Asymmetric effect of domain interactions on the
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Abstract

The aim of this work is to shed more light on the effect of domain—domain interactions on the kinetics
and the pathway of protein folding. A model protein system consisting of several single-tryptophan
variants of the two-domain yeast phosphoglycerate kinase (PGK) and its individual domains was
studied. Refolding was initiated from the guanidine-unfolded state by stopped-flow or manual mixing
and monitored by tryptophan fluorescence from 1 msec to 1000 sec. Denaturant titrations of both
individual domains showed apparent two-state unfolding transitions. Refolding kinetics of the individual
domains from different denaturant concentrations, however, revealed the presence of intermediate
structures during titration for both domains. Refolding of the same domains within the complete protein
showed that domain—domain interactions direct the folding of both domains, but in an asymmetric way.
Folding of the N domain was already altered within 1 msec, while detectable changes in the folding of the
C domain occurred only 60—100 msec after initiating refolding. All mutants showed a hyperfluorescent
kinetic intermediate. Both the disappearance of this intermediate and the completion of the folding were
significantly faster in the individual N domain than in the complete protein. On the contrary, folding of
the individual C domain was slower than in the complete protein. The presence of the C domain directs the
refolding of the N domain along a completely different pathway than that of the individual N domain,
while folding of the individual C domain follows the same path as within the complete protein.

Keywords: protein folding; domain interactions; phosphoglycerate kinase; two-state folding; trypto-
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The general mechanism of protein folding, i.e., how the
amino acid sequence directs the organization of the poly-
peptide chain towards the native structure, is still an
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unresolved problem. Despite the growing interest, the
gap between the sizes of the sequence and structural data-
bases seems to be widening. Due to the obvious advantage
of simplicity, the experimental and theoretical work lead-
ing to our present understanding of protein folding was
mostly performed on small single domain proteins and on
model peptides (Snow et al. 2002; Gillespie and Plaxco
2004). Although these studies contributed significantly to
our knowledge about the folding mechanisms, it is not
trivial how, and to what extent, this knowledge can be
translated to larger proteins comprised of several struc-
tural domains.

The definition of a domain is not rigorous. Several
definitions can be found in the protein folding literature.
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One can define it as a folding unit, i.e., as part of the
protein that can fold to a stable native-like structure
even when isolated from the other parts of the protein.
Another classification often used in the literature defines
the domain as a compact dominion of the native protein
structure within which elements interact more exten-
sively, than with elements outside of it. Relatively few
studies address the folding properties of multidomain
proteins (Adams et al. 1996; Hosszu et al. 1997; Dinner
et al. 2000; Wenk et al. 2000; Jager et al. 2001). These
studies revealed that individual structural domains are
often able to fold independently; thus, the structure-
based and the folding-based domain definitions often
coincide. It was also shown that domain interactions
could result in both productive and unproductive fold-
ing intermediates (Dinner et al. 2000; Jiger and
Pliickthun 2000). Folding of the domains within a multi-
domain protein can differ significantly from the folding
of the individual domains, since folding paths depend
sensitively on the relative stability of the domains and
the strength of the domain interactions (Brandts et al.
1989; Semisotnov et al. 1991; Freire et al. 1992; Szilagyi
and Vas 1998).

Because of its two-domain structure, phosphoglyce-
rate kinase (PGK) from various organisms has proven a
good model to analyze domain interactions (Missiakas
et al. 1990; Vas et al. 1990; Ritco-Vonsovici et al. 1995a;
Reed et al. 2003). It has been used in many unfolding and
refolding studies, and different denatured states of PGK
have been well characterized (Chardot et al. 1988; Griko
et al. 1989; Damaschun et al. 1993, 1998; Gast et al. 1993).

Yeast PGK is a 415 residue monomeric protein that is
built up of two structurally similar domains, linked by a
helical hinge. The two domains also interact through the
C-terminal helix, which folds back to the N domain, and
proved to be crucial for enzyme activity (Ritco-Vonsovici
et al. 1995b). In the folded structure the contacts between
the two domains are formed through hydrophobic inter-
actions and hydrogen bonds. There are two tryptophan
residues in the wild-type yeast PGK that undergo fluor-
escence changes upon the folding/unfolding transition
(Damaschun et al. 1998).

