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ABSTRACT: The bacterial PEP:sugar phosphotransferase system couples the phosphorylation and translo-
cation of specific sugars across the membrane. The activity of the first protein in this pathway, enzyme
I (EI), is regulated by a monomer-dimer equilibrium where a Mg2+-dependent autophosphorylation by
PEP requires the dimer. Dimerization constants for dephospho- and phospho-EI and inactive mutants
EI(H189E) and EI(H189A) (in which Glu or Ala is substituted for the active site His189) have been
measured under a variety of conditions by sedimentation equilibrium at pH 7.5 and 4 and 20°C.
Concurrently, thermal unfolding of these forms of EI has been monitored by differential scanning
calorimetry and by changes in the intrinsic tryptophanyl residue fluorescence. Phosphorylated EI and
EI(H189E) have 10-fold increased dimerization constants [∼2 × 106 (M monomer)-1] compared to those
of dephospho-EI and EI(H189A) at 20°C. Dimerization is strongly promoted by 1 mM PEP with 2 mM
MgCl2 [KA′ g 108 M-1 at 4 or 20 °C], as demonstrated with EI(H189A) which cannot undergo
autophosphorylation. Together, 1 mM PEP and 2 mM Mg2+ also markedly stabilize and couple the
unfolding of C- and N-terminal domains of EI(H189A), increasing the transition temperature (Tm) for
unfolding the C-terminal domain by∼18 °C and that for the N-terminal domain by∼9 °C to Tmax = 63
°C, giving a value ofKD′ = 3 µM PEP at 45°C. PEP alone also promotes the dimerization of EI(H189A)
but only increasesTm ∼5 °C for C-terminal domain unfolding without affecting N-terminal domain
unfolding, giving an estimated value ofKD′ = 0.2 mM for PEP dissociation in the absence of Mg2+ at 45
°C. In contrast, the dimerization constant of phospho-EI at 20°C is the same in the absence and presence
of 5 mM PEP and 2 mM MgCl2. Thus, the separation of substrate binding effects from those of
phosphorylation by studies with the inactive EI(H189A) has shown that intracellular concentrations of
PEP and Mg2+ are important determinants of both the conformational stability and dimerization of
dephospho-EI.

The bacterial phosphoenolpyruvate:sugar phosphotrans-
ferase system is composed of two cytosolic proteins (enzyme
I and HPr) and sugar-specific components (enzymes II). PEP1

is the phosphoryl donor in a Mg2+-dependent autophospho-
rylation of enzyme I on the N3 atom of His189. Phospho-
enzyme I reversibly transfers its phosphoryl group to the N1
atom of His15 of HPr (1). Phosphorylated HPr can donate
its phosphoryl group to sugar-specific, membrane-associated

enzymes II, which ultimately phosphorylate various sugars
for translocation across the membrane (2).

Proteolysis and fluorescence studies (3-6) have shown
that enzyme I has a compact amino-terminal domain
containing the active site His189 and a less structured,
flexible carboxyl-terminal domain that is more susceptible
to proteolysis. The amino-terminal domain ofEscherichia
coli enzyme I (EIN) has been cloned and purified by Seok
et al. (7), who demonstrated, in agreement with the results
of LiCalsi et al. (3), that EIN can be reversibly phosphor-
ylated in vitro by phospho-HPr but is not autophosphorylated
by PEP. EIN is monomeric (8, 9) whereas the C-terminal
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domain contains the contacts necessary for the dimerization
of EI (10, 11).

X-ray crystallographic (12) and NMR solution (13)
structures of EIN (residues 1-258 + Arg) show that the
nonphosphorylated, active site His189 is buried near the
interface between two subdomains: anR/â-domain (residues
1-20 and 148-230) and anR-domain (residues 33-143)
consisting of four helices arranged in two hairpins. Upon
phosphorylation, His189 rotates toward the surface with only
small structural changes detected (14). A solution structure
for dephospho-EIN complexed to HPr (15) shows that HPr
binds to the R-subdomain of EIN, and this has been
confirmed by Zhu et al. (10).

Previously, we have shown that phosphorylation of EIN
or EI, or substitution of Glu for His189, significantly desta-
bilizes the amino-terminal domain of enzyme I (9, 16). This
observation, together with that of Van Nuland et al. (17) on
the torsion angle strain introduced into HPr by phosphory-
lation, led to the proposal that phosphorylation of enzyme I
kinetically favors a unidirectional transfer of the phosphoryl
group from PEP to enzymes II. The next step, the phospho-
rylation of the sugar to be translocated across the membrane,
is irreversible since the high-energy bond of the phosphoryl
groups of EI, HPr, and enzymes II is lost (2).

It has been proposed that regulation of the PTS cycle
involves a monomer-dimer equilibrium of enzyme I, since
only the dimer form of enzyme I is active in the Mg2+-
dependent autophosphorylation by PEP (4, 18-22). The
results reported here, a substrate-promoted increase in the
dimerization constant, support this proposal. The availability
of the inactive, active site mutant [EI(H189A)] (16) has
allowed separation of the effects of PEP and Mg2+ binding
on the dimerization of enzyme I from those of phosphory-
lation. Moreover, the effects of phosphorylation or the
substitution of Ala or Glu for His189 on the monomer-
dimer equilibrium of enzyme I in the present study provide
evidence for long-range interactions between the N- and
C-terminal domains.

