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The Mycoplasma phosphoenolpyruvate-dependent sugar phosphotransferase
system consists of three components: a membrane-bound enzyme II, a soluble
phosphocarrier protein (HPr), and a soluble enzyme I. The soluble enzyme I was
purified by ammonium sulfate fractionation; Bio-Gel P-10 gel filtration; acid
precipitation; diethylaminoethyl-Bio-Gel A; and Bio-Gel HTP column chroma-
tography. The enzyme I was shown to be homogeneous by electrophoresis in a
pH 8.9 non-sodium dodecyl sulfate gel and by isoelectric focusing. Whereas the
protein moved as a single component in both the non-sodium dodecyl sulfate gel
and isoelectric focusing, on sodium dodecyl sulfate gels, it moved as three
subcomponents. The molecular weights of the three subunits, a, 8, and y, were
44,500, 62,000 and 64,500, respectively. The holoprotein moved as a single
component, in the region of 220,000 daltons, in a Bio-Gel A 0.5-agarose column.
The molar ratio of subunits was estimated to be 2a:13:1y. The elution character-
istics on a diethylaminoethyl column at pH 7.4 and 6.8, acid precipitation data,
and amino acid composition indicated that the protein is acidic. Isoelectric
focusing occurred at pH 4.8. N-terminal amino acids determined by the dansyl
chloride method indicated that glycine, alanine, and tyrosine are N-terminal
amino acids of the three subunits. Although the protein was stable for at least 14
months at —20°C, it was irreversibly inactivated by the thiol reagent N-ethyl-

maleimide.

The phosphoenolpyruvate-dependent sugar
phosphotransferase system (PTS) was first re-
ported to occur in mycoplasmas by Van Demark
and Plackett (22) and Cirillo and Razin (4). The
latter authors reported that the PTS occurred
in all of the fermenting species of Mycoplasma
tested but was absent in the fermenting species
of Acholeplasma. Subsequent separation and
partial characterization of the components of
the M. capricolum PTS showed that it consists
of two general, nonspecific cytoplasmic compo-
nents, enzyme I and a phosphocarrier protein
(HPr), and a sugar-specific, membrane-bound
component enzyme II (11).

Enzyme I catalyzes the transfer of the phos-
phoryl moiety from phosphoenolpyruvate to the
phosphocarrier protein HPr as shown:

Mg+?
Phosphoenolpyruvate + HPr —— >

P ~ HPr + pyruvate
The purification and partial characterization of
the M. capricolum HPr was reported previously
(11). In size (ca. 10,000 daltons) and activity it
resembles those of Escherichia coli and Staphy-
lococcus aureus. In this paper, we report the

purification and partial characterization of the
M. capricolum enzyme 1. Although the M. ca-
pricolum enzyme I shows significant capacity
to phosphorylate the E. coli HPr (11), it differs
from the E. coli enzyme in its larger size
(220,000 versus 70,000 daltons) and its stability
upon purification.

MATERIALS AND METHODS

Organisms and growth conditions. M. capricolum
Kid was kindly provided by Joseph Tully of the
National Institutes of Health, Bethesda, Md. The
microorganisms were grown in modified Edwards
medium at pH 8.0. The medium contained 0.042 M
NaCl, 0.014 M K HPO,, 0.52% (wt/vol) p-glucose,
9.5% (wt/vol) peptone, 0.7% (wt/vol) yeast extract,
and 1.3% (wt/vol) heart infusion broth. The medium
was supplemented with 20 ml of bovine serum frac-
tion A (Grand Island Biological Co., Grand Island,
N.Y.) per liter, 28.0 mg of deoxyribonucleic acid per
liter, and 10° U of pencillin G (Sigma Chemical Co.,
St. Louis, Mo.) per liter. The organisms were grown
in stationary 2-liter Erlenmeyer flasks containing
500 ml of liquid medium at 37°C. The cells were
grown for 24 h. At the end of 16 h, the medium pH
was between pH 5.5 and 6.0. At this point, NH,OH
was added asceptically to raise the pH to 7.0. The
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cells were harvested when the pH had fallen to 5.5.
The culture was rapidly chilled to 0°C, and the cells
were harvested by using a Sorvall RC 2-B centrifuge
with an HS-4 rotor at 9,000 x g for 10 min. Under
these growth conditions, the average cell yield
ranged from 1.0 to 1.25 g of wet cells per liter of
medium. The harvested cells were washed twice
with a wash medium containing 0.25 M NaCl and
0.01 M MgCl,. The washed cells were either used
directly for fractionation of PTS components or
stored at —20°C. All subsequent steps were carried
out at 0 to 4°C.

