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High enolase activity, as measured by the
conversion of 2-phosphoglycerate to
phosphoenolphyruvate, was found in the cytoplasm of
Pyrococcus furiosus (an anaerobic, hyperthermophilic
archaeon that grows optimally at 100 °C). In this
organism, the enzyme probably functions in a sugar
fermentation pathway. The enzyme was purified to
homogeneity. It had a temperature opﬁmufn of |
>90 °C, and a pH optimum of 8.1. The enzyme was
extremely thermostable with a half time for
inactivation at 100 °C of 40 min. In contrast, an
enolase from yeast was inactivated in 1 min at 88 °C.
Both the P. furiosus and yeast enzymes required a
metal ion for activity, but whereas the yeast enzyme
has an absolute requirement for Mg"*, the P. furiosus
enolase was equally active in the presence of Mn*".
Both enzymes were competitively inhibited by citrate.
P. furiosus enolase, as for mesophilic enolases,
probably has a homodimeric structure with subunit
M, greater than 45,000. A highly conserved sequence
of eight amino acids in the N-terminal region was’

found in enolases from P. furiosus and a wide range of




9343

other organisms including bacteria, yeast, birds, and

mammals.
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Introduction

Enolase (2-phospho-D-glycerate hydrolyase;
E.C. 4.2.11) catalyses the conversion of
2-phosphoglycerate (PGA) to phosphoenol pyruvate
(PEP) and is a key enzyme in the glycolytic pathway.
Enolases from a wide range of sources have been
studied and charactéﬂzed [1]. Enolase was recently
shown to be present in crude cell-free extracts of the
archaeon Pyrococcus furiosus [2], an archeaon
(formerly archaebacterium) which grows at
temperatures up to 105 °C by the fermentation of
carbohydrates [3]. In this organism, enolase is
thought to catalyse a step in a unique, partially non-
phosphorylated Entner-Doudoroff pathway [2,4-6].
This enables the conversion of a carbon source such
as maltose, to acetate, carbon dioxide, and hydrogen
without the participation of nicotinamide nucleotides
[5).

Our current knowledge of proteins, including
enzymes, from hyperthermophilic archaea was

recently reviewed [7]. Several enzymes have been
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characterized from these organisms, and so far most
have the property of extreme thermostability. For
example, a unique hydrogenase that is adapted for H,
evolution and a ferredoxin, both of which are stable for
up to 1 h at 100 °C, have been isolated from

P. furiosus [8,9]. An exceptionally thermostable
glutamate dehydrogenase from the same organism has
also been described [10-11]. This has a half life of
from 3.5 to 10 h at 100 °C, depending on the
concentration of the enzyme. The most thermostable
enolase previously reported [12,13] was from the
extreme thermophile Thermus aquaticus, which grows
optimally at 72 °C. This enzyme was found to have an
optimum temperature for catalysis close to 90 °C, but
above that temperature the activity fell sharply [12].
The aim of our study was to purify the enolase from

P. furiosus and compare its temperature stability and
other properties with enolases from thermophilic and
mesophilic organisms. This was of considerable
interest because enolases have not previously been
purified from the Archaea, which represent the third

domain of known life forms [14].
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Materials and Methods

Materials

All reagents were of the highest purity available
commercially. The substrate, PGA, and the
Saccharomyces cerevisiae enolase were obtained from

Sigma Chemical Co., St. Louis, MO.

Purification of enolase

P. furiosus was grown anaerobically in a 400-1
fermenter at 88 °C as described previously [5,8].
Preparation of the cell extract, and enzyme
purification by column chromatography were
performed anaerobically as described previously [9].
Columns were controlled by an FPLC system from
Pharmacia LKB, Piscataway, NJ. Active fractions
collected from columns were pooled and concentrated
when appropriate using a filtration unit from Amicon,
Beverly, MA, fitted with a PM10 membrane.