EXPERIMENTAL PROCEDURES

Proteins.Mutagenesis of the active site His189 of enzyme
I (EI) to Ala or Glu has been described (16). Wild-type EI,
EI(H189A), and EI(H189E) were expressed and purified
from a 2 Lculture of either the wild-type strain GI698 (pts+)
or a∆ptsstrain transformed with the appropriate expression
vectors as described before (9). Final yields after concentrat-
ing proteins to 2 mL were 60-90 mg. Proteins were homo-
geneous in SDS-PAGE (23) and were stored at-80 °C in
the 10 mM Tris-HCl/100 mM NaCl, pH 7.5, buffer used for
purification. Proteins were dialyzed overnight at 4°C against
several changes of 10 or 20 mM potassium phosphate(
100 mM KCl ( 2 mM 2-ME (pH 7.5) buffer using Slide-
A-Lyzer cassettes [10000 MW cutoff (Pierce, Rockford, IL)].
Buffers used were either 10 mM potassium phosphate at pH
7.5 and 2 mM 2-ME (buffer A) or 20 mM potassium
phosphate, 100 mM KCl, and 2 mM 2-ME, pH 7.5 (buffer
B), for ultracentrifugation and fluorescence measurements.
For DSC runs, proteins were equilibrated against the same
buffers without added thiol (2-ME) or diluted>15-fold into
buffers not containing 2-ME. For equilibration of proteins
with effectors present, gel filtration through a PD-10 [G25M
Sephadex column (Pharmacia, Uppsala, Sweden)] at room

temperature was used. Before each measurement, protein
concentration was determined spectrophotometrically using
the specific absorption coefficientA280nm,1cm) 0.40 cm2/mg
determined by Waygood (24).

Wild-type enzyme I was dephosphorylated by overnight
dialysis at 4°C against a pH 7.5 buffer containing 10 mM
potassium phosphate, 10 mM sodium pyruvate, 1 mM
MgCl2, and 2 mM 2-ME, followed by extensive dialysis in
the absence of MgCl2 and pyruvate (buffer A). Phosphory-
lated, wild-type enzyme I was prepared by incubating the
dephosphoprotein (15 mg/mL) with 25 mM Tris-HCl, 100
mM NaCl, 5 mM PEP, 2 mM MgCl2, and 2 mM 2-ME, pH
7.5, for 30 min at 25°C followed by rapid gel filtration of
∼0.25 mL through a PD-10 (G25M Sephadex) column
equilibrated with buffer B (( effector ligands) or by over-
night dialysis at 4°C against degassed buffer B at pH 7.5.
All chemicals were of the highest purity available, and all
solutions were prepared with deionized and filtered water
from a Milli-Q Plus system.

Analytical Ultracentrifugation.Beckman Optima Models
XL-A and XL-I analytical ultracentrifuges equipped with
absorption optics and four-place AN-Ti rotors were used for
sedimentation equilibrium experiments at 4 and 20°C. Cells
with carbon-filled six-channel centerpieces (12 mm) and
plane quartz windows were used. Generally, the same
samples of freshly dialyzed protein were loaded into two
cells and run in the two ultracentrifuges at 4.0 and 20.0°C
simultaneously. Protein UV spectra and concentrations from
280 nm absorbances were determined just prior to ultracen-
trifugation. Proteins were loaded into the right side of each
channel: 0.080 or 0.100 mL of∼0.33-0.40 (inner), 0.56-
0.63 (middle), and 0.81-0.94 (outer) mg/mL vs 0.095 or
0.115 mL (0.015 mL more than protein volumes) of reference
dialysate buffer in left channels. At the beginning of each
run (after temperature equilibration at 3000 rpm), scans at
280 nm (absorbance and intensity) were made in the
continuous mode (0.003 cm steps) with three averages at
3000 rpm in order to establish solvent and protein meniscii,
plateau absorbances at 280 nm, and bottom radial positions
for each channel. Then, rotors were accelerated to 10000
rpm at 20.0°C and either 10000 or 11000 rpm at 4.0°C;
autoscans at 2 or 4 h intervals were made in 0.001 cm steps
(step mode) wth 9-13 averages at either speed for∼52 h
before ending centrifuge runs. Densities of solvents were
determined with the Anton-Paar Model DMA-58 densito-
meter at 20.00( 0.01 °C: buffer A, 1.0013 g/mL; buffer
B, 1.0079 g/mL. Protein-specific volumes were calculated
to be 0.725 mL/g for EI, EI(H189E), and EI(H189A) from
the amino acid compositions derived from DNA sequences
and the values of Zamyatnin (25).

Global, weighted fits of sedimentation equilibrium data
obtained at three concentrations of protein to a model of re-
versible monomera dimer association (with fully competent
species present) were made using software provided by Allen
P. Minton (NIDDK, NIH), which can be downloaded from
the Web (http://www.bbri.org/RASMB/rasmb.html). Appar-
ent association constants were floated whereas other param-
eters such as subunit molecular weight, 1.0 for fraction of
competent species, and baselines of zero absorbance were
constrained. Trimers and tetramers of enzyme I were not
detectible. In all cases, residuals from fits of data to a
monomer-dimer equilibrium were randomly distributed
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around zero with<(0.01 absorbance deviation. In a few
cases, some nonequilibrium aggregates were present in
protein samples due to extended storage in phosphate buffers
at -80 °C or when Hepes buffer( MgCl2 was used for
dialysis, and the data could not be fitted to a model of
reversible association.2 When such nonequilibrium aggregates
were detected, either a fresh preparation of the purified
protein was made or, in the case of added MgCl2, aggregation
was avoided by using gel filtration to equilibrate protein
samples (see above).