Preparation of crude extracts. Washed cells were
suspended in B-buffer [150 mM NaCl, 50 mM
tris(hydroxymethyl)aminomethane-hydrochloride
(pH 7.4), 1 mM ethylenediaminetetraacetic acid, 10
mM B-mercaptoethanol, and 0.1 mM dithiothreitol].
A typical preparation contained 5 mg of wet cells in
20 to 25 ml of B-buffer. Crude enzyme extracts were
then prepared from this cell suspension by ultra-
sonic oscillation and subsequent centrifugation (11).

Separation of membranes and soluble fraction.
The crude extracts were recentrifuged at 102,000 x g
for 90 min at 4°C in a Beckman model L-5-65 ultra-
centrifuge with a 65 rotor. The supernatant solution
was carefully separated and saved for fractionation
of enzyme I and HPr. The pelleted membranes were
resuspended with a glass homogenizer (Arthur H.
Thomas Co., Philadelphia, Pa.) and repelleted at
159,000 x g for 90 min at 4°C. After this centrifuga-
tion, the translucent membrane fraction was sus-
pended in gB-buffer and stored at —20°C. The super-
natant fraction from this second centrifugation was
added to the previously collected supernatant frac-
tion. The washed membrane material was the
source of enzyme II in all PTS assays described
below.

Purification of enzyme I. The supernatant frac-
tion obtained by centrifugation at 102,000 x g was
used for purification of enzyme I; all steps of frac-
tionation were carried out at 0 to 4°C. The steps of
purification described below are shown in Table 1,
with the indicated specific activity and fold purifica-
tion achieved at each step.

Step 1: Crude supernatant. The crude superna-
tant fraction is the soluble material derived from
the two high-speed ultracentrifugations described
above.

Step 2: Ammonium sulfate precipitation. The
crude supernatant fraction from step 1 was adjusted
to 100% saturation of (NH,),SO, by adding crystal-
line enzyme-grade ammonium sulfate (Schwarz/
Mann, Orangeburg, N.Y.) over a 30- to 45-min pe-
riod with constant stirring in a cold room. The ap-
parent pH of the mixture, measured with a glass
electrode, was maintained at 7.4, and the saturated
solution was stirred overnight at 4°C. The precipi-
tated proteins were pelleted by centrifugation at
30,000 x g for 30 min and resuspended in a minimal
volume of B-buffer.

Step 3: Bio-Gel P-10 gel chromatography. The
ammonium sulfate-precipitated protein fraction
from step 2 was applied to a Bio-Gel P-10 column (1.5
by 30 cm) preequilibrated with B-buffer at a flow
rate of about 0.6 ml/min. The column was precali-
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brated with blue dextran (molecular weight,
2,000,000), cytochrome ¢ (molecular weight, 12,400),
and Mycoplasma HPr (molecular weight, 9,500). The
Bio-Gel P-10 gel filtration effectively separated al-
most all the enzyme I from the HPr. The enzyme I
activity was eluted in the void volume, whereas HPr
was eluted slightly after cytochrome c. The HPr
activity eluted from the Bio-Gel P-10 column was
totally free from contaminating enzyme I and was
the source of HPr (step 3, HPr) in all assays de-
scribed below.