Folding of fragments containing less than one structural
domain is incomplete and not cooperative, but both indi-
vidual full-length domains fold into native-like structures
(Pecorari et al. 1996; Hosszu et al. 1997). The isolated
C domain retains the ability to bind ATP. The isolated
N domain loses the substrate binding ability. For the
PGK from Bacillus stearothermophilus it has been shown
that the domain retains its native structure. The lack of the
contacts with the C-terminal helix, however, leads to an
increased flexibility of the 3-phosphoglycerate binding
region resulting in the loss of the substrate binding ability
(Hosszu et al. 1997).
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Forster energy transfer between covalently bound
fluorophores was used to determine intramolecular dis-
tances measuring the unfolding kinetics and equilibrium
titrations of yeast PGK (Lillo et al. 1997a,b). Fluores-
cence techniques based on specific tryptophan mutants
of multidomain proteins are capable of characterizing
the behavior of the single domains along the folding
process. Several enzymatically active single tryptophan
mutants of yeast PGK have been constructed in order to
monitor the folding and functional properties of its
domains (Szpikowska et al. 1994; Beechem et al. 1995;
Cheung and Mas 1996; Szpikowska and Mas 1996).

Most folding studies performed on multidomain pro-
teins address the effect of the domain interactions on the
enzyme activity and on the stability of the folded struc-
ture. In this work we intend to clarify the effect of the
domain interactions on the kinetics and pathway of the
folding reaction.

Results and Discussion

Thermodynamic characterization of the studied protein
model system

A model system based on the two-domain protein, yeast
PGK, was constructed to study the role of domain
interactions in protein folding. The model consists of
tryptophan mutants that allow the selective detection of
the kinetics of conformational changes in the domains
of PGK, both in the presence and in the absence of
domain interactions.

Figure 1 illustrates the structure of the four compo-
nents of the studied model system, based on X-ray
crystallography data (Watson et al. 1982). The positions
where the single tryptophan fluorophores were placed
are shown in red. Sequence differences between the wild
type and the mutants are summarized in the table
included in the figure

A detailed fluorescence and circular dichroism charac-
terization of the used mutants was presented earlier
(Osvath et al. 2003). In that work, a fit based on a three-
state model (Folded [F] Intermediate [I] Unfolded [U])
yielded the free-enthalpy differences between the different
states, and their sensitivities to GuHCI] concentration.
Based on the thermodynamic data published there, here
we calculated the concentration of the folded, intermedi-
ate, and unfolded states during the GuHCl titration for the
two mutants of the complete protein (Fig. 2). Two types of
refolding experiments were completed: diluting GuHCI to
conditions favoring the folded state from the unfolded and
from the intermediate state, as indicated in Figure 2.

No intermediate was detected in the circular dichro-
ism measured during the equilibrium GuHCI titrations
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hisN W122

YPGKWT hisN W122 hisPGK W122 hisC W333 hisPGK W333
full sequence residues 1-185 full sequence residues 186-415 | full sequence
No his-tag his-tagged his-tagged his-tagged his-tagged
Y122 wi22 Wi22 Y122

W308 F308 F308 F308

W333 F333 F333 W333

Figure 1. Structure of the proteins of the model system. 3D represen-
tation of the PGK variants used in our model protein system (Watson
et al. 1982). The location where the single tryptophan reporters were
introduced is indicated in red. Constructing the model system involved
the mutation of the residues Trp 308, Trp 333, and Tyr 122; these are
shown as “spacefill.” Alpha helices are colored blue, and beta sheets
green. Sequence differences between the wild-type yeast PGK and the
mutants are listed in italics in the table.

of the individual N and C domains. A two-state model
yielded a perfect fit of the data. This was in agreement
with published cold and heat denaturation experiments
(Gast et al. 1995; Damaschun et al. 1998). The trypto-
phan fluorescence spectra measured at intermediate
denaturant concentrations, however, could not be gen-
erated as the average of the emission spectra of a folded
and an unfolded population measured at 0 M and 1.7 M
GuHCI, respectively (Fig. 3). Nonnative fluorescence
spectra do not clearly prove the presence of an inter-
mediate; it could indicate a flexibility change of the
native state as well (Ervin et al. 2002). Refolding experi-
ments with these mutants were done from the fully
unfolded state and also from intermediate denaturant
concentrations. The kinetic data shown in this paper
unequivocally prove the presence of equilibrium inter-
mediates in the GuHCI titration of the individual
domains.

Recording the refolding kinetics from 1 msec to 1000 sec

Refolding of the GuHCI denatured protein was moni-
tored from 1 msec to 1000 sec after an 11-fold dilution
by stopped-flow (1 msec to 50 sec) or manual mixing
(30 sec to 1000 sec). Conformational changes were
followed by tryptophan fluorescence. The stopped-
flow and the manual mixing traces were recorded

separately, but at the same time and on the same sam-
ple. The two kinetic curves were fit together by normal-
izing the two fluorescence traces to overlap between 30
sec and 50 sec.

