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Abstract

A circularly permuted (cp) variant of the phosphorylating NAD-dependent glyceraldehyde-3-phosphate dehydrog-
enase (GAPDH) from Bacillus stearothermophilus has been constructed with N- and C-termini created within the
coenzyme binding domain. The cp variant has a &, value equal to 40% of the wild-type value, whereas K,,, and
K values for NAD show a threefold decrease compared to wild type. These results indicate that the folding pro-
cess and the conformational changes that accompany NAD binding during the catalytic event occur efficiently
in the permuted variant and that NAD binding is tighter. Reversible denaturation experiments show that the sta-
bility of the variant is only reduced by 0.7 kcal/mol compared to the wild-type enzyme. These experiments con-
firm and extend results obtained recently on other permuted proteins. For multimeric proteins, such as GAPDH,
which harbor subunits with two structural domains, the natural location of the N- and C-termini is not a prereq-

uisite for optimal folding and biological activity.
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The three-dimensional structures of proteins are determined
by their amino acid sequences. However, the general rules that
govern the relationship between the primary and the three-
dimensional structures of a protein remain largely to be defined.
Various experimental approaches can be used to address this
question. Introducing mutations by site-directed mutagenesis at
defined locations in the primary structure can enable one to
study the effect of specific mutations on the stability or fold-
ing efficiency of a protein. Another more global approach con-
sists of producing protein variants by a circular permutation of
the amino acid sequence. This concept was originally developed
by Goldenberg and Creighton (1983) on bovine pancreatic tryp-
sin inhibitor by coupling chemical and enzymatic approaches.
More recently, Kirschner and colleagues generalized this ap-
proach, performing the permutation on the protein nucleotidic
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sequence by genetic engineering (Luger et al., 1989; Buchwalder
et al., 1992). Eight circularly permuted proteins, out of which
six were enzymes, have now been described (Luger et al., 1989;
Buchwalder et al., 1992; Horlick et al., 1992; Yang & Schach-
man, 1993; Zhang et al., 1993; Hahn et al., 1994; Kreitman
et al., 1994; Mullins et al., 1994). So far, circular permutations
had been done on monomeric proteins, with the exception re-
ported recently of a trimer (Yang & Schachman, 1993). The
results obtained on the six permuted enzymes suggest that,
independent of the structure of the protein (mono- or multi-
domain, mono- or multimeric), the location of the new N- and
C-termini, provided they are harbored by surface-accessible
loops, and the exact nature and length of the linking poly-
peptide effect little change in enzymatic activity, stability, or
structure. In order to generalize these results, in particular to
oligomeric enzymes, we have constructed a cp variant of the
phosphorylating NAD-dependent GAPDH. GAPDH is a ho-
motetramer with subunits harboring two structural domains.
The nucleotide binding domain, which includes the Rossmann
fold, spans from residues 0 to 148 and 313 to 333, residues 149-
312 constituting the catalytic domain. The three-dimensional
structure of the tetrameric GAPDH active form has been deter-
mined by high-resolution X-ray crystallography (Moras et al.,
1975; Skarzynski et al., 1987; Lin et al., 1993; O. Dideberg, pers.
comm.). This paper describes the biochemical and structural
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characterizations of a cp GAPDH protein from Bacillus stear-
othermophilus, with N- and C-termini designed in the cofactor
binding domain.

Results

Design and biochemical characterization of co GAPDH

The design of the cp GAPDH was based on the knowledge of
the refined high-resolution X-ray structure of GAPDH from B.
stearothermophilus (Skarzynski et al., 1987). According to this
structure, the N- and C-termini are exposed on the surface of
the tetramer in close proximity, with a distance of 11.6 A be-
tween the two a-carbons of Ala 0 and Leu 333, which should
allow their connection with a 4-5-amino acid flexible link. As
known from the X-ray structure, the GAPDH N- and C-termini
are not involved in secondary structures. Indeed, the first
B-strand of the Rossmann fold domain begins at position 2,
whereas the C-terminal «-helix, which also belongs to the co-
enzyme binding domain, ends at position 330. Such is also
the case for the lobster GAPDH (Moras et al., 1975) and the
GAPDH from Escherichia coli (O. Dideberg, pers. comm.). The
choice of the G;A peptide linker in the cp GAPDH was based
on the propensity of glycine residues to accommodate 3-turns.
The substitution of Ala 0 for Gly was also done and expected
to bring more flexibility to the peptide linker.