Step 4: Acid precipitation. The enzyme I fraction
from step 3 was adjusted to pH 5.45 by adding ice-
cold 0.85 M acetic acid over a 2- to 3-min period with
continuous stirring. After 20 min of stirring at 4°C,
the precipitate was removed by centrifugation at
30,000 x g for 30 min and discarded. Excess 0.85 M
acetic acid was added, as described above, until the
pH of the enzyme solution dropped to 4.0. The solu-
tion was stirred for an additional 30 min at 4°C. The
insoluble proteins were pelleted by a brief centrifu-
gation at 30,000 x g and suspended in B-buffer.

Step 5: Ammonium sulfate fractionation. The
fraction from step 4 was adjusted to 25% saturation
by adding crystalline, enzyme-grade ammonium
sulfate over a 30-min to 1.0-h period with continuous
stirring. During saturation, the apparent pH was
maintained at 7.4 by adding ice-cold NH,OH. After 2
to 3 h of stirring, the precipitate was removed by
centrifugation at 30,000 x g for 30 min and dis-
carded. Excess ammonium sulfate was added, as
described earlier, until 85% saturation was
achieved, and the solution was stirred for another 12
h at 4°C. The precipitated proteins were removed by
a brief centrifugation at 30,000 x g, suspended in 10
to 15 ml of phosphate buffer, and dialyzed against
phosphate (diethylaminoethyl [DEAE]-Bio-Gel A
buffer, see step 6) for 24 h to remove the ammonium
sulfate.

Step 6: First DEAE-Bio-Gel A chromatography
(pH 7.4). The dialyzed active fraction (step 5) was
applied to a DEAE-Bio-Gel A column (1.5 by 12.5
cm) previously equilibrated with phosphate buffer
containing 10 mM potassium phosphate (pH 7.4), 0.1
mM dithiothreitol, and 0.1 mM ethylenediaminetet-
raacetic acid. After prolonged washing with phos-
phate buffer, the column was eluted with a linear
gradient (0 to 0.3 M) of KCl in potassium phosphate
buffer (300 ml total). The enzyme I activity was
eluted as a single component at ca. 85 mM KCl,
which was coincident with a single protein compo-
nent (Fig. 1A).

Step 7: Hydroxylapatite column chromatogra-
phy. The fractions showing enzyme I activity from
the DEAE-Bio-Gel A column of step 6 were pooled,
dialyzed against potassium phosphate buffer (1 mM
potassium phosphate [pH 7.0], 0.1 mM dithiothreitol
and 0.1 mM ethylenediaminetetraacetic acid) for 24
h with three changes of buffer, and applied to a
hydroxylapatite column (Bio-Gel HTP [1.5 by 10
cm)). The column was preequilibrated with 1.0 mM
potassium phosphate buffer (pH 7.0). After pro-
longed washing, the enzyme I activity was eluted
with a 1.0 to 200 mM linear gradient of potassium
phosphate buffer (pH 7.0) (300 ml total). The enzyme
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Fic. 1. Chromatographic purification of enzyme
1. In the following chromatographic procedures, the
fractions were uniformly of 5.0 ml. (A) First DEAE -
Bio-Gel A column (pH 7.4) was eluted with a linear
gradient of KCl from 0 to 0.3 M. Only fractions
between the arrows were used for hydroxylapatite
(Bio-Gel HTP) column. (B) The hydroxylapatite col-
umn was eluted with a linear phosphate buffer gra-
dient from 0.001 to 0.2 M phosphate buffer. Only
fractions between the arrows were used for second
DEAE-Bio-Gel A column. (C) Second DEAE-Bio-
Gel A (pH 6.8) column was eluted with a linear KC!
gradient from 0 to 0.2 M. The fractions between the
arrows were used for further investigation.

I activity was eluted in a single component at ca. 110
mM potassium phosphate. The enzyme I activity
was coincident with a single protein fraction (Fig.
1B).