The above procedure resulted in smooth curves,
which confirmed the validity of the method. No other
corrections were needed, with the only exception of the
refolding from the partially unfolded state of the
hisN W122 shown in Figure 5A (below). For this trace
the slopes of the two curves did not match after the
above procedure. The stopped-flow and the manual
mixing experiments were done with different detection
spectral width. In the partial refolding of hisN W122 the
very small fluorescence quantum yield change of the
last folding step is combined with a spectral shift. This
situation made necessary an additional stretching of the
manual mixing trace to match the slopes of the two
measurements between 30 sec and 50 sec. The trace
shown in Figure 5A (below) is the result of this
procedure.

In the unfolded protein there are no long-range inter-
actions and the tryptophans are solvent-exposed; thus,
their fluorescence should be sequence-independent. The
fluorescence yield of the tryptophan residues could
depend only on possible effects of their immediate
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Figure 2. Changes in the population of different states during GuHCI
titrations. Variations in the populations of the folded (continuous
line), intermediate (dashed line), and unfolded (dotted line) states of
the hisPGK W122 (4) and hisPGK W333 (B). The populations were
calculated based on the free-enthalpy (also called Gibbs free energy)
differences and denaturant sensitivities published earlier (Osvath et al.
2003). The different GuHCI concentration jumps performed in the
refolding experiments are indicated.
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Figure 3. Fluorescence emission spectra. Fluorescence emission spec-
tra of the hisN WI122 (4) and hisC W333 (B) mutants excited at
290 nm in the native state (0 M GuHCI; continuous line), unfolded
state (1.7 M GuHCI; dotted line), and at intermediate denaturant
concentrations (0.65 M and 0.55 GuHCI for the hisN W122 and
hisC W333, respectively; dashed line). The peak emission intensity
of the protein in 1.7 M GuHCI was taken as unity. Samples contained
40-60 wM protein, 50 mM potassium phosphate, | mM EDTA, 1
mM DTT (pH 6.2).

neighbors in the amino acid sequence. Such nearest-
neighbor effects would be identical for the mutant
pairs anyway, but we found that the fluorescence
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spectra measured in 1.7 M GuHCI are identical within
experimental error for all four single-tryptophan
mutants between 320 nm and 400 nm. A small difference
was observed between these spectra in the 300-nm and
320-nm region, which can be explained by a weak con-
tribution from the tyrosine residues. The contribution of
tyrosines was eliminated in the kinetic measurements
using a 320-nm cutoff filter.

Taking advantage of the above findings, all fluores-
cence intensities were normalized to the fluorescence of
the tryptophan in the unfolded protein in 1.7 M GuHCI.
The final fluorescence measured at 1000 sec was scaled
to this normalized value based on equilibrium GuHCI
titration curves from which the fluorescence at the
GuHCI concentration after the stopped flow mixing
could be determined. We supported that this was the
value that the kinetic experiments were approaching.

Kinetics of refolding from the fully unfolded state

Figure 4 compares refolding from the fully unfolded
state of four single-tryptophan mutants (hisN W122,
hisPGK W122, hisC W333, and hisPGK W333), as
detected by fluorescence excited at 295 nm. Refolding
was initiated by an 11-fold dilution of the protein sam-
ple solubilized in 1.7 M GuHCI. Table 1 summarizes the
fluorescence levels for the studied mutants in the folded
state, and 1 msec after the stopped-flow mixing. All
mutants showed tryptophan fluorescence quenching
upon folding. The extent of the quenching was different
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Figure 4. Refolding from the unfolded state. Refolding kinetics of the hisN W122 (A4; dotted line in B), hisPGK W122
(continuous line in B), hisC W333 (C; dotted line in D), and hisPGK W333 (continuous line in D) mutants. Samples of 40—60
wM protein unfolded in 1.7 M GuHCI, 50 mM potassium phosphate (pH 6.2), | mM EDTA, 1 mM DTT aqueous solution,
were diluted 11-fold with a similar solution containing no protein and no GuHCI. The fluorescence of the unfolded state in 1.7

M GuCHI was taken as unity.
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Table 1. Fluorescence levels of the studied mutants

hisN hisPGK hisC hisPGK
w122 Wi122 W333 W333
Fluorescence 1 msec
after mixing 1.17*£0.1 2.58*0.1 1.18*=0.1 1.15*0.1
Fluorescence of
the native state in
0 M GuHCI 0.89 0.1 0.51x0.05 0.73=0.1 0.36 =0.05

Relative fluorescence intensities of the hisN W122, the hisPGK W122,
the hisC W33, and the hisPGK W333 mutants in the folded state, and
1 msec after initiating refolding. The fluorescence of the unfolded state
in 1.7 M GuHCI was taken as unity.

for the individual domains and mutants of the complete
protein, the fluorescence of the individual domains
being stronger. This is probably caused by a change in
the flexibility of the native structure due to the lack of
the interdomain contacts (Hosszu et al. 1997; Ervin
et al. 2002).