For conversion of 280 nm absorbance values of apparent
dimerization constants (K1,2

obs) to the true concentration-
dependent association constants,KA′ values (expressed per
molar concentrations of monomer), it is assumed that the
extinction coefficient of the monomer does not change upon
dimerization and that the specific absorbance coefficient at
280 nm (A) is 0.40 cm2/mg (24). Thus,K1,2

obs ) A2/A2 )
(2/ε)(KA′), where A is the specific absorbance of the
monomer and the molar extinction coefficient (ε) is for a
1.2 cm path length. MonomerMr values of 63600 [EI,
EI(H189E)] and 63500 [EI(H189A)] are used to calculate
ε, resulting in the relationship logKA′ ) 4.184+ log K1,2

obs.
The EI(H189A) mutant in the presence of 1 mM PEP at 20
°C or 1 mM PEP and 2 mM MgCl2 at either 4 or 20°C is
essentially 100% dimer, and the fittedKA′ value (-1010 M-1)
is greater than the sensitivity of the method. In these cases,
log K1,2

obs has been constrained at decreasing values until
errors in the global fits of the data significantly increase;
since this occurs at values ofKA′ < 108 M-1, KA′ values are
reported asg108 M-1.

Differential Scanning Calorimetry. Most DSC measure-
ments were performed with the VP-DSC calorimeter of
Plotnikov et al. (26) from MicroCal, Inc. (Northampton,
MA), without feedback and with 30-60 min preequilibration
at 15°C before the first scan and between scans. The Nano-1
DSC designed by Privalov et al. (27) from Calorimetry
Sciences Corp. (Provo, UT) was used for a few experiments
with 0.46 mg/mL wild-type enzyme I. DSC instruments were
calibrated as previously described (28). DSC data were
corrected for instrument baselines (determined by buffer vs
buffer scans at the same scan rate as used for the protein
sample) and normalized for scan rate and protein concentra-
tion (2-4 µM enzyme I subunit concentration in experiments
with the VP-DSC). For experiments involving PEP, control
scans were conducted with PEP added to buffer B vs buffer
B in the reference cell, and baselines were found to be the
same as buffer-buffer or water-water baselines, indicating
that under these conditions hydrolysis of PEP during heating
was not significant. Data conversion and analysis were
performed using Origin software (MicroCal, Inc.). Excess
heat capacity (Cp) was expressed in kcal K-1 (mol of
monomer)-1, where 1.000 cal) 4.184 J.

Fluorescence Spectroscopy.Fluorescence measurements
were performed in a SLM Aminco-Bowman Series 2
spectrofluorometer. Measurements were made without po-

larizers for samples in buffer A (with 4 nm band-pass for
excitation at 295 nm and emission at 342 nm) and with
polarizers positioned at 54.7° in the emission light beam and
0° for excitation at 295 nm (2 nm band-pass) for samples in
buffer B. With polarizers, emission was measured at the
intensity maximum for folded EI forms (342 nm) with 8 nm
band-pass. The Trp fluorescence of enzyme I was not
affected by buffer ionic strength, but the use of polarizers
decreased the fluorescence emission intensity∼66%. Tem-
perature was controlled by a programmable Neslab RTE-
111 water bath using water-jacketed fluorescence cuvettes
(1 mL, 1 cm path length). The sample cuvette temperature
was monitored by inserting a microthermocouple (Omega
Inc., Stamford, CT) into a jacketed cell containing water,
connected in tandem with the sample cuvette. Progress curves
for Trp exposure were analyzed by the two-state thermody-
namic analysis program of Kirchhoff (29). Fluorescence
titrations at 20.0°C of EI(H189A), 0.7 mg/mL, withe0.01
mL aliquots of 0.1 M PEP in buffer B (pH 7.5) with 2 mM
MgCl2 produced no significant change in Trp fluorescence
intensity. Buffer baselines and protein dilutions were made
according to Lakowicz (30); inner filter effect corrections
were not necessary.

RESULTS

Dimerization of Enzyme I. Sedimentation equilibrium
experiments with different forms of enzyme I have been
conducted under a variety of conditions at 4 and 20°C using
modern ultracentrifugation techniques and absorption optics
at 280 nm. The two temperatures have been selected on the
basis of previous observations (31, 32) that dimeric enzyme
I dissociates at low temperature. Concentration gradients have
been analyzed at equilibrium, using a global fit of three
concentrations of protein run in a six-channel cell for a
reversibly associating monomer-dimer assuming fully com-
petent species present (see Experimental Procedures). Tri-
meric or tetrameric species are not detected. Representative
sedimentation equilibrium data for EI(H189A) after 32 h at
10000 rpm at 4 and 20°C are shown in Figure 1 (lower
panel) for the outer channel together with the global fits of
these data to a model of reversible self-association of
monomer to dimer (using inner, middle, and outer channels
at different protein concentrations). Residuals of the fits of
the data sets at each temperature show random distributions
around zero with less than(0.01 absorbance deviation
(Figure 1, upper panel). It is apparent that the concentration
gradient is steeper at 20°C than at 4°C, which reflects the
higher apparent association constant for dimerization at the
higher temperature. Analyses of these data (Table 1) indeed
show thatKA′ ) 1.1 × 104 (M monomer)-1 at 4.0°C and
KA′ ) 3.1 × 105 (M monomer)-1 at 20.0°C, which is a
28-fold increase in the dimerization constant from 4 to 20
°C. Note that dimerization of enzyme I forms occurs at 4
°C, although more weakly than at 20°C (Table 1).