Based on the presumption that flexible and variable loops, lo-
cated on the surface of the GAPDH tetramer, would be less in-
volved in the folding and structural stability of the protein as
well as in the enzymatic activity, cleavage was introduced be-
tween Val 66 and Asn 67. This cleavage is located between the
Bg~ (residues 63-66) and B¢ (residues 71-74) strands of the co-
enzyme binding domain (Fig. 1) in a region where peptide in-
sertions are known to occur for GAPDHs from Caenorhabditis
elegans and Caenorhabditis briggsae (Yarbrough et al., 1987;
Lee et al., 1992).

The gene for the permuted protein was sequenced to ensure
the absence of unexpected mutations. The permuted GAPDH
was expressed under the control of the E. coli gap A promoter
(Charpentier & Branlant, 1994) and purified using usual proce-
dures as for isolating the wild-type GAPDH (Corbier et al.,

Table 1. Kinetic parameters and rate of NADH dissociation
for wild-type and cp GAPDHs from B. stearothermophilus

Wild-type GAPDH cp GAPDH
Kiar (s=1)% 70+ 5 20+ 5
K,, G3P (mM)* 0.8+ 0.1 0.54 + 0.04
K,, NAD (mM)* 0.15 + 0.02 0.045 + 0.008
K, P; (mM)* 16 +3 14+3
ko;r NADH (s7')° 70 +5 29 + 4

4 Kinetic parameters: experiments were performed in 50 mM trieth-
anolamine buffer, 2 mM EDTA, 50 mM K,HPO,, pH 8.9.

b Rates of NADH dissociation (k,z;) from the binary complex
GAPDH-NADH were determined using lactate dehydrogenase and py-
ruvate as a trapping system. The reaction was performed in 50 mM Tris,
2 mM EDTA buffer, pH 8.5 with an ionic strength adjusted to 0.15 M.
In the same buffer, in the presence of 50 mM K,HPO,, the k., ’s of
wild-type and cp GAPDHs are 70 s~ and 24 s~!, respectively.
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Fig. 1. Ribbon and arrow representation of a B. stearothermophilus
wild-type GAPDH monomer. The cleavage site is between residues 66
and 67. Dotted lines indicate the secondary structures surrounding the
cleavage site. Nomenclature for 3-strands and «-helices in the coenzyme
binding domain is derived from the nomenclature used for the dogfish
lactate dehydrogenase and lobster GAPDH (Rossmann et al., 1973) and
also used by Biesecker et al. (1977) for B. stearothermophilus GAPDH.
It includes the two strands added in the PDB entry 1gd1 (Skarzynski
et al., 1987), named in this paper 3y and g, but excludes one a-helix
not present in the PDB entry. Numbering is according to the PDB en-
try: Ba 2-7; ag 10-18; B 29-32; ac 36-45; By 56-60; Bg- 63-66; B¢ 71-
74; ap 84-87; Bp 90-94; ar 102-110; B 115-118; B 126-129; Bg
144-147. The figure was generated with RasMol (R. Sayle, RasMol: A
program for the visualisation of protein and nucleic acid structures,
ftp://ftp.dcs.ed.ac.uk/pub/rasmol) and MOLSCRIPT (Kraulis, 1991).

1994). The molecular weight of 36,305 determined by mass
spectrometry for cp GAPDH was in agreement with the calcu-
lated 36,303 assuming the presence of a Met residue at the new
N-terminus, as expected from the N-terminal processing rules
recently defined for E. coli (Hirel et al., 1989). The N-terminal
amino acid sequence—M Ng; GK E 11V K A E—confirmed
that the permuted protein begins with a Met residue.

Enzymatic properties

Kinetic parameters for the wild-type and cp GAPDHs are sum-
marized in Table 1. The K,,, value for NAD and the k_,, of the
cp GAPDH are decreased 3.3- and 3.5-fold, respectively, com-
pared to wild type. NADH dissociation rates of the GAPDH-
NADH binary complexes were determined using lactate de-
hydrogenase as an NADH trapping system (Clermont et al.,
1993). Values of 70 s~ and 29 s~! were obtained for the wild-
type and cp GAPDHs, respectively (Table 1), and appear to cor-
relate closely with the k., values.