The fluorescence of the hisPGK W122 mutant is sub-
stantially higher after the burst phase than the fluores-
cence of the protein unfolded in 1.7 M GuHCI, but the
fluorescence of the other three mutants is close to unity.
An increase in fluorescence was observed in all four
mutants up to the seconds timescale, except for the
hisN W122, where a hyperfluorescent intermediate is
formed in <100 msec. This is followed by a fluorescence
decrease and, in the case of the hisN W122, the forma-
tion of a state with lower fluorescence than that of the
native state. By the end of the 1000-sec time window all
mutants practically reach folding equilibrium. The esti-
mation of how far the system is from equilibrium after
1000 sec was made doing an exponential fit to the
kinetics between 200 sec and 1000 sec. The equilibrium
fluorescence estimated from the baseline of the fit dif-
fered from the fluorescence level measured at 1000 sec
by < 1% for the hisN W122, 7% for the hisPGK W122,
3% for the hisC W333, and 5% for the hisPGK W333.
During the normalization of the kinetic data no correc-
tion was made for these small differences since they are
smaller than the error of the relative fluorescence levels.
Taking into account the size of the fluorescence changes
during refolding, we estimate that at 1000 sec the folding
reaction is <3%—4% away from equilibrium in all the
mutants of our model system. This is in agreement with
earlier findings (Betton et al. 1992; Missiakas et al. 1992;
Otto et al. 1994; Gast et al. 1997).

The fluorescence changes accompanying refolding were
different for the individual domains and the corresponding
complete proteins. The folding of the individual N domain
differs from the trace obtained for the corresponding com-
plete protein already at 1 msec. The two kinetics are com-
pared on the same scale in Figure 4B. Contrary to this, the

folding kinetics of the individual C domain is different
from the folding of the same domain within the complete
protein only 60—100 msec after mixing (Fig. 4D). This is in
agreement with earlier results that found no influence of
the domain interactions on the folding of the C-terminal
up to 10 msec (Osvath et al. 2003).

The large difference in the fluorescence level of the
hyperfluorescent intermediates observed indicates that
the transient structure formed in the vicinity of the residue
122 is different in the individual N domain and the corre-
sponding complete protein. Apparently the domain inter-
actions influence the submillisecond collapse of the
N terminus of the yeast PGK. This differs from earlier
findings of Parker and coworkers (Parker et al. 1996b),
who concluded that the two domains of B. stearothermo-
philus phosphoglycerate kinase do not influence each
other’s early collapse. The same group working on the
same protein found a hierarchical folding, with the long-
range contacts influencing only the slow steps of the fold-
ing (Parker et al. 1996a). In contrast, our results indicate
that long-range contacts are important in both the fast
and slow steps of protein folding; thus, folding is not
hierarchical in our case. It has been shown that the folding
pathway in a two-domain protein depends sensitively on
the stability of the domains relative to the energy of the
domain—domain interaction (Brandts et al. 1989; Freire
et al. 1992). The above differences between yeast and
B. stearothermophilus PGK folding probably come from
the difference in the stability of the domains. Since the
B. stearothermophilus is a thermostable bacterium, its
proteins have evolutionary been designed to be more
stable than the proteins of organisms living at lower tem-
peratures, e.g., yeast (Zavodszky et al. 1998; Szilagyi and
Zavodszky 2000). Also, our measurements were done at
pH 6.2, where the protein is less stable than at pH 7.2,
used in the experiments done on the B. stearothermophilus
PGK. The stronger effect of the domain interactions and
the lack of hierarchical folding in the yeast enzyme can
probably be accounted for the smaller stability of the
individual domains of the yeast protein compared to the
B. stearothermophilus.