Dimerization constants (expressed as logKA′) are given
at 4.0 and 20.0°C in Table 1 for wild-type dephospho- and
phospho-EI, EI(H189A), and EI(H189E) at pH 7.5. At low
ionic strength, theKA′ value for wild-type dephospho-EI
increases 8-fold from 4 to 20°C, whereas those for
EI(H189A) and EI(H189E) increase 36-fold and 3.9-fold
from 4 to 20°C, respectively. Clearly, the additional charge
at position 189 adversely affects dimerization in 10 mM

2 The analysis of sedimentation equilibrium data for reversibly
associating macromolecules is very sensitive in detecting nonequilibrium
aggregates in solutions of enzyme I. When such aggregates are present,
a good fit to a monomer-dimer model for reversible association cannot
be made. Since increasing temperature increases the association constant
of enzyme I, data obtained at both 4 and 20°C provide another test
for the presence of nonequilibrium aggregates.
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potassium phosphate at both 4 and 20°C. When 100 mM
KCl is present, the dimerization constants for wild-type
phospho-EI and EI(H189E) increase∼39- and 70-fold from
4 to 20 °C, respectively, whereas that for dephospho-EI
increases 3.4-fold and that for EI(H189A) increases 28-fold.
Thus, phosphorylation of His189 or the substitution of Glu
for His189 increases the dimerization constant at 20°C from
∼2 × 105 M-1 to ∼2 × 106 M-1 and also increases the
sensitivity to temperature at the higher ionic strength. In
contrast, the dimerization of wild-type dephospho-EI is less
sensitive to temperature, and that of EI(H189A) is less
influenced by increasing ionic strength.

Table 2 presents self-association constants (expressed as
log KA′ values) at 4.0 and 20.0°C for wild-type dephospho-
EI and phospho-EI and for EI(H189A) dimerization in the
presence of various effectors and 100 mM KCl at pH 7.5.
Magnesium ion (2 mM) has little or no effect on increasing
the dimerization constant of wild-type EI or EI(H189A)
whereas a mixture of 2 mM MgCl2 and 1 mM PEP
equilibrated with the inactive EI(H189A) increases theKA′
for dimerization to the extent that essentially only dimer is
present at either 4 or 20°C. In these cases, a value forKA′
g 108 M-1 is estimated. In contrast, 5 mM pyruvate has a
small adverse effect on the dimerization of dephospho-EI at
either 4 or 20°C. The dimerization constant of phospho-EI
was increased∼6-fold at 4°C (but not significantly affected
at 20°C) by 2 mM MgCl2 and 5 mM PEP (compare Tables

1 and 2). Finally, 1 mM PEP in the absence of Mg2+

increases the dimerization constant for EI(H189A)∼140-
fold and >332-fold at 4 and 20°C, respectively. The
availability of the inactive EI(H189A) has allowed separation
of the effects of binding substrates from those of phospho-
rylation (see below).

Thermal Unfolding of Dephospho-EI(wt) and EI(H189A)
in the Absence and Presence of Ligands.DSC profiles for
thermal unfolding of dephospho-EI(wt) and EI(H189A) after
normalization for scan rate and protein concentration and
subtraction of the buffer baseline are shown in Figure 2.

FIGURE 1: Sedimentation equilibrium ultracentrifugation of
EI(H189A) at 4 (4) and 20 (O) °C in buffer B. Weighted global
fits of the data at three concentrations (0.34, 0.58, and 0.90 mg/
mL) for each condition obtained from scans at 280 nm (zero
baseline) after 32 h at 10000 rpm are shown in the lower panel for
the outer channels by the solid lines. The upper panel shows a plot
of the residuals from the global fitting procedure for the data in
the figure (e0.01 absorbance).

Table 1: Dimerization Constants for Wild-Type Enzyme I and
Active Site Mutants [EI(H189A) and EI(H189E)] at pH 7.5 and 4
and 20°Ca

enzyme I buffer logKA′ (4.0°C) logKA′ (20.0°C)

dephospho-EI(wt) A 4.192( 0.040 (4) 5.108( 0.048 (6)
A (second

prepn)
4.029( 0.058 (4) 5.240( 0.046 (5)

B 4.763( 0.031 (4) 5.305( 0.20 (4)
phospho-EI(wt)b B′ 4.589( 0.033 (6) 6.408( 0.189 (7)

B 4.768( 0.044 (7) 6.360( 0.075 (6)
EI(H189A) A 3.977( 0.039 (9) 5.533( 0.028 (10)

B 4.036( 0.042 (5) 5.490( 0.041 (11)
EI(H189E) A 3.830( 0.036 (4) 4.417( 0.104 (4)

B 4.465( 0.020 (7) 6.317( 0.111 (7)

a Dimerization constants are obtained by global fits of sedimentation
equilibrium data for a reversibly associating system using data collected
at 4 or 20°C with a six-channel centerpiece for three concentrations
of protein (see Experimental Procedures) and are expressed per molar
concentration of monomer. The number in parentheses represents the
number of global fits of each data set (for one or two separate runs)
obtained after reaching equilibrium (g26 h) to determine the dimer-
ization constant (KA′); shown are average logKA′ values and the
standard deviations from the mean. Buffers used for dialysis are as
follows: A, 10 mM potassium phosphate and 2 mM 2-ME, pH 7.5; B,
20 mM potassium phosphate, 100 mM KCl, and 2 mM 2-ME, pH 7.5;
B′, same as buffer B but equilibration of samples before ultracentrifu-
gation utilized a PD-10 column (Sephadex G25M, Pharmacia) instead
of dialysis.b In the case of phospho-EI, buffer A could not be used
because the phospho-His189 is considerably more susceptible to
hydrolysis in the lower ionic strength buffer than in buffer B.

