan, and double tryptophan
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FIGURE 6: Schematic representation of the proposed unfolding
pathway for yeast PGK based on the results described in this and
the accompanying paper (Beecham et al., 1995). A solid line depicts
folded (native) structure; a broken line, partially unfolded structure;
a wavy line, unfolded structure.

PGK mutants described in this study is clearly different from
that of the wild-type enzyme. In addition to a slight decrease
in stability, analysis of the unfolding profiles of the mutants
reveals two unfolding transitions (Figure 2), suggesting the
existence of a folding intermediate under equilibrium condi-
tions. The Cm; and Cn, values calculated for these two
transitions (Table 2) are all very similar (C,; = 0.5 £ 0.1
M and Cx = 0.9 £ 0.2 M). However, the appearance of
the second transition cannot be attributed to a single site-
specific mutation. A second transition was also observed
at ~0.9 M Gdn-HCl in the CD-monitored unfolding profile
of a deletion mutant in which 15 amino acids were removed
from the C-terminus of the wild-type enzyme (Mas et al.,
1995). This suggests that different structural perturbations
may give rise to the appearance of a second transition. The
fact that the second transition is detectable only in the
unfolding profiles of various mutants suggests that certain
mutations might lead to an accumulation of the intermediate,
perhaps by stabilizing the intermediate with respect to the
folded state (Sanz & Fersht, 1993).

The results of the present study are compatible with the
following equilibrium unfolding model (Figure 6): During
the first transition (Cy, ~ 0.5 M), the hinge and C-terminal
domain undergo complete unfolding, while the N-terminal
domain unfolds only partially. During the first transition,
the N-terminal domain loses much of the tertiary structure
that characterizes the native state but remains relatively
compact. The second transition (Cy, ~ 0.9 M) corresponds
to a complete unfolding of the N-terminal domain.

Support for the Proposed Model: (i) Early Unfolding of
the Hinge and C-Domain. When a single tryptophan is
placed either in the C-domain (W308 and W333) or the
hinge-spanning C-terminal peptide (W399), a single transi-
tion between 0.4 and 0.6 M Gdn-HCI is observed by
tryptophan fluorescence. The fact that changes in total
fluorescence and anisotropy (both of which reflect changes
in the local environment of each tryptophan) coincide with
the first of the CD transitions monitored at 220 nm (which
reflects loss of secondary structure) suggests that the hinge
and the C-domain unfold in this concentration range.
Complete unfolding of the hinge alone, which consists of a
single helix and the N- and C-termini, could not account for
the large loss of ellipticity observed during the first transition.
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Therefore, other regions of the enzyme must also be
unfolding during the first transition.

Hinge unfolding is also sensed by W194 located in the
interdomain helix. Again, the first fluorescence-monitored
transition (Cp, = 0.53) coincides with the first CD-monitored
transition (Cp, = 0.52). In addition, near-UV CD spectra
for the W399 and W194 mutants in the presence of 0.5 M
Gdn-HCI are intermediate between the spectra of the folded
and fully unfolded forms (Figure 5), once again suggesting
that the structure of the hinge is changing rapidly in this
concentration range. Further support for unfolding of the
hinge and the C-domain during the first transition is provided
by the time-resolved data (Figure 3), which show that, for
the W308, W333, W399, and W194 mutants, the anisotropy
associated with each tryptophan probe changes sharply during
the first transition.

(ii) Partial Unfolding of the N-Domain. Spectral changes
reported by the N-domain tryptophans suggest that partial
unfolding of the N-terminal domain occurs during the first
unfolding transition, thus generating a stable intermediate.
As shown in Figure 2, each tryptophan in the W48 and W122
mutants experiences a large increase in total fluorescence
during the first transition, followed by a large decrease during
the second transition. The initial large increase suggests a
change in the arrangement of local quenching groups and/
or increased exposure of the probes to solvent (the latter
interpretation supported by the observed 6—11 nm red-shift
in wavelength of maximum fluorescence emission intensity;
Table 1). It should be noted that the “hyperfluorescent
intermediate” described in this study (with maximum fluo-
rescence intensity at 0.55 M Gdn-HCI) refers to a species
formed during the unfolding of the W48 and W122 mutants
only and is different from the hyperfluorescent intermediate
reported previously by Missiakas et al. (1990) and again
recently by Garcia et al. (1995) for wild-type yeast PGK
and the genetically engineered C-terminal domain (maximum
fluorescence intensity at 0.9 M Gdn-HCIl). Multiple experi-
ments carried out previously in our laboratory (Szpikowska
et al., 1994), and recently under conditions identical to those
published by others, consistently reveal a single, highly
cooperative unfolding transition for WT PGK, with no
detectable intermediate.