The crude extract (1400 ml) was directly applied
to a (8 cm x 21 cm) DEAE Sepharose column

(Pharmacia) previously equilibrated with 50 mM
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Tris-HCI buffer, pH 8, containing 10% glycerol, 2 mM
dithionite, and 2 mM dithiothreitol. A linear gradient
of 0.1-0.5 M NaCl in the same buffer was applied to
the column at a flow rate of 8.5 ml/min, and 100-150
ml fractions were collected. Enolase activity started to
elute at a concentration of 0.3 M NaCl. Active
fractions (total volume 300 ml) were pooled, diluted to
11in 50 mM Tris-HCI buffer, pH 8, containing
glycerol, dithionite, and dithiothreitol as above, and
applied to a (8 x 17.7 cm) Q Sepharose High
Performance column (Pharmacia) previously
equilibrated with the same buffer. A linear gradient of
0.1-0.5 M NaCl in the same buffer was applied to the
column at a flow rate of 8.5 ml/min. In this and all
subsequent separations only fractions that contained
protein, as indicated by the absorbance at 280 nm
(Ag0). were collected for assay. Fractions ranged in
size from 15-100 ml. After the gradient was
completed, the column was washed with 250 ml of

1 M NaCl in buffer and the wash was collected for
assay. Enolase activity started to elute at 0.4 M NaCl

and was detected in all subsequent fractions including
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the NaCl wash. Fractions containing enolase activity
were applied to a (3.5 x 35 cm) hydroxyapatite column
(High Resolution, Behring Diagnostics) that had been
washed with 50 mM Tris-HCI, pH 8.4. The sample
(350 ml) was diluted to 1200 ml in the same buffer
before loading. Fractions were eluted with a linear
gradient of 0-0.2 M K'PO, at a flow rate of 3.5
ml/min. Enolase activity started to elute at 0.03 M
phosphate. Further purification was obtained by
using a (5 x 30 cm) Q-Sepharose (Pharmacia) column
with a combination linear/step gradient. A linear
gradient of 0.2-0.6 M NaCl in 50 mM Tris-HCl, pH
8.4, was applied to the column at a flow rate of 3.5
ml/min. A major protein peak containing ernolase
activity started to elute at 0.49 M NacCl so the gradient
was held at this concentration until the entire peak
had been collected. The linear gradient was then
restarted and continued up to 0.6 M NaCl and
followed with a 1 M salt wash. Finally, an aliquot

(35 mg) of active protein that had been concentrated to
5 mg/ml was applied to a (2 x 15 cm) Phenyl

Sepharose column (Pharmacia) after being diluted
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50:50 into Tris-HCI buffer, pH 8, containing 5.8 M
(NH,,SO, The column was eluted with a linear
gradient of 2.9-0 M (NH,),SO, at a flow rate of 2
ml/min. The active fraction was desalted using a
Sephadex G-50 column to remove possible inhibitory
effects of (NH,),SO, Purified enolase samples were

stored at 4 °C in Tris buffer, pH.8, containing 1 mM

MgCL,

Enolase Activity

Enolase activity was measured
spectrophotometrically by following the conversion of
PGA to PEP by the increase in A,,,. The buffer was 50
mM imidazole, pH 8, supplemented with
1 mM magnesium acetate, unless otherwise stated.
The molar extinction (g,,,) of PEP at 70 °C in this
buffer was found to be 1.28 x 10° M'cm™. The
reaction was initiated by the addition of PGA and
unless otherwise stated assays were performed

aerobically at 70 °C.
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Gel electrophoresis

Polyacrylamide gels were run using a Mighty
Small 11 SE250 electrophoresis system from Hoeffer
Scientific Instruments, San Francisco, CA.
Denaturing polyacrylamide gel electrophoresis (PAGE)
was by the method of Laemmli [15]. Protein samples
were denatured at-100 °C for 15 min in the presence
of sodium dodecyl sulfate (SDS) and
2-mercaptoethanol prior to loading on the gel. The
method for nondenaturing gel electrophoresis was
described [16]. Protein samples were concentrated to
4 mg/ml for electrophoresis. High and low-molecular
weight protein markers were obtained from BIORAD,

Richmond, CA.

Protein determination

Protein was determined using the Lowry
colorimetric method [17] with bovine serum albumin
as standard.
Amino acid composition

Amino acid analysis was performed on an AB1

420A amino acid analyzer (Applied Biosystems, Foster
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City, CA) using manual hydrolysis, and precolumn
derivatization with phenyl isothiocyanate followed by
reverse-phase high performance liquid
chromatography [18]. This method yields a 15% loss
of serine for which a correction was applied.
Tryptophan and cysteine are not measured by this

method.

Amino terminal sequencing

Protein from an SDS-PAGE gel was
electroblotted onto polyvinylidine difluoride
membranes using a Mini Trans-Blot Cell, fiber pads
and membranes from BIORAD, Richmond, CA. The
N-terminal sequence was determined using repeated
automatic cycles of the Edman degradation reaction

as described by Matsudaira [19].