Step 8: Second DEAE-Bio-Gel A chromatogra-
phy (pH 6.8). As a final purification step, the active
fractions showing enzyme I activity from Bio-Gel
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HTP column were pooled and dialyzed against a
second DEAE-Bio-Gel A column buffer (10 mM po-
tassium phosphate [pH 6.8], 0.1 mM dithiothreitol,
and 0.1 mM ethylenediaminetetraacetic acid) for 24
h with three changes of column buffer and applied to
a second DEAE-Bio-Gel A column (1.5 by 12.5 cm)
preequilibrated with potassium phosphate buffer.
After extensive washing with column buffer, the
enzyme I activity was eluted with a linear gradient
of 0 to 0.2 M KCl in potassium phosphate buffer (pH
6.8) (300 ml total). The enzyme I activity was eluted
in a single component at about 95 mM KCl, which
was also coincident with a single protein peak (Fig.
1C).

Enzyme assays. The enzyme I activity was mea-
sured by an assay system that involves the phospho-
rylation of a-methyl-p-glucopyranoside (a-MG) in
the presence of fixed amounts of HPr and enzyme IL
The assay medium is essentially a modification of
the Kundig-Roseman medium (13) and the composi-
tion is reported elsewhere (11). Briefly, the assay
mixture contained 350 to 500 ug of protein of enzyme
II and 15 to 25 ug of HPr (step 3). The assay was
initiated at 37°C by adding 0.25 umol of a-['*CIMG
(0.5 uCi/umol) and terminated, usually after 60
min, by heating in boiling water for 4 min. Control
incubations contained separate components (i.e.,
enzyme II or HPr) or lacked enzyme I. The phospho-
rylated a-MG was separated from the unphosphory-
lated sugar by passage through a Bio-Rad AG 1-X2
(50- to 100-mesh) anion-exchange resin column (4).
The 1 M LiCl eluate, containing phosphorylated a-
MG collected directly in a scintillation counting
vial, was counted in a scintillation spectrometer
(SL-30 Intertechnique, Dover, N.J.) after adding
15.0 ml of scintillation fluid (the composition is re-
ported elsewhere [13]).

The enzyme I and HPr fractions were not signifi-
cantly contaminated with each other or enzyme II;
however, enzyme II preparations (i.e., washed
membranes) were constantly contaminated with
traces of enzyme I and HPr. Specific activity is
expressed as nanomoles of a-MG phosphorylated per
milligram of enzyme I protein per minute at 37°C.
Since enzyme I activity is coupled to enzyme II
activity (via utilization of P ~ HPr as substrate),
since these were varied in different experiments,
and since different batches of HPr and enzyme II
had somewhat different activities, comparisons of
specific activity for a given purification regimen of
enzyme I required that enzymes from all purifica-
tion steps (Table 1) be assayed with the same
amounts and batch of HPr and enzyme II (11, 21).

Analytical techniques. The protein concentration
of soluble enzymes and membrane fractions was
determined by the method of Lowry et al. (15), with
bovine serum albumin in the appropriate buffer as
standard.

Analytical gel filtration was performed on a col-
umn (3 by 30 cm) of agarose beads, Bio-Gel A-0.5,
equilibrated with 10 mM potassium phosphate
buffer (pH 7.4). The sample volumes were 1.0 ml. All
protein standards were run individually, and their
positions were determined by their absorbances at
280 nm in a Zeiss PMQ II spectrophotometer. Frac-
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TaBLE 1. Purification of enzyme I

Fractionation step Vol (ml) p'fz::iln T?::::t;c. Rel:t:::e 8P ril‘glcdat]::r.x
(mg) (U)e
1. Crude supernatant ..................covuveinne, 32 500 358 0.71 1
2. Ammonium sulfate: 100% saturation ............ 5.2 495 ND ND ND
3. Bio-Gel P-10 gel filtration ...................... 32 402 667 1.66 23
4. Acid precipitation................... ... ool 10 202 594 2.99 4.0
5. Ammonium sulfate: 25 to 85% saturation ........ 15 148 500 3.36 4.7
6. First DEAE-Bio-Gel A (pH7.4)................. 60 21.2 442 20.75 29
7. Hydroxylapatite Bio-Gel HTP .................. 50 1.6 348 216.0 302
8. Second DEAE-Bio-Gel A (pH6.8) ............... 70 0.52 284 542 761