Table 2: Influence of Effectors on Dimerization Constants of
Enzyme I at pH 7.5a

enzyme I effectors logKA′ (4.0°C) logKA′ (20.0°C)

dephospho-
EI (wt)

2 mM MgCl2 4.520( 0.032 (7) 5.802( 0.026 (7)

5 mM sodium
pyruvate

4.335( 0.034 (7) 5.118( 0.031 (7)

phospho-
EI(wt)

2 mM MgCl2 +
5 mM PEP

5.536( 0.025 (4) 6.472( 0.110 (4)

EI(H189A) 2 mM MgCl2 4.390( 0.014 (5) 5.301( 0.082 (6)
1 mM PEP 6.182( 0.242 (8) g8 (8)b
2 mM MgCl2 +

1 mM PEP
g8 (6)b g8 (6)b

a Dimerization constants were obtained by global fits of sedimenta-
tion equilibrium data as described in Table 1. Proteins were dialyzed
against 20 mM potassium phosphate, 100 mM KCl, and 2 mM 2-ME
at pH 7.5 and equilibrated on PD-10 columns (Sephadex G25M,
Pharmacia) with effectors. The number in parentheses in each case
represents the number of the global fits of data obtained at different
times (g26 h) after equilibrium was reached at 11000 rpm (4°C) or
10000 rpm (20°C) for determining the standard deviation of the mean
for the log of the average association constantKA′ (expressed per molar
concentration of monomer) for a reversible monomer-dimer equilib-
rium. b Under these conditions, EI(H189A) was essentially all dimer.
Taking into account the detection limits inherent in monitoring protein
absorbance at 280 nm, only the lower limits of logKA′ values from
global fitting of sedimentation equilibrium data could be determined
(see Experimental Procedures).
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Nonphosphorylated wild-type EI thermally unfolds with two
observed endotherms centered at transition temperatures of
46 and 55°C. The lowerTm value is associated with the
unfolding of the C-terminal domain whereas the higherTm

is associated with N-terminal domain unfolding (3, 9). Sub-
stitution of Ala for His189 decreases the thermal stability
as shown by∼1 °C decreases in maxima of the excess
heat capacity for C- and N-terminal domain transitions
(Figure 2).

DSC profiles are shown in Figure 3 for EI(H189A) alone
and with 2 mM MgCl2, with 1 mM PEP, and with a 1 mM
PEP/2 mM MgCl2 mixture in buffer B at pH 7.5. DSC data
are from first scans of the protein at a scan rate of 60°C/h.

The addition of 2 mM Mg2+ gives a 2°C stabilization of
the C-terminal domain without changing the unfolding
transition temperature of the N-terminal domain. Similarly,
the presence of 1 mM PEP in the absence of Mg2+ stabilizes
the C-terminal domain, increasingTm ∼5 °C without
influencing the unfolding of the N-terminal domain. In
contrast, the presence of both Mg2+ and PEP with EI(H189A)
stabilizes and couples the unfolding of both the C- and
N-terminal domains, yielding a single endotherm with a
midpoint transition temperature of∼63 °C.

Thermally Induced Changes in the Trp Fluorescence of
Enzyme I and EI ActiVe Site Mutants in the Absence and
Presence of ActiVe Site Ligands.The two Trp residues, at
positions 357 and 498, of EI are both located in the flexible
C-terminal domain of the protein. Measurements of changes
in Trp fluorescence of the protein therefore reflect confor-
mational changes predominantly occurring in the C-terminal
domain. Thermally induced changes in Trp residue exposure
for wild-type, dephospho-EI, EI(H189A), and EI(H189E)
during heating from 15 to 70°C in buffer A are illustrated
in Figure 4 A. Progress curves of the Trp fluorescence
changes as a function of increasing temperature are shown
by the open symbols, and the fit of each data set to a two-
state model of unfolding is depicted by a solid line. Arrows

FIGURE 2: First DSC scans obtained at 30°C/h for dephospho-
EI(wt) (0.15 mg/mL, thick line) and EI(H189A) (0.20 mg/mL, thin
line) in buffer B without ME (pH 7.5). Each scan is shown after
subtraction of the instrument baseline and normalization for
concentration and scan rate.

FIGURE 3: DSC scans of EI(H189A) in the absence (thin line) and
presence of the effectors 2 mM Mg2+, 1 mM PEP, or 1 mM PEP/2
mM Mg2+ (thick lines), respectively, obtained at a scan rate of 60
°C/h in buffer B. Scans are shown after instrument baseline
subtraction and normalization for concentration and scan rate. The
excess heat capacity of unfolding of EI(H189A) in the presence of
1 mM PEP/2 mM Mg2+ is additionally corrected for a protein
sigmoidal baseline.