11
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Results
Purification and electrophoresis

In the crude cell-free extract of P. furiosus,
enclase activity could only be detected in aliquots
smalier than about 5 pl in the final volume of 1 ml. It
therefore appeared than an inhibitor of enolase
activity was present in cell extracts, so that activity
was measurable only when the inhibitor was
sufficiently dilute to be ineffective. This inhibition
precluded accurate measurements of enolase activity
in cell-free extracts and thus calculations of the degree
of purification of the purified enzyme preparation.
However, from a starting specific activity of about 1.3
U/mg protein, a specific activity of 13.8 U/mg was
obtained using the protocol summarized in Table 1.
An aliquot (25 mg protein) of this preparation was
passed through a Phenyl Sepharose minicolumn as
described in Methods. The active protein fraction that
eluted from this column appeared homogenous on an
SDS-PAGE gel (Fig. 1). However there was no further

increase in measured specific activity, presumably due
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to loss or inhibition of activity in the Phenyl Sepharose
protocol.

The purified protein was electrophoresed on a
denaturing (SDS) gel, alongside ladders of high- and
low-molecular weight markers. As shown by Fig. 1, in
a 12.5% denaturing gel enolase migrated almost as far
as ovalbumin, indi,cafing a subunit molecular weight
close to 46,000 (Table 2) which is in agreement with
that measured in other organisms [20,21]. The most
frequently observed enolase structure is a homodimer
[20]. Pyrococcus enolase may also have this structure
but we cannot rule out the possibility that Pyrococcus
enolase has a homooctomeric subunit structure as is
found in Zymomonas mobilis and Thermus aquaticus

[12,21].

Stability and catalytic activity

All samples of P. furiosus enolase were stored at
4 °C and remained completely stable under these
conditions for many months. As shown in Fig. 2, the
enzyme was extremely thermostable, especially when

compared with the enolase from Saccharomyces
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cerevisiae. The mesophilic enzyme was completely
inactivated after 1 min at 88 °C, whereas the half life
for the P. furiosus enzyme was 300 min at 88 °C and
40 min at 100 °C. The P. furiosus enolase is also
considerably more thermostable than the enolase from
the extreme thermophile, Thermus aquaticus, whose
activity decreased rapidly upon exposure to 90 °C and
was completely destroyed after 5 min at 100 °C [12].
Mﬁmough several enzymes from P. woesii, which is
closely related to P. furiosus, are stabilized by KCI (22),
the half life of the enolase at 100 °C declined by a
factor of about three in the presence of 700 mM KCI.
Although no enolase activity was detected with
P. furiosus enolase at 25 °C, it was readily measured
at 40 °C, and increased with temperature up to 90 °C,
the highest assay temperature used (Fig 3).

Some kinetic properties of the P. furiosus
enolase are shown in Table 2. The K, for PGA was
4 x 10" M, about four times larger than in the case of
S. cerevisiae [23], indicating a lower affinity for the
substrate. Its pH optimum is 8.1 [compared with 7.8

for S. cerevisiae: 24] and it is inhibited by citrate and




9343 15

to a lesser extent by isocitrate. Figure 4 shows the
Michaelis-Menton kinetics (double reciprocal plots)
and demonstrates that citrate inhibition of the activity
of P. furiosus enolase is strictly competitive. One
possibility for this inhibition is that citrate chelates
Mg** ions. This divalent cation is essential for the
activity of P. furiosus enolase (Fig. 5). This is also true
for the S. cerevisiae enzyme which has been shown to
co‘ntajn one mole of tightly bound Mg'* per subunit
[25]. In contrast, any bound Mg"* ions appear to
readily dissociate from the P. furiosus enzyme with a
K, value of approximately 0.5 mM (Fig. 5). After the
enzyme was passed through a Sephadex G-50 column
equilibrated with 0.1 M Tris, pH 8, in the absence of
Mg**, it was no longer active. Addition of exogenous
Mg** to the protein restored activity, with complete
restoration in the assay at 1 mM Mg** (Fig. 5). Fig. 6
demonstrates that addition of 1 mM Mg"* to P. furiosus
enolase that had been inhibited by 1.25 mM citrate
almost completely reversed the citrate inhibition,
which supports the Mg'* chelation hypothesis of

citrate inhibition. This is further supported by the
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observation that 1 mM EDTA added to the assay
mixture also inhibited the enolase completely, and
readdition of 1 mM Mg"* reversed this inhibition (data
not shown). Fig. 6 also demonstrates that enolase
from P. furiosus is more sensitive to citrate inhibition
than the S. cerevisiae enzyme, consistent with the
lower affinity 6f the hyperthermophilic protein for Mg**

ions.