The fact that the anisotropy properties of the N-terminal
probes associated with global tumbling of the macromolecule
(long rotational correlation time) fail to change during the
first transition (Figure 3A) suggests that the N-domain
remains compact. This is further supported by the CD data.
The near-UV CD spectra recorded at 0.5 M Gdn-HCl (Figure
5) also suggest significant changes in the local environments
of the W48 and W122 probes and of some, but not all,
tyrosines. In addition, a substantial amount of secondary
structure remains after the first transition (Figure 2), which
must be attributed to the N-domain since all other experi-
mental data suggest that the C-domain and hinge regions
have already unfolded. We therefore suggest that the
N-terminal domain remains partially folded during the first
transition such that the core and much of its secondary
structure remains intact.

The equilibrium time-resolved anisotropy titrations clearly
reveal the separate nature of the first and second transitions
(Figure 3). Our initial expectation was that the equilibrium
time-resolved anisotropy decay (especially the slope at late
times) would decrease during the unfolding of the carboxy-
terminal domain. This would be the expected result if (1)
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both the amino-terminal and carboxy-terminal domains were
hydrodynamically coupled (i.e., rotated as a unit) in the native
state and (2) unfolding of the carboxy-terminal domain
uncoupled the carboxy-terminal domain from the amino-
terminal domain. The time-resolved data, however, do not
reveal this pattern. There is very little change in the observed
rotational correlation time during this first transition region
(Figure 3A). If anything, the slope of the anisotropy function
at late times is actually increasing. The rotational correlation
time associated with a “half-unfolded” protein may indeed
be very complex, and perhaps it is not totally unexpected
that the time-resolved anisotropy function does not simply
decrease as the carboxy-terminal domain unfolds. The
recovered long rotational correlation time in the native state
is approximately 30 ns, consistent with the coupled rotational
diffusion of both domains.

The fact that both genetically engineered N-domain
tryptophans experience similar changes in spectral properties
during the unfolding process (Figure 2), despite the large
distance separating them, indicates that both residues occupy
similar environments, or that the changes they experience
reflect global events sensed throughout the domain. W122
is situated in a loop that packs against an adjacent loop; thus
minor structural perturbations in response to low concentra-
tions of Gdn-HCI would be sufficient to alter tertiary
interactions and eliminate quenching, without significantly
disrupting overall secondary structure within the domain.
W48 belongs to the helix connecting S-strands A and B
(Watson et al., 1982). Its tertiary interactions involve side
chains contributed by the same helix and by the N-terminus;
therefore, partial unfolding of the helix and/or structural
changes involving the N-terminus would be sufficient to
perturb tertiary interactions and eliminate quenching. In-
terestingly, the changes in the rotational amplitudes associ-
ated with the slow correlational time occur earlier for W122
than for W48 (Figure 4).

(iii) Complete Unfolding of the N-Domain. The final event
to occur in the proposed unfolding scheme for the PGK
mutants described in this paper would be complete unfolding
of the N-terminal domain. This is reflected by the second
transition (Cy, at about 0.9 M Gdn-HCI) in the far-UV CD
unfolding profiles of all the mutants studied here, as well as
the second transitions seen in the fluorescence profiles of
the W~ mutant, and the W48, W122, and W194 single
tryptophan mutants. In addition, the second transition is
accompanied by a shift in the wavelength of maximum
fluorescence emission to 355 nm (Table 1), the emission
wavelength characteristic of a fully unfolded protein. Also,
it is only at concentrations of guanidine greater than 1.0 M
that one begins to observe changes in the anisotropy
associated with the N-terminal probes [Figures 3 and 4 and
Beechem et al. (1995)], indicating global unfolding of this
domain.

(iv) Support for the Model Derived from the W48/W308
and W48/W333 Double Tryptophan Mutants. When N- and
C-domain probes are placed in the same protein (W48/W333
and W48/W308), two transitions are observed both by
fluorescence and by CD, similar to the transitions observed
for the W48 mutant. The first fluorescence-detected transi-
tion in the double-tryptophan containing mutants (C,, ~ 0.54)
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appears to be the average of the first transitions of the
corresponding single tryptophan mutants (Cp’s ~ 0.42 and
0.63). The major loss of ellipticity at 220 nm for each double
mutant (first transition, Cy, ~ 0.53) is also an average of the
transitions of the corresponding single mutants (Cy,’s 0.41
and 0.65). Thus the individual probes seem to report the
same conformational change when present in the single- and
double-tryptophan mutants. The midpoint of the second
transition for all three mutants (W48, W48/W308, and W48/
W333) fails to change, remaining centered at 0.9 M Gdn-
HCI. This strongly supports the notion that the first transition
represents changes that occur primarily in the C-domain.
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