FIGURE 4: Thermally induced changes in Trp residue exposure.
Panel A: Trp fluorescence change of dephospho-EI(wt) (O) and
the inactive mutants EI(H189A) (4) and EI(H189E) (0) upon
heating from 15 to 70°C in buffer A at a scan rate of 30°C/h.
Protein concentration is 0.15 mg/mL. Panel B: Progress curves
for Trp fluorescence changes (with 0.20 mg/mL protein) upon
temperature increases for EI(H189A) alone (4), in the presence of
2 mM Mg2+ (3) or 1 mM PEP (O), or with a mixture of 1 mM
PEP and 2 mM Mg2+ (0) in buffer B at a scan rate of 60°C/h.
The fit of each data set to a two-state model of unfolding is shown
by a solid line, and the positions of the transition temperatures for
fitted curves are marked by arrows in panel A; see Table 3 for
parameters of the fits to a model of two-state unfolding for the
data given in panel B.
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mark the positions of transition temperatures for fitted curves.
For all three proteins, the data are fitted well to a two-state
model of unfolding which yieldsTm values of 36.8, 41.1,
and 38.8°C and∆H values of 47, 61, and 54 kcal mol-1,
respectively, for dephospho-EI(wt), EI(H189A), and
EI(H189E). For the data in Figure 4A, protein samples are
0.15 mg/mL in 10 mM potassium phosphate (pH 7.5)
containing 2 mM ME. Unfolding transitions are reversible
under these conditions; i.e., the same transition is observed
during a second heating after cooling to 15°C for 1 h (9).
Under the conditions of Figure 4 A,>85% of the enzyme I
proteins are monomeric (Table 1). The initial fluorescence
of EI(H189E) and the amplitude of the Trp fluorescence
change during thermal unfolding are approximately two-
thirds and one-half, respectively, of those of either EI(wt)
or EI(H189A). This may be related to a different conforma-
tion of EI(H189E) (16) and/or charge transfer from the
substituted glutamate residue at position 189 to Trp residues
in the C-terminal domain.

Panel B of Figure 4 illustrates the influence of 2 mM
Mg2+, 1 mM PEP, and a PEP/Mg2+ mixture on the unfolding
of the C-terminal domain of EI(H189A) in high ionic strength
buffer (buffer B) upon heating from 15 toe80 °C. As in
Figure 4A, fits of the data to a two-state unfolding model
are shown by the solid lines. Posttransitional baselines are
less reliable than at low ionic strength due to aggregation
that occurs in buffer B at high temperature, and scans are
not repeatable after cooling from high temperatures. The
presence of either 2 mM Mg2+ or 1 mM PEP leads to∼4
°C stabilization of the C-terminal of EI(H189A) when
scanned at a rate of 60°C/h. The addition of a mixture of
MgCl2 and PEP at the same concentrations markedly
stabilizes the C-terminal domain, increasing the transition
temperature by>16 °C. The parameters from two-state
analysis of intrinsic Trp fluorescence changes of EI(H189A)
with and without effectors during thermal unfolding ap-
proximately agree with those from deconvolution of DSC
data for C-terminal domain unfolding (Table 3).

The initial Trp fluorescence of EI(H189A) at 20°C in
the absence and presence of the mixture of Mg2+ and PEP
is approximately the same even though the combination of
these effectors strongly promotes dimerization (Table 2). In
addition, titrations of EI(H189A) with PEP in the presence
of 2 mM MgCl2 produce no significant change in Trp
fluoresence (data not shown). Initial Trp fluorescence values
of EI(H189A) differ in panels A and B of Figure 4 because
in panel B (and not in panel A) polarizers have been used
(see Experimental Procedures).

Analysis of DSC Data.Parameters from fits of DSC data
to either a model of two independent, two-state transitions
or to a sequential model (in the presence of PEP and/or
Mg2+) during thermal unfolding are summarized in Table
3. Except in the case of EI(H189A) in the presence of PEP
and Mg2+, coupling of domain unfolding is sufficiently weak
that DSC data are fit well by a random model of unfolding
without detectable unfolding intermediates populated other
than those attributed to C-and N-terminal domain random
unfolding. Previous evidence of energetic coupling between
N- and C-terminal domains is based on the observations that
the isolated N-terminal domain is 3°C more stable than that
in the intact, full-length enzyme I (3, 9). Thus, the C-terminal
domain has a destabilizing effect on the N-terminal domain,

and perhaps this is a factor in giving good fits of DSC data
for intact, wild-type enzyme I to a model of two independent,
two-state transitions. In any case, fits of fluorescence data
to a model of two-state unfolding of the C-terminal domain
(Figure 4) give parameters that are in fair agreement with
those obtained from deconvolutions of DSC data obtained
at 30 or 60°C/h scan rates (Table 3). The effectors Mg2+ or
PEP alone stabilize the C-terminal domain of EI(H189A)
by ∼2 and 5°C, respectively, without significantly influenc-
ing the unfolding parameters for N-terminal domain unfold-
ing. Clearly, these ligands bind to the C-terminal domain.
However, when a mixture of 2 mM Mg2+ and 1 mM PEP is
present, both the C- and N-terminal domains are stabilized
by ∼18 and 9°C, respectively (Table 3). Thus, a mixture of
Mg2+ and PEP couples the unfolding of both the C- and
N-terminal domains (Figure 3) whereas either ligand alone
at the same concentration only exerts a stabilizing effect on
the C-terminal domain.

Table 3: Summary of Thermodynamic Parameters for Thermal
Unfolding of Dephospho-EI(wt) and EI(H189A) in the Absence and
Presence of Effectorsa

protein,
mg/mL

effector(s)
presentb

Tm
1

(°C)
Tm

2

(°C)
∆H1

(kcal/mol)
∆H2

(kcal/mol)

scan
rate

(°C/h)

EI(wt), 0.24 - (R) 46.9 56.1 98 (88) 153 (135) 60
Fl 45.0 75 60

EI(wt), 0.15 - (R) 46.4 55.4 74 (103) 127 (175) 30
Fl 43.0 77 30

EI(wt), 0.46 - (R) 46.2 55.1 77 (103) 163 (158) 30c

EI(wt), 0.20 pyruvate (R) 46.6 56.3 65 (107) 155 (155) 60
EI(wt), 0.16 pyruvate (R) 46.0 55.5 83 (90) 157 (168) 30
EI(H189A),