Our results show that the tryptophan fluorescence
detected folding of the individual N domain is qualita-
tively different from the folding of the N domain within
the complete protein indicating that the N domain fol-
lows different folding pathways in the two cases. Con-
trary to the behavior of the N domain, the overall
fluorescence course for the individual C domain and
the corresponding complete protein were analogous.
The individual N-terminal folds faster than the indivi-
dual C domain, but due to the domain interactions the
folding rates change, and the C domain acquires its
native structure faster than the N domain in the complete
protein.
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Figure 5. Refolding from the partially denatured state. Refolding kinetics of the hisN W122 (A4; dotted line in B), hisPGK W122
(continuous line in B), hisC W333 (C), and hisPGK W333 (D) mutants from a partially unfolded state. Samples contained 40-60
wM protein, 50 mM potassium phosphate (pH 6.2), | mM EDTA, | mM DTT, 0.58 M, 0.63 M, 0.56 M, and 0.65 M GuHCI for
the hisN W122, the hisPGK W122, the hisC W333, and the hisPGK W333, respectively. Kinetics were recorded after an 11-fold
dilution with a similar buffer containing no GuHCI. The fluorescence of the unfolded state in 1.7 M GuCHI was taken as unity.

Kinetics of refolding from intermediate denaturant
concentrations

Figure 5 shows the fluorescence-detected stopped-flow
refolding from partially unfolded states of the four sin-
gle tryptophan mutants of our model system. Similar to
the refolding from the fully unfolded state, folding of
the N domain is altered radically due to the domain
interactions, while the changes in the folding of the
C domain are less fundamental.

The fluorescence changes accompanying the refolding
from a completely unfolded state (Fig. 4A,C) and the
refolding from the partially unfolded state (Fig. 5A,C)
are strikingly different for both individual domains. In a
two-state folder only the unfolded and the folded states
are populated significantly during the equilibrium titra-
tions; thus, the kinetics of the refolding should be inde-
pendent of the initial state. This is not the case for either
of the individual domains, indicating that intermediate
structures accumulate during the GuHCI titrations of
both individual domains. We believe that the best way
to confirm the two-state character of a folding reaction
is based on a kinetic check. For a two-state folder the
folding kinetics should depend solely on the final state
and not on the initial extent of denaturation.

Conclusions

Domain—domain interactions alter the folding of yeast
PGK considerably. The effect of the domain interac-
tions is asymmetric.
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Domain interactions were found to exert a measur-
able effect on the refolding of the N domain within
<1 msec, while the effect of these interactions on the
C domain became detectable only after 60—100 msec.

The individual N domain folds faster than the indivi-
dual C domain, but folding of the N domain is slowed
down, and folding of the C domain is accelerated due to
the domain interactions. As a result, within the complete
protein the C domain acquires its native structure faster
than the N domain.

Our data suggest that domain—domain interactions
direct the folding of the N-terminal domain on a com-
pletely different pathway within the full-length protein
compared to the individual N domain. Folding of the
C domain is influenced by the interdomain contacts, but
the folding pathway remains the same.

Materials and methods

Mutants of hisPGK, hisN, and hisC were constructed and
expressed using T7 promoter in Rosetta cells, a codon plus
variant of Escherichia coli BL-21, as described earlier (Osvath
and Gruebele 2003). By inserting the gene into the pET28
plasmid, these proteins were automatically fused to a His-tag
on their N-terminal. His-affinity purification was done on
Ni-NTA column (Qiagen), the purified protein was flash
frozen and stored at —80°C as described previously (Osvath
et al. 2003). Experiments on PGK mutants with the affinity tag
cleaved proved that the His-tag does not change the folding
stability of the mutants.

Refolding was initiated by a rapid dilution of the protein
unfolded by different amounts of GuHCI using a stopped-flow
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apparatus (Applied Photophysics ©*-180) and followed by
time-resolved changes of tryptophan fluorescence excited at
295 nm, 5 nm bandwidth, and detected through a 320-nm
cutoff filter. Fifty to 100 shots were averaged to obtain the
traces shown in the figures. Fluorescence spectra were mea-
sured on an Edinburgh Analytical Instruments C-900 lumin-
ometer. Manual mixing experiments were recorded on the
same instrument with 5-nm bandwidth excitation at 295 nm,
and 10 nm-wide detection at 340 nm. The curves shown are the
average of three to five individual measurements.

A comparison of the manual mixing and stopped-flow
refolding kinetics showed that after 2-3 min artifacts occur
in the stopped-flow measurements, probably due to the diffu-
sion of the two mixed solutions into the observed sample
compartment. To avoid this problem, the stopped-flow mea-
surements were limited to 50 sec. Another artifact that needed
special attention during the stopped-flow measurements was
light scattering. Using the filters described above the contribu-
tion of the scattered light to the signal was reduced to <3%.
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