Effect of divalent cations on activity

Table 3 .lists activity of enolases with different
divalent cations as cofactor. For P. furiosus enolase,
the activity is the same for Mn** as for Mg"*; Zn** and
Ni** do not substitute for Mg'* or Mn**. The enzyme
from S. cerevisiae is different from P. furiosus enolasc,
since it is only 20% as active in the presence of Mn*",

compared with Mg**.

Amino acid composition
The amino acid composition of P. furiosus
enolase is given in Table 4, together with those of the

enolases from the thermophiles Thermus X-1 and




9343 17

Thermus aquaticus, yeast, rabbit muscle [13] and |
Candida albicans [26]. The table shows that the

P. furiosus enzyme has higher percentage levels of
glycine, alanine, proline, and valine compared with the
other enolases, and lower levels of lysine, serine, and
glutamic acid. The content of strongly hydrophilic
residues is strikingly reduced. The composition with
respect to all other amino acids was closely similar in

the six enolases.

N-terminal amino acid sequence

The N-terminal sequence [27 residues] of
P. furiosus enolase is shown in Table 5, and aligned
with those of enolases from Escherichia coli,
Zymomonas, Candida, Xenopus, and a variety of
isoenzymes from rat, mouse, human, rabbit, and duck
[21,26-38]. There is significant sequence homology.
Isoleucine was common to all of the enzymes at
position seven, together with a consensus sequence of
six amino acids extending from position 16 to 21. The

eucaryotic enolase from Xenopus had the strongest
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homology with the P. furiosus enzyme, extending from

position 13 to position 27.

Discussion

We have isolated and purified an enolase from
the hyperthermophilic archaeon, Pyrococcus furiosus.
Enolase is a major activity in this organism, consistent
with its probable function as a key enzyme in the
partially non-phosphorylated Entner-Doudoroff
pathway, thought to be a an important route for sugar
degradation in hyperthermophiles [2,5). Although
P. furiosus, like many archaea, is a strict anaerobe,
the enolase activity that we isolated is not itself
sensitive to oxygen.

In a comparison of the kinetic properties of
P. furiosus with those of enolase from S. cerevisiae, the
enzymes were found to be qualitatively similar in that
both have an absolute requirement for a metal ion
catalyst such as Mg**, and both are inhibited by
citrate. However, there are quantitative differences.
For instance, the pH optimum for the S. cerevisiae

enolase is slightly lower (pH 7.8 compared with 8.1)
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and the yeast enzyme appears to have a stronger
affinity for the substrate, PGA, as evidenced by its
lower K., value. The significance of these differences is
not clear.

Citrate inhibition of P. furiosus enolase activity
appeared to be strictly competitive and could be a
classic physiological negative feedback (product
inhibition) of an earlier step in a biosynthetic pathway.
In‘this case the product (citrate) could be produced by
carboxylation of PEP to oxaloacetate which condenses
with acetyl-CoA to form citrate. This latter step is
catalyzed by the enzyme citrate synthase, which we
have demonstrated to be active in cell-free extracts of
P. furiosus (unpublished data). An alternative
possibility is that citrate inhibits enolase by chelating
the Mg" essential for its activity. Our finding that the
citrate inhibition can be reversed by addition of more
Mg*'* (Fig. 6) supports this hypothesis, as does the
enolase inhibition by EDTA that we observed. In this
scenario the smaller citrate inhibition seen with
S. cerevisiae enolase might be explained by the very

tight binding of Mg** by the yeast enzyme [25], and
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this might also explain its low activity when other
divalent cations are substituted. Whereas 1 mM Mn**
was able to substitute 100% for Mg"* in the assay of P.
furiosus enolase assay, the activity of the S. cerevisiae
enzyme in the presence of Mn** was less than 20% the
level when Mg'* was the catalyst. However, it is
difficult to rationalize the data shown in Fig. 4 with a
mechanism of inhibition that is purely or
predominantly related to chelation of the cation. As
shown in Fig. 5, enolase activity was essentially
linearly proportional to Mg** concentrations below 1
mM Mg"* routinely used in our enzyme assays. Thus,
any decrease in free Mg** concentration due to
complexation by citrate should directly reduce the
measured enzyme activity as a result of decreased
concentration of active enzyme. This should reveal
itself as a decrease in the apparent V,,, with
increasing chelator concentration, but without an
increase in the substrate concentration required to
saturate the remaining enzyme complexed with Mg**.
Nevertheless, Fig. 4 demonstrates that 0.25 mM

citrate increases the K, for PGA from 0.4 mM to 0.6
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mM; a citrate concentration equal to the concentration
of Mg'* ion increased the K, by approximately one
order of magnitude to 5 mM.