To determine whether a decreased K, could be considered
indicative of a higher affinity of NAD for the permuted enzyme,
the K, macroscopic dissociation constants for NAD and NADH
were determined using 3-CAPAD as an affinity-labeling probe
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Table 2. Dissociation constants of 3-CAPAD, NAD,
and NADH for wild-type and cp GAPDHs
from B. stearothermophilus®

Wild-type GAPDH cp GAPDH
k (min ~!) 3.2+05 28+04
Kp 3-CAPAD (uM) 18.2 + 4.0 7.2+2.1
Kp NAD (M) 0.94 £ 0.17 0.24 + 0.06
Kp NADH (pM) 0.16 + 0.03 0.06 + 0.002

2 See the Materials and methods for experimental conditions. Inac-
tivation rate (k) and dissociation constants (Kp) of 3-CAPAD were de-
termined from curves representing the double reciprocal plot of the
apparent inactivation rate (k,,,) versus 3-CAPAD concentration. NAD
and NADH dissociation constants were determined from protection ex-

periments against inactivation by 3-CAPAD, by plotting ka;,}, Versus

NAD and NADH concentrations at a fixed concentration of 3-CAPAD.

(Table 2) as already described (Clermont et al., 1993). Dissocia-
tion constants of 0.94 and 0.24 uM for NAD, 0.16 and 0.06 uM
for NADH, and 18.2 and 7.2 uM for 3-CAPAD were deter-
mined for the wild-type and cp GAPDHs, respectively.

Structure and stability of the cpo GAPDH

The secondary structures of the wild-type and cp GAPDHs were
compared by CD spectroscopy. As shown in Figure 2, the far-
UV CD spectrum of cp GAPDH is almost superimposable with
that of the wild type (Suzuki & Imahori, 1973) with 2 minimum
at 220 nm. GuHCI denaturation of wild-type and cp GAPDHs
was followed at 25 °C, from both CD measurements at 220 nm
and activity measurements (Fig. 3). The transition curves ob-
tained from the measure of either molar ellipticity or residual
activity are highly coincident, suggesting that no significant con-
centrations of intermediates are present at equilibrium and,
hence, that a two-state mechanism could be assumed for analyz-
ing the data. The unfolding of both wild-type and cp GAPDHs
was shown to be reversible in the presence of 1| mM NAD. More
than 85% of the initial activity was recovered by a 100-fold di-
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Fig. 2. Far-UV CD spectra of wild-type ( ) and ¢p (———)
GAPDHs. Measurements were made in 50 mM Tris buffer, 2 mM
EDTA, 1 mM DTT, pH 8.0. Enzyme concentrations were 8.3 uN.

M.-L. Vignais et al.

1004 . A
N
N 80 A
=
;f 60 A,
e
Je
20 A
A
A A A
0 2 = A———ﬁ'—%—
0 1 2 3
GuHC1 (M)
1004 B
A
80
z A
2
k>3 [ )
% 60 A,
QB A
ST
Je ¢
20 A. .
Fa¥
IANUN
[ ] A
0O : > A é———& #—
GuHCl1 (M)

Fig. 3. Evolution of the specific activity and of the molar ellipticity at
220 nm as a function of denaturant concentration. Measurements were
performed after 24 h incubation. Results are expressed as percentage of
residual activity (@) or molar ellipticity (A) as compared to a control
carried out in the absence of denaturant. A: Wild-type enzyme. B: cp
enzyme.

lution of the proteins. The C,, values were shifted from 1.21 M
GuHCl for the wild-type to 0.97 M for the cp GAPDH. The m
values for the wild-type and ¢cp GAPDHs were 2.53 and 2.38
kcal mol~' M™!, respectively. Compared to wild-type levels,
the thermodynamic stability of the cp GAPDH is reduced by 0.7
kcal/mol (Table 3).