¢ Nanomoles of a-MG phosphorylated per minute at 37°C; ND, not determined.
® Nanomoles of a-MG phosphorylated per milligram of protein per minute at 37°C.

tions eluted from the column (ca. 5.0 ml) were
weighed to determine their precise elution volume.
The void volume (V,) and elution volume (V,) of the
column were routinely checked by the elution posi-
tions of blue dextran and cytochrome c.

Discontinuous gel electrophoresis in non-sodium
dodecyl sulfate (SDS) (pH 8.9)-polyacrylamide gels
at 7.5% monomer concentration was performed by
the method described elsewhere (11). The samples (5
to 10 ug of protein) were subjected to electrophoresis
at 4°C with 2.5 mA/gel. The time for the bromo-
phenol blue to move 9.0 cm was ca. 3.75 to 4.0 h. The
gels were stained for protein with Coomassie bril-
liant blue and destained in 10% acetic acid in a
diffusion destainer (Bio-Rad model 170).

Electrophoresis in SDS-polyacrylamide gels at
7.5% monomer concentration was performed by the
method of Laemmli (14). The samples (2.5 to 5 ug of
purified enzyme I protein) were preincubated with a
solubilizer containing 2.3% SDS, 15% sucrose, 5% -
mercaptoethanol, and 5 ul of 0.001% bromophenol
blue for 5 to 10 min at 100°C. Electrophoresis was
carried out at room temperature in a Bio-Rad model
150 gel electrophoresis chamber at 2.5 mA/tube. The
running time for the indicator dye to move 9 to 10
cm under these conditions was ca. 4.0 h. The gels
were immediately stained for protein with Coomas-
sie brilliant blue (5) and destained in 10% acetic
acid.

Isoelectric focusing was performed in polyacryl-
amide gels by a modification of the method reported
by Wrigley (24) and, more recently, by Catterall (3).
Gels (5 by 100 mm) were prepared by ammonium
persulfate (0.03%, wt/vol)-catalyzed polymerization
of a solution containing 7.5% (wt/vol) acrylamide,
0.1% (wt/vol) bisacrylamide, 0.05% (vol/vol)
N,N,N',N'-tetramethylethylenediamine, and 2.2%
(vol/vol) Bio-Lyte (polyaminopolysulfonic acid) 3-
10. Samples (150 wl) were made in 10% (vol/vol)
sucrose and 0.1% (vol/vol) Bio-Lyte 3-10. After the
application of the samples, the gel tubes were filled

with cathode buffer (100 mM NaOH) and immersed
in anode buffer (10 mM phosphoric acid) in a Bio-
Rad model 150 gel electrophoresis chamber with a
water jacket through which cold water was circu-
lated during the experiment. The protein was fo-
cused at room temperature. An electric field of 50 V
was applied initially for 30 min, the electric field
was later increased to 150 V, and the protein was
focused for 5.0 h, after which the gels were immedi-
ately fixed by immersion in ice-cold 10% (wt/vol)
trichloroacetic acid. The gels were dialyzed against
10% trichloroacetic acid for 24 h to remove carrier
Bio-Lytes and stained with Coomassie brilliant blue
by the method of Fairbanks et al. (5).