Therefore, we interpret these results to suggest
that citrate inhibits enzyme activity primarily through
competition with substrate for binding to the catalytic
site of the P. furiosus enolase. The observation that
excess Mg" decreases the effect might indicate that a
citrate:Mg complex has less affinity for the catalytic
site. When comparing the effects of citrate on
activities of the P. furiosus and S. cerevisiae enzymes,
one potential confounding factor is the effect of
temperature on the ability of citrate, in fact, to
effectively chelate. Because chelation is the result of
ionic interactions between the cationic Mg*'* and the
tricarboxylic acid, it is possible that the elevated
temperature used to assay the P. furiosus enolase
substantially diminishes the sequestering of Mg'*.

If metal chelation is less effective at the elevated
temperatures for which the metabolic pathways of
P. furiosus and other hyperthermophiles are adapted,

then it is possible that comparisons of related enzymes
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from hyperthermophiles with those from thermophiles
and mesophiles will reveal differential tendencies in
the mechanisms used for regulation. Although the
fourfold difference between the P. furiosus and S.
cerevisiae enzymes in their K, values for the substrate
PGA might be consistent with some variation in the
structure of the ca@ﬂc site that could be associated
with differentiél susceptibility to (end} product
inﬁibition, more detailed analyses of enzyme kinetics
and a comparison of three-dimensional structures will
be required to establish the significance and
structural basis of citrate inhibition.

A comparison of the primary stucture of the
N-terminal region of the P. furiosus enolase with that
from several other organisms (Table 5) revealed a near
identity, most notably in a segment roughly centered
by an arginine residue at position 18. This arginine
corresponds to the arginine at position 12 in the
enzyme from S. cerevisiae. The three-dimensional
structure of the S. cerevisiae enzyme-substrate
complex has been described [39-41]. Although the

arginine residue has not been implicated in the
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catalytic mechanism of enolase dehydration, it
represents a significant contributor to the catalytic
environment. The conserved sequence containing this
arginine must be of importance to the functioning of
the enzyme, since it has been conserved from one of
the earliest known forms of life through to extant

P. furiosus and humans, over a period of perhaps 4"
billion years [14].

In contrast to the rather strict conservation of
the primary structure of the N-terminus, significant
variation of the overall amino acid composition of the
P. furiosus enzyme is found when compared to
enolases from other organisms (Table 4). Presumably,
at least some of these variations correlate with the
diminished thermal stability of the non-archaean
enolases.

A high level of glycine is found, which because
of its small side chain might contribute to some
relatively tighter beta turns and closer internal
packing of amino acid side chains. Most striking
perhaps, is a comparison of the ratio of hydrophobic

to hydrophilic amino acids (Table 6). The ratio ranges
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from 0.9 to 1.2 for the five non-archaeal enzymes but
is 2.9 for the P. furiosus enolase. This threefold higher
ratio would suggest that energetically, the difference
between the "outside" and "inside" of the enzyme is
significantly more distinct for the hyperthermophilic
enzyme and may contribute to enhanced resistance to
denaturation. However, Barnes and Stellwagen [13]
calculated the average hydrophobicity (HQ,,) of
enolases from rabbit muscle, yeast, Thermus X-1 and
Thermus aquaticus using data for relative
hydrophobicity of individual amino acids tabulated by
Bigelow [42] and found, in fact, a reciprocal
relationship between the thermostability of these
enolases and their HQ,,,.
Clearly, as previously pointed out (see 7),

detailed structure informatin is required for insights

into mechanisms of protein "hyperthermostability."
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Table 1. Purification of enolase from P. furiosus

Step Protein Activity Specific Activity ~ Purification Recovery
(mg) uh) (U/mg) (fold) (%)

Crude 56000 72000 1.3 1 100
DEAE 8500 46800 5.5 4.2 65

i Sepharose

Q-Sepharose 5000 31300 6.2 . 4.8 43

HP?

|

'f HAP® 2200 26600 11.8 8.9 37
Q-Sepharose 800 11100 13.8 10.6 15

1U=1 pmol PEP produced from PGA in 1 min
?High performance

SHydroxyapatite
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. Table 2. Properties of P. furiosus enolase