Discussion

We have engineered a ¢p variant of GAPDH from B. stearother-
mophilus that can be produced in high vields in E. coli as an ac-
tive tetrameric protein. The permuted variant shows a 3-4-fold
decrease in K,,, and K, values for NAD as well as a 3.5-fold de-
crease of the k., value. As discussed previously for the wild-
type enzyme (Clermont et al., 1993), the similar values found
for the NADH dissociation rate of the binary GAPDH-NADH
complex and the &, value strongly suggest a similar NADH
dissociation rate for both the binary and ternary complexes, as-
suming the NADH release from the acylenzyme intermediate is
the rate-limiting step. The identical values found for the k.,
and the NADH dissociation rate from the binary GAPDH-
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Table 3. Thermodynamic parameters of wild-type
and cp GADPHs from B. stearothermophilus
for GuHCI-induced denaturation®

Wild-type GAPDH cp GAPDH
C,y (M) 1.21 + 0.05 0.97 + 0.05
m (kcal/(M-mol)) 2.53 + 0.11 2.38 £ 0.13
AAG (kcal/mol) 0.74 + 0.20

2 Denaturation studies were carried out as described in the Materi-
als and methods. The fraction of unfolded protein was plotted as a func-
tion of the GuHCI concentration. Thermodynamic parameters were
calculated using the linear extrapolation method.

NADH complex of the cp enzyme also support a behavior of
the cp GAPDH similar to that of the wild-type GAPDH. The
lower k,,, value observed for the variant protein could there-
fore be due to a lower release rate of the bound NADH, which
could explain the better binding of NADH and NAD to the cp
GAPDH.

The similar rates of 3-CAPAD inactivation for wild-type and
cp GAPDHs suggest that, prior to inactivation, the orientation
of the Cys 149 side chain and of the chloromethyl group of
3-CAPAD and thus of its pyridinium ring are the same in the
wild-type and cp GAPDH binary complexes. The fact that the
intensity of the Racker band (e;50 = 1,060 M~! cm ™', curves
not shown) was found to be the same for the wild-type and the
cp GAPDHs is indicative of a similar location and orientation
of the nicotinamide ring of NAD in the active site of the wild-
type and the cp GAPDHs. Indeed, this absorption band was
interpreted as a charge transfer between the sulfur atom of
Cys 149 and the nicotinamidium (Mougin et al., 1988) and
taken as a probe for efficient positioning of the nicotinamidium
within the catalytic domain. Therefore, the lower K, values of
3-CAPAD, NAD, and NADH for the cp GAPDH compared
to wild type would be rather the consequence of a slight differ-
ence in the positioning of the adenosine moiety and could re-
flect a change in the relative conformational flexibility of the
coenzyme-binding domains and catalytic domains.

However, the small differences observed for the K,,,, K, and
k., values between wild-type and cp GAPDHSs show that the
structures of the active sites, and in particular of the Rossmann
fold and the catalytic domain, are almost identical in these two
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proteins. Furthermore, the CD data, showing that the far-UV
CD spectra of wild-type and cp GAPDHs are superimposable,
indicate that the permutation has no effect on the secondary
structure of the GAPDH variant. The fact that near-UV CD,
absorbance, and fluorescence emission spectra (data not shown)
are identical for both structures supports the idea that the en-
vironment of aromatic side chains of tyrosines and tryptophans
is similar in both structures, in particular for the two trypto-
phans located at positions 84 and 310 in the coenzyme binding
domain.

Thermal inactivation followed by loss of activity indicated a
T,, value of 82 °C and 77 °C for the wild-type and ¢cp GAPDHs,
respectively. Under similar conditions, the GAPDH from E. coli
had a 7,, value of 66 °C (curves not shown). These results show
that the stability of the cp variant is reduced relative to the na-
tive thermophilic GAPDH but is still higher than that of the
mesophilic E. coli counterpart. This finding was confirmed by
GuHCI unfolding studies, which showed a reduction in stabil-
ity of the ¢p protein by about 0.7 kcal/mol. So far, there have
been only two other examples of permuted proteins where the
thermodynamic stability was quantified (Zhang et al., 1993;
Mullins et al., 1994). In both cases, a small reduction of about
1-2 kcal/mol was observed when compared to the wild type, as
we found here for cp GAPDH. The destabilizing effect seen
could either be attributed to strains due to the linker peptide con-
necting the original termini or to the newly created N- and
C-termini. Answering this question will clearly need a biochem-
ical characterization of additional cp proteins. A systematic
analysis of the linkage peptide, for instance, would be very in-
formative in this regard. In the case of GAPDH, Val 66 and
Asn 67, which were chosen as the new C- and N-termini, respec-
tively, are implicated in a hydrogen bonding network involving
both the peptide backbone and the amino acid lateral chains
(Fig. 4). The permuted construction creates a break in a 8-turn
and introduces a Met residue at the new N-terminus and a neg-
ative charge at the new C-terminus of Val 66. These changes are
expected to induce local structural rearrangements that could be
responsible for the reduction in thermodynamic stability of
the cp GAPDH. These rearrangements may be similar to those
recently observed when comparing crystal structures of a cp
B-glucanase and the corresponding wild-type protein (Hahn
et al., 1994). Differences between the two structures were small
and located mainly near the old and new polypeptide chain ter-
mini. Unfortunately, no data on the thermodynamic stability of
the cp B-glucanase are available from this study.