0.20
- (R) 45.2 54.0 48 (100) 145 (147) 60

Fl 46.8 63 60
EI(H189A),

0.20
- (R) 45.4 54.4 45 (99) 140 (150) 30

EI(H189A),
0.16

- (R) 43.4 53.6 38 (130) 139 (156) 30d

Fl 41.8 67 30d
EI(H189A),

0.21
Mg2+ (R) 47.0 54.0 46 140 60

Fl Mg2+ 50.6 86 60
EI(H189A),

0.20
Mg2+ (R) 47.4 54.6 50 147 30

Fl Mg2+ 49.0 70 30
EI(H189A),

0.26
PEP (R) 49.5 54.4 65 131 60

Fl PEP 50.8 75 60
EI(H189A),

0.26
PEP (R) 49.9 54.6 111 130 30

EI(H189A),
0.22

Mg2+/PEP
(D)

62.8 62.3 130 160 60

Fl Mg2+/PEP 65.8 96 60
Fl Mg2+/PEP 64.6 94 30

a Thermodynamic parameters (except those designated Fl) are
obtained from deconvolutions of DSC data assuming a model of either
two independent, two-state transitions (R) random) or sequential
transitions (D) dependent). Standard errors inTm are (0.2 °C and
(10% in∆H values. The numbers in parentheses show calculated van’t
Hoff enthalpies for two-state unfolding of each domain in the absence
of effectors obtained from deconvolutions of DSC data. Entries
designated Fl are from two-state analysis of intrinsic Trp fluorescence
changes as a function of increasing temperature for C-terminal domain
unfolding in the presence of 2 mM 2-ME. Proteins have been
equilibrated with 20 mM potassium phosphate and 100 mM KCl, pH
7.5, buffer in the absence and presence of effectors (see Experimental
Procedures) except as indicated otherwise.b Concentrations of effectors
are 5 mM sodium pyruvate, 2 mM MgCl2, and 1 mM PEP when present.
c DSC data are from the Nano-1 DSC, whereas all other values in the
table are from experiments with the VP-DSC.d DSC experiments with
EI(H189A) in 10 mM potassium phosphate (pH 7.5).
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Stabilizing effects of ligands on the C-terminal domain
of enzyme I occur through the binding energy (33, 34). Thus,
the effect of a ligand (L) on the transition temperature for a
two-state unfolding of a macromolecule (withTc g T0) is
directly related to the affinity constant for the ligand (33,
34). Assuming that the ligand binds to a single site of each
subunit and does not bind to unfolded C-terminal domains
of EI(H189A), eq 17 of Brandts (33) can be applied:

whereT0 andTc are transition midpoints in the absence and
presence of ligand L, respectively; [L] is the free concentra-
tion of ligand; ∆H0 is the van’t Hoff enthalpy change for
two-state unfolding of the C-terminal domain at midpoint
T0 in the absence of ligand; and∆Cp is the heat capacity
change for unfolding, which in this case is assumed to be
3300 cal K-1 mol-1 or the same as that measured for EIN in
buffer B (16). Since the protein had been equilibrated against
buffer B containing the indicated concentration of ligand
before DSC experiments and the concentration of ligand is
>240-fold that of the protein, the free concentration of the
ligand is known.

Using eq 1 (33) and the above assumptions, estimated
values ofKD′ ) 3.0 ( 0.2 µM for PEP dissociation from
complexed EI(H189A) at 45°C are calculated from data
obtained at 60 and 30°C/h scan rates for C-terminal domain
unfolding in the presence of both Mg2+ and PEP (Table 3).
Again, using theTm and∆H0 values at 30 and 60°C/h scan
rates in Table 3 and assuming the above∆Cp value, eq 1
has been used to calculateKD′ values of 0.16( 0.01 mM
for PEP in the absence of Mg2+ at 45 °C. The same
calculation for EI(H189A) in the presence of 2 mM Mg2+

requires more information than is presently available, since
divalent cations can bind to more than one site of both folded
and unfolded forms of proteins (35). Nevertheless, it is
apparent that there is a large synergistic effect between the
binding of PEP and Mg2+ to EI(H189A). AKm value of 0.53
mM Mg2+ for the autophosphorylation of EI by PEP at 25
°C has been reported by Weigel et al. (36).

It is possible that pyruvate binds to both folded and
unfolded EI since 5 mM pyruvate has no apparent effect on
the transition temperature for C-terminal domain unfolding
(Table 3). It is also possible that the weak binding of pyruvate
to enzyme I destabilizes the C-terminal domain, as mani-
fested by a lower dimerization constant of dephospho-EI in
the presence of 5 mM pyruvate at 20°C (Table 2).

DISCUSSION

Enzyme I of the PEP:sugar phosphotransferase system
catalyzes the first reaction in a cascade of events that leads
to translocation of sugars across the membrane. It has been
firmly established (4, 18-22) that the initial step in the PTS,
the Mg2+-dependent autophosphorylation of enzyme I by
PEP, requires the self-associated dimer. The cloned N-
terminal domain (EIN) is monomeric (8, 9) whereas the
highly conserved C-terminal domain contains the regulatory
protein-protein interactions for dimerization of enzyme I,
and in fact, the cloned C-terminal domain dimerizes with
high affinity, g108 M-1 (10, 11). Phosphorylation or

substitution of Glu for His189 produces a destabilizing
conformational change in the N-terminal domain (9, 16) that
is shown here to cause an approximate 10-foldincreasein
the dimerization constant at 20°C: from∼2 × 105 M-1 for
dephospho-EI or EI(H189A) to∼2 × 106 M-1 for phospho-
EI or EI(H189E); see Table 1. That is, long-range interactions
between the N- and C-terminal domains occur. These results
are consistent with previous kinetic studies (20, 37) that
demonstrate that Mg2+ and PEP shift the monomer-dimer
equilibrium of enzyme I to the enzymatically active dimer
by decreasing the dissociation rate of the phosphorylated
dimer. It has been shown here that Mg2+ and PEP do not
significantly affect the monomer-dimer equilibrium of
already phosphorylated enzyme I at 20°C (see Table 2).

