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It has been shown that the denaturation of phosphoglycerate kinase (PGK) can be observed not only when the solution
is heated above 30°C, but also when it is cooled below this temperature. The disruption of the native PGK structure
upon cooling and the subsequent formation of this structure upon heating both proceed in two distinct stages which
correspond to the independent disruption or reformation of each of its domains. In contrast, the heat denaturation of
PGK proceeds in one stage, showing that the two domains of the molecule are associated into a single complex which
figures in the denaturation process as a cooperative unit. It follows that, at elevated temperature, there is a positive inter-
action between the domains, which disappears at lower temperatures. This might be due to hydrophobic interactions,
which are known to be temperature dependent. The temperature decrease leads to a decrease in inter- and intradomain
interactions, which results in an increase of the independence of the domains and a decrease in their stability.

Denaturation; Kinase; Domain interaction

1. INTRODUCTION

Phosphoglycerate kinase (PGK) belongs to the
class of enzymes which are supposed to display
large-scale structural rearrangements during their
functioning {1,2]. Its single polypeptide chain,
which contains 415 amino acid residues, is organ-
ized in two widely separated domains of almost
equal size connected by a hinge [2]. The C-terminal
domain contains a nucleotide-binding site, while
the phosphoglycerate-binding site is situated in the
N-terminal domain. These two sites are separated
by a distance of 1.2-1.5 nm. Therefore, the reac-
tion between substrates can be explained only by
assuming that the hinge can bend, i.e. that it is flex-
ible {3].

The postulated mobility of the domains implies
their relative independence. However, a calori-
metric study of the thermal unfolding of PGK, in
both the absence and presence of substrates, has
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shown that this process is approximated by a two-
state transition [4], which indicates that the struc-
ture of a PGK molecule represents a single co-
operative system. In other words, it appears that
there are strong positive interactions between the
two domains which integrate them into a single co-
operative unit. This apparent contradiction has
been solved by studying PGK unfolding over a
broad temperature range and observing not only its
heat denaturation, but also its cold denaturation.
The results of this study are discussed below.

2. MATERIALS AND METHODS

Phosphoglycerate kinase (PGK) was isolated from yeast ac-
cording to Scopes [5]. The homogeneity of PGK was checked by
electrophoresis under native and denaturing conditions, as
described in [6,7). The protein concentration was measured us-
ing the extinction coefficient, Aigs = 4.95 [8). All measurements
were made in 20 mM phosphate buffer, pH 6.5, containing
10 mM EDTA and different concentrations of GuHCI.

Calorimetric measurements were performed with a DASM-4
scanning microcalorimeter (Bureau of Biological Instrumenta-
tion of the Academy of Sciences of the USSR) at heating and
cooling rates of 0.5 K/min. Calorimetric enthalpies for the
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denaturational transition were obtained from the peak area as in
[91.

Circular dichroism measurements were made using a Jasco-41
(Japan) spectropolarimeter, equipped with a temperature-
controlled cell holder. Fluorescence measurements were made
using an SPF-1000 CM spectrofluorimeter (Aminco, USA).

3. RESULTS AND DISCUSSION

Fig.1a represents the temperature dependence of
PGK ellipticity in the far and near ultraviolet.
Judging from the ellipticities at 222 and 277 nm,
which reflect the contents of a-helical structure in
the protein [10] and the asymmetry in the aromatic
amino acid environment, respectively [11], a
temperature decrease to below 30°C leads to an
almost complete loss of helicity and symmetriza-
tion of the aromatic group environment in this pro-
tein. This change in the molecular structure is
reversible, since on subsequent heating from
—6°C, the initial helicity is regained and the
specific environment of aromatic groups, peculiar
to the unique native structure of PGK, is restored.
This change is very similar to those observed in ex-
periments with myoglobin, apomyoglobin and
staphylococcal nuclease which, as has been shown,
undergo cold denaturation on cooling [12-14]. In
analogy to these proteins, we can regard the disrup-
tion of the native structure of PGK on cooling as its
cold denaturation.

It is noteworthy that the changes in ellipticities of
PGK in the far- and near-ultraviolet regions pro-
ceed simultaneously during heat denaturation and
non-simultaneously during cold denaturation and
renaturation. The change of ellipticity at 222 nm is
usually supposed to be associated with a change of
the secondary structure of the polypeptide chain
[10], i.e. they reflect the change of the conforma-
tion of the entire molecule; as for the ellipticity at
277 nm, it is caused mainly by changes in the tryp-
tophan environment. Since there are two tryp-
tophans in PGK and both are in the C-terminal do-
main [15}, it is possible to conclude that the two do-
mains of these molecules undergo conformational
changes non-simultaneously on cooling, i.e. these
domains disrupt non-cooperatively over different
temperature ranges, showing that they are indepen-
dent and differ in stability against cold denatura-
tion.

This conclusion is confirmed by the changes in
the fluorescence spectrum of the two tryptophan
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Fig.1. Temperature dependence of (a) relative changes, R, of

PGK ellipticity at 222 nm (O) and 277 nm (A), (b) tryptophan

emission spectrum maximum and (c) partial specific heat capaci-
ty in solution, containing 0.7 ml GuHCI.

residues. As seen from fig.1b, PGK fluorescence
changes in the same temperature range as the ellip-
ticity at 277 nm. Thus, at lower temperatures, the
changes in PGK are definitely identified with those
in the C-terminal domain and, therefore, the
changes observed at higher temperatures should be
identified with these in the N-terminal domain. On
the other hand, the changes in ellipticity and
fluorescence which take place above 30°C and pro-
ceed simultaneously in the same temperature range
can be identified with the cooperative disruption of
the two domains.

The calorimetric study also shows (see fig.1c)
that, when the pre-cooled PGK solution is heated
up to 30°C, the heat is absorbed in two distinct
peaks: above 30°C it is absorbed in a single sharp
peak. The latter corresponds to the heat denatura-
tion of PGK. It undoubtedly represents a single
two-state transition as the area of this peak, which
is the calorimetric enthalpy of the process
(AH =586 kJ/mol) is in perfect agreement with the
van ’t Hoff enthalpy (AH =636 kJ/mol) deter-
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Fig. 2. Temperature dependence of the partial specific heat
capacity of PGK upon cooling and subsequent heating in solu-
tion with various GuHCI concentrations.

mined from the sharpness of the peak (see [16]).
The two partly overlapping peaks in the
low-temperature zone, which are associated with
renaturation of the cold denaturation domains,
represent two independent processes, since they
shift in temperature almost indepedently when the
solvent conditions are varied (fig.2). It should be
noted that the cold and heat denaturations of PGK
domains proceed with thermal effects of opposite
signs, as they should [12].

It follows from the above that, at elevated
temperatures (above 30°C), a PGK molecule

represents a single cooperative system in which two

domains are associated into a single block and
disrupt simultaneously upon denaturation. At low
temperatures (below 30°C), PGK domains appear
as independent subsystems. In other words, a
temperature increase leads to an increase of
positive interaction between the domains in a PGK
molecule.

It is known that, among the various in-
tramolecular interactions, only hydrophobic in-
teractions are strongly dependent on temperature:
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they decrease in magnitude as the temperature
decreases and can even change their sign at a suffi-
ciently low temperature [17]. One can conclude,
then, that there are hydrophobic interactions be-
tween PGK domains and, therefore, that the
temperature should influence considerably the con-
figuration of the domains in this molecule.
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