Amino acid composition. Amino acid analyses
were carried out with an automatic amino acid ana-
lyzer (JEOL-JLC-6AH). For this purpose, 25 to 50
ug of purified enzyme I was initially lyophilized. To
estimate the amide content, the following treatment
was performed: a 0.5-ml portion of 0.2 N borate
buffer (pH 9.0) was added to the lyophilized enzyme
I, boiled for 10 min, and dried in a desiccator over
concentrated H,SO, as the desiccant (10). Hydrolysis
of enzyme I was then carried out in a sealed, evacu-
ated tube in 0.4 ml of constantly boiling HCI (Pierce
Chemical Co., Rockford, Ill.) for 24 h at 110°C. A
performic acid oxidation was carried out to deter-
mine cysteine content by the method of Hirs (9).
Tryptophan content was determined by the method
of Goodwin and Morton (6).

N-terminal determination. The N-terminal resi-
dues of enzyme I were determined by the 5-dimeth-
ylaminonaphthalene-1-sulfonyl (DNS)-chloride pro-
cedure (7). For this purpose, 5 nmol of enzyme I
(molecular weight, 220,000) was lyophilized. The ly-
ophilized protein was dissolved in 10 ul of 0.2 M
NaHCO; and relyophilized. This step was repeated.
The thrice-lyophilized protein was dissolved in 10 ul
of deionized water to which 10 ul of DNS-CI (2.5 mg/
ml in acetone) was added. The tube containing pro-
tein in the DNS-C1 solution was sealed with Para-
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film and incubated for 1.0 h at 37°C. After dansyla-
tion, the protein was lyophilized, and 50 ul of 6.0 N
HCl was added, and the mixture was sealed and
incubated for 18 h at 105°C. The hydrolyzed, dansyl-
ated protein was lyophilized, and 10 ul of 50% (vol/
vol) pyridine was added to the tube; 0.1-ul proteins
were spotted out on polyamide thin-layer sheets (15
by 15 cm; Cheng Chin Trading Co. Ltd., Taiwan). A
1.5-ul sample was spotted per polyamide sheet.
Thin-layer chromatography was run for 50 min in
solvent 1 (1.5% [vol/vol] formic acid), dried, run for
1.0 h in solvent 2 (benzene-acetic acid, 9:1, vol/vol),
dried, and run for 1.0 h in solvent 3 (ethyl acetate-
methanol-acetic acid; 20:1:1, vol/vol/vol). The chro-
matography was performed in an Eastman chroma-
gram-developing apparatus 6071 (Eastman Chemi-
cal Products, Inc., Kingsport, Tenn.). Appropriate
markers (i.e., DNS-Gly, DNS-Ala, DNS-Leu, DNS-
Ileu, DNS-Val, DNS-Thr, DNS-Ser, DNS-Trp, DNS-
Glu, DNS-Asp, DNS-Pro, DNS-Arg, DNS-Lys,
DNS-Phe, O-DNS-Tyr, and bis-DNS-Tys) were run
identically in polyamide layers. The position of the
DNS derivatives was visualized with an ultraviolet
lamp.

Source of materials. Phosphoenolpyruvate-tricy-
clohexamine salt, dithiothreitol, DNS-C], and dan-
sylated amino acid markers were purchased from
Sigma, and bovine serum fraction A (IX) was pur-
chased from the Grand Island Biological Co.,
Grand Island, N.Y. Anion-exchange resin AG 1-X2
(50 to 100 mesh), Bio-Gel P-10 polyacrylamide beads,
Bio-Gel A-0.5 agarose beads, anion exchanger
DEAE-Bio-Gel A, hydroxylapatite Bio-Gel HTP,
materials for polyacrylamide gel electrophoresis,
isoelectric focusing in polyacrylamide gels, and Bio-
Lyte carrier ampholyte (pH 3 to 10) were purchased
from Bio-Rad Laboratories, Richmond, Calif. a-[U-
4CIMG was purchased from Amersham/Searle,
England. All other chemicals were obtained from
available commercial sources and were of analytical
or reagent grade.