By studying the effects of Mg2+ and/or PEP on the
monomer-dimer equilibrium and the conformational stability
of the inactive, active site mutant EI(H189A), we have been
able to separate the effects of binding these ligands from
phosphorylation effects. This is illustrated in the scheme of
Figure 5. In sedimentation equilibrium experiments with
wild-type dephospho-EI or EI(H189A), a dimerization con-
stant at 20°C of ∼105 (M monomer)-1 has been measured.
However, the dimerization constant for EI(H189A) in the
presence of 2 mM Mg2+ and 1 mM PEP is increased at least
3 orders of magnitude tog108 M-1 by the binding of these
effectors (Tables 1 and 2). Once phosphorylated, enzyme I
[or EI(H189E)] has a dimerization constant at 20°C of ∼2
× 106 M-1 (Table 1), which is essentially the same in the
absence and presence of Mg2+ and PEP (Table 2; Figure 5).

As recently discussed by Brokx et al. (11), it is not certain
whether phospho-enzyme I must be monomeric for phos-
photransfer to HPr as originally proposed (1). The affinity
constant for binding of HPr to EIN and EI [or to EI(H189E)]
is approximately the same withKA′ = (1-3) × 105 M-1 (8,
16), and moreover, phosphorylation favors the dimer. Never-
theless, phosphotransfer from phospho-EI to HPr will
promote the formation of monomeric EI due to the difference
in the dimerization constants between phospho-EI and
dephospho-EI (Figure 5). However, the presence of∼2 mM
Mg2+ and g0.3 mM PEP promotes full dimerization of
dephospho-EI. Thus, intracellular PEP (38) and Mg2+

ln(1 + KL[L]) ) (∆H0/R)(1/T0 - 1/Tc) -
∆Cp/R[ln(T0/Tc) + Tc/T0 - 1] (1)

FIGURE 5: Scheme of reversible monomerh dimer equilibria for
enzyme I at pH 7.5 and 20°C. The approximate magnitudes of
association constants from sedimentation equilibrium studies in the
absence and presence of PEP and Mg2+ are shown. The equilibria
shown on top are for the dimerization of wild-type, dephospho-EI
and below that is the postulated dimerization of EI promoted by
binding PEP and Mg2+ (dotted line) before phosphorylation occurs
[based on results obtained with EI(H189A) in the presence of
2 mM MgCl2 and 1 mM PEP]. The dephospho-EI dimer catalyzes
a Mg2+-dependent autophosphorylation by PEP, and, once phos-
phorylated (EI-P), the reversible dimerH monomer equilibrium is
shown at the bottom. Pyruvate at relatively high concentrations in
the presence of Mg2+ reverses autophosphoryation of EI. Phos-
photransfer to the histidine-containing phosphocarrier protein (HPr)
may not require monomeric phospho-EI (see text).
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concentrations are the major determinants of enzyme I
activity in the first step of the PTS, i.e., the Mg2+-dependent
autophosphorylation of enzyme I by PEP.

In addition to increasing the dimerization constant for
EI(H189A) by at least 3 orders of magnitude, the binding
of PEP in the presence of 2 mM Mg2+ and 1 mM PEP
markedly stabilizes and couples the thermal unfolding of both
C- and N-terminal domains, as demonstrated by DSC (Figure
3). The transition temperature for unfolding the C-terminal
domain [to which PEP binds (11, 39)] increases∼18 °C and
that for N-terminal domain unfolding increases∼9 °C to
Tmax = 63 °C in the presence of 2 mM Mg2+ and 1 mM
PEP. From the increase in the observedTm value for
C-domain unfolding produced by 1 mM PEP amd 2 mM
MgCl2 and assuming that PEP only binds to the folded form,
eq 1 gives aKD′ value of 3.0( 0.2 µM for dissociation of
PEP from the C-domain in the presence of 2 mM Mg2+ at
45 °C. This value is much lower than the range of reported
Km values for PEP, 0.2-0.4 mM (38), using a coupled assay
with lactate dehydrogenase at 25°C.

Although 1 mM PEP in the absence of Mg2+ does not
couple the unfolding of the C- and N-terminal domains of
EI(H189A), the C-domain is stabilized∼5 °C by the
presence of 1 mM PEP alone (Table 3). This result gives an
estimatedKD′ value of∼0.16 mM for PEP in the absence
of Mg2+ at 45 °C. Thus, the binding of PEP and Mg2+ is
synergistic. The binding of PEP to EI(H189A) in the absence
of Mg2+ also promotes dimerization at 20°C (Table 2), but
clearly Mg2+ is required for domain coupling and increasing
the affinity of the enzyme for PEP. Certainly, the autophos-
phorylation of enzyme I by PEP is dependent on the presence
of Mg2+ (1), and this divalent cation may play an important
role in orienting the phosphoryl group during transfer in
addition to stabilizing the enzymatically active protein
conformation.

Recently, Rohwer et al. (38) have measured the in vivo
concentrations of PEP for resting cells and those in which
the translocation of sugars is operating efficiently. Concen-
trations of PEP were 2.8 mM and∼0.06-0.30 mM for the
former and latter conditions. Clearly, the availability of PEP
and Mg2+ regulates the initiation of the PTS cycle by
promoting the dimerization of enzyme I.
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