Fig. 4. Stereo view of hydrogen bonds of
residues Val 66 and Asn 67 in the O mono-
mer of B. stearothermophilus GAPDH
(Skarzynski et al., 1987). Dashed lines in-
dicate the following hydrogen bonds: Val 66
N-Lys 69 O; Val 66 O-Lys 69 N; Val 66 O-
Wat 414; Asn 67 N-Glu 56 O; Asn 67 O81-
Glu 56 N; Asn 67 N-Wat 468; and Asn 67
N-Wat 497. The figure was generated with
RasMol (R. Sayle, RasMol: A program
for the visualisation of protein and nucleic
acid structures, ftp://ftp.dcs.ed.ac.uk/
pub/rasmol) and MOLSCRIPT (Kraulis,
1991).
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The circular permutations described so far have been per-
formed on various proteins harboring one or two domains. They
were made in a different class of proteins, o8 proteins (B« bar-
rel, BaBaf nucleotide binding motif), or in proteins containing
mainly or only 8 structures. GAPDH is the second example of
an interconversion done within the NAD(P) binding domain and
on a protein postulated to be only active as a multimer. From
the nine examples of permuted proteins described so far, it is
tempting to conclude that the interconversion approach could
be applied to all proteins whatever their structures and multi-
meric states, provided that chain termini are close to each other
and that loops, where new N- and C-termini would be created,
are accessible on the surface of the protein. In this regard, it
would also be interesting to introduce new N- and C-termini on
loops located at the subunit interfaces within multimeric pro-
teins. Indeed, it is not known yet to what extent the location of
newly created N- and C-termini at subunit interfaces could in-
fluence the assembly efficiency of a monomeric chain into an
active quaternary structure. GAPDH is presently a good model
for approaching this question.

A

M.-L. Vignais et al.
Materials and methods

Construction of a cp gene of GAPDH

The cp GAPDH protein was obtained by circular permutation
of the GAPDH gene. For that purpose, the GAPDH gene was
subjected to site-directed mutagenesis using the following oli-
gonucleotides: a, 3’ TTC CTC CTT TTA TTC CCG CGG CCG
CTCTTT CACCCTTAGS5; b, 3 TTG TTG AAC CAG CAG
ATT ATT GTA TAC TTG CCG TTT CTT TAG 5; and ¢, 3’
CGGAGCTTT CCC GAG CCG CCGCCGCGGTTG GAC
GAA CCA CGA 5. Oligonucleotides a and b removed the ATG
and stop codons, respectively, while creating Nar I restric-
tion sites. Oligonucleotide ¢ was designed to create new C- and
N-termini in Val 66 and Asn 67, respectively, as it inserts two
successive stop codons and an Nde [ site that provides the ATG
translation initiation codon (Fig. SB). A fourth oligonucleotide
was used to remove a Nar I restriction site present within the
GAPDH coding sequence (data not shown). The mutated
GAPDH gene was digested to completion by the Nar I and
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Fig. 5. Genetic construction of the cp gene of B. stearothermophilus GAPDH. A: Coding sequence of the GAPDH, schemati-
cally divided into domain I, N-terminal of Val 66, and domain II, C-terminal of Asn 67. Nucleotide sequences around the ATG
and stop codons, as well as at the chosen cleavage site between Val 66 and Asn 67, are indicated. The stop codon is shown
with stars. B: Generation of Nar 1 and Nde I restriction sites by site-directed mutagenesis. Oligonucleotides used for the site-
directed mutagenesis are the following: a, 3' TTC CTC CTT TTA TTC CCG CGG CCG CTC TTT CAC CCT TAG 5; b, ¥
TTG TTG AAC CAG CAG ATT ATT GTA TAC TTG CCG TTT CTT TAG 5'; ¢, 3 CGG AGC TTT CCC GAG CCG CCG
CCG CGG TTG GAC GAA CCA CGA 5°. C: Schematic representation of the ligation reaction between the two Nar I cohesive
half sites, present 3’ of domain II, and 5° of domain I, while the Nde I half sites had been made blunt by filling with Klenow
enzyme. D: Schematic representation of the cp variant of GAPDH obtained. DNA and amino acid sequences are shown at the
newly created N- and C-termini as well as at the junction between the original N- and C-termini. The ATG and stop codons,