34

Parameter Substrate Value

K. 2-PGA 0.40 mM

K| Citrate 0.13 mM

pH optimum 2-PGA 8.1

Subunit molecular weight 46,000

50% activity Citrate 0.30 mM
Isocitrate 0.20 mM
(K-PO,) 20.0 mM
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‘Table 3. Effect of divalent cations on enolase activity

Enzyme Cation, 1 mM % Activity
P. furiosus Mg*™ 100
Mn** 100

Zn"' <1

Ni** <l

S. cerevisiae Mg™ 100
| Mn** 20
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Table 4. Amino acid composition! of six enolases

Amino Pyrococcus Thermus  Thermus Candida Yeast® Rabbit

acid furiosus*  X-1° aquaticus® albicans® muscle®
Ala 13 10 10 10 12 10
Arg 3 3 6 3 3 4
Asn 4

Asp 7 11 7 7 11 10
Cys ND? 0 0 0 2
Glu 3 13 13 6 8 10
Gly 19 10 15 9 9 10
His 0 1 2 2 3 2
lle 8 6 3 7 5 6
Leu 11 9 8 9 9 9
Lys 4 6 9 8 9 9
Met 0.3 2 1 1 1 2
Phe 4 2 3 3 4 3
Pro 7 3 3 4 3 3
Ser 2° 4 10 7 7 4
Thr 4 5 4 4 4 4
Trp ND 0 1 1 1 1
Tyr 2 3 2 3 2 2
Val 14 8 6 6 8 8
'Percentage

*This study

*Barnes and Stellwagen, [{13]
‘Sundstrom and Aliaga, [26]
Not determined

A correction for 15% loss of serine was applied
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Table 5. Sequence homology between enolases
Organism N-Terminal Amino Acid Reference

Sequence

p. furiosus

E. coli

Zymomonas; candida
Xenopus, Y

Rat, o; rat, P; human, &;
mouse, O

Rat, B; human, P; rabbit, B;
mouse, P, y:; chick, B; duck, @

1 5 10 15 20
MENPYEIVGVVAREILDXRGNPTVEVD

...... I.....REI.DSRGNP.....
...... I.........DSRGNPTVEVD
...... I.....REILDSRGNPTVEVD
...... I.....REI.DSRGNP.....
...... I....AREILDSRGNP.....

[this study]
[27]

(21,261

(28]

[29-32}

[33-38]
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Table 6. Ratio of hydrophobic to hydrophilic amino acids in six

enolases

Organism Ratio'
P. furiosus 2.94
Thermus X-1 1.06
T. aquaticus 0.86
c. albicans 1.25
Saccharomyces 1.22
Rabbit muscle 1.03

'Ala + Phe + Ile + Leu + Val/
Arg + Asp + Glu + Lys




9343 39

Legends to Figures

Fig. 1. SDS-PAGE of the purified enolase from Pyrococcus
furiosus. Enolase samples (3 mg/ml) were incubated in the
presence of SDS (1% w/v) for 15 min at 100 °C prior to
electrophoresis on a 10% acrylamide gel containing SDS (0.1%
w/v). Approximately 4 and 2 ug protein were applied to lanes 2
and 3 respectively, numbered from left to right. Lanes 1 and 4 are
protein standard mixtures. Lane 1 contained (top to bottom)
myosin (M), B-galactosidase (G), phosphorylase b (P), bovine serum
albumin (A) and ovalbumin (O). Lane 4 contained (top to bottom)

P, A, O, and carbonic anhydrase (C).

Fig. 2. Stability of enolase from P. furiosus at 88 °C (circles) and
100 °C (squares) and at 100 °C in the presence of 1 M KCl
(triangles). After incubation for different time periods at the

elevated temperatures, activity was measured at 70 °C.

Fig. 3. Effect of temperature upon the activity of enolase from P.
Sfuriosus. The activity was measured in the spectrophotometer

cuvette at a range of different temperatures.
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Fig. 4. Reciprocal plots of reaction velocity (v) against substrate
concentration (s) for enolase at different concentrations (mM) of

citrate demonstrating competitive inhibition of activity by citrate.

Fig. 5. Effect of Mg** concentrations upon P. furiosus enolase

activity.

Fig. 6. Comparison of effects of citrate on yeast (triangles) and P.
furiosus (circles) enolase. The square symbol shows the almost
complete restoration by 1 mM Mg'* of the activity of P. furiosus

enzyme that had been totally inhibited by 1 mM citrate.
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