as well as the linking peptide, are indicated in bold characters.
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Nde 1 restriction enzymes. Nde I cohesive ends were filled using
Klenow enzyme, and DNA fragments were gel purified. Selec-
tive ligation between fragments Il and I {(Fig. 5C) was achieved
by taking advantage of the higher ligation efficiency of Nar 1
cohesive ends compared to the blunt Nde I ends.

The permuted GAPDH gene (Fig. 5D) was subcloned at the
Nde 1 site of the pBS-gap A::Eco RI plasmid, which allows
its expression under the control of the E. coli gap A promoter
(Charpentier & Branlant, 1994).

Determination of the NADH dissociation rate

The rate of NADH dissociation was determined for the binary
complex GAPDH-NADH, by using lactate dehydrogenase and
pyruvate as a trapping system. A solution of 50 uN lactate de-
hydrogenase and 20 mM pyruvate was rapidly mixed with an
equal volume of NADH (40 uM) and GAPDH (20 uN). As the
rate of NADH oxidation by lactate dehydrogenase is higher
(410 s7! in our control experiments) than the NADH release
from GAPDH, the resulting curves decompose into two phases:
the first one represents the titration of NADH in excess, which
is rapidly oxidized by the coupled system, and the second one
corresponds to the titration of NADH that dissociates from the
binary complex GAPDH-NADH (Clermont et al., 1993).

Dissociation constants for 3-CAPAD, NAD, and NADH

Inactivation of GAPDH by 3-CAPAD was carried out as de-
scribed previously (Corbier et al., 1990) except that experiments
were performed in 100 mM TES, 0.2 mM EDTA buffer, pH 8.4.
The concentration of 3-CAPAD varied from 2.5 to 20 uM. In
the protection experiments, NAD and NADH concentrations
varied from 0.2 to 3 uM and from 0.01 to 0.2 uM, respectively,
and 3-CAPAD concentration was fixed at 10 uM.

Thermodynamic measurements

Wild-type and cp GAPDHs (8.5 uN) were incubated at 25 °C
for 24 h in 50 mM Tris buffer, 2 mM EDTA, 1 mM DTT,
pH 8.2, containing varying concentrations of GuHCI. GuHCI
concentrations were determined by refractive index measure-
ments (Nozaki, 1970). Unfolding was monitored by CD at
220 nm. The fraction of unfolded protein was plotted against
GuHCI concentration, assuming a two-step model. The differ-
ence in stability (AAG value) was calculated by multiplying the
difference between the C,, values by the average of the m val-
ues (Pace, 1986).

Other methods

Site-directed mutagenesis, production, and purification of wild-
type and cp GAPDHs were carried out as described previously
{Corbier et al., 1994). Protein concentrations are expressed
per subunit (N). They were determined spectrophotometrically
using a molar extinction coefficient of 1.31 x 10° M~! ¢cm™!
and 1.17 x 10° M~! cm™! for the holo- and apoenzymes, re-
spectively. Enzyme assays were carried out at 25 °C on a Cary
2200 spectrophotometer. Initial rate measurements were per-
formed according to Ferdinand (1964).

Molecular mass analyses were performed on a Bio-Q quad-
rupole mass spectrometer (Fisons, Manchester). Samples were
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solubilized in aqueous 50% (by volume) CH;CN containing
1% HCOOH at a final concentration of 20 pmol/uL. Data ac-
quisition was performed in the multichannel acquisition mode.
The N-terminal amino acid sequence of cp GAPDH was deter-
mined using an Applied Biosystems 473A sequencer. CD spec-
tra were determined using a Jobin Yvon Mark IV dichrograph
at a protein concentration of 8.3 yN in 50 mM Tris, 2 mM
EDTA, pH 8.0. The cell was maintained at 25 °C.
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