RESULTS

Purification. A scheme basically similar to
the one used for the purification of the phospho-
carrier protein of Mycoplasma (11) was utilized
to purify enzyme 1. The steps used were ammo-
nium sulfate fractionation, acid precipitation,
gel filtration, adsorption, and anionic-exchan-
ger column chromatography. The results of the
successive purification steps described above
are shown in Table 1 and Fig. 1. The eight-step
purification produced a 761-fold-purified prepa-
ration with a specific activity of 542 nmol of a-
MG phosphorylated per min per mg of protein.
The final product eluted from the second
DEAE-Bio-Gel A column was shown to be ho-
mogeneous by both polyacrylamide gel electro-
phoresis and isoelectric focusing in polyacryl-
amide gels (Figs. 2B and 3).

Stability, absorption spectrum, and molar
extinction coefficient. The protein was found
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to be remarkably stable. The purified protein
(step 7) was found to be stable for at least 14
months when stored at —20°C in phosphate
buffer (pH 7.0) at a protein concentration of 0.1
mg/ml. The absorption spectrum of Myco-
plasma enzyme I is typical of proteins. The
estimated absorbance at 280 nm of the enzyme
at a concentration of 1.0 mg/ml (1.0-cm light
path) was 1.05, and the 280/260 absorbance ra-
tio was 1.4. Based on a molecular weight of
220,000 (see below), the €y x 10~* at 280 nm is
23.1.

Homogeneity. The purified enzyme moved
as a single component during electrophoresis in
polyacrylamide gels at a 7.5% monomeric con-
centration, (pH 8.9, Fig. 2B), and the spacer gel
was clear. A comparison of the protein profile
during purification steps 7 and 8 showed that,
although, in step 7, enzyme I was contaminated
with three extraneous bands, the second DEAE
column (step 8) successfully separated enzyme I
from the rest of the contaminating proteins
(Fig. 2A, B). The active fractions from the sec-
ond DEAE column were individually tested for
the presence of enzyme I by gel electrophoresis
at pH 8.9; all the fractions (27 through 34)
showed one band corresponding to enzyme I.
However, the trailing part of the enzyme I in
the second DEAE column (beyond 35) showed a
minor contaminating protein (data not pre-
sented). We analyzed individual fractions by
gel electrophoresis to determine which frac-
tions to include for further characterization.

As an additional test for homogeneity, the
purified protein was subjected to polyacryl-
amide gel isoelectric focusing by using carrier
ampholyte Bio-Lyte (pH 3 to 10). The protein
migrated as a single, sharp band (Fig. 3).

Molecular weight. The molecular weight of
enzyme I was estimated by the technique of
analytical gel filtration in Bio-Gel A-0.5 aga-
rose beads. The relative elution position of en-
zyme I, along with other proteins of known
molecular weight (i.e., apoferritin, aldolase,
ovalbumin, and others), is shown in Fig. 4.
Enzyme I was eluted between apoferritin and
aldolase, and the apparent molecular weight
was estimated to be ca. 220,000.

Quaternary structure. Enzyme I from Myco-
plasma could be dissociated with SDS in the
presence of dithiothreitol and B-mercaptoetha-
nol into three subunits as revealed by electro-
phoresis in polyacrylamide gels (7.5% mono-
meric concentration) in the presence of 0.1%
SDS (Figs. 5, 6). The relative mobility of the
subunit species in relation to the migration of
protein standards of known molecular weight
indicated the molecular weights of the subunits,
a, B, and vy, to be 44,500, 62,000, and 64,500,
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Fic. 4. Analytical gel filtration of enzyme I and
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Fic. 5. SDS-polyacrylamide gel electrophoresis of
enzyme 1. Purified enzyme I was subjected to discon-
tinuous gel (7.5%) electrophoresis in 0.1% SDS.
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F1G. 6. Relative mobility of enzyme I subunits in
SDS gel along with protein standards.

respectively, with an experimental error as
high as +10% (23). The densitometric tracing of
stained SDS gels indicate a o/B/y molar ratio of
2:1:1 (data not shown). The estimated molecu-
lar weight of the holoprotein on the basis of this
subunit ratio is ca. 215,500 + 21,500. The calcu-
lated molecular weight of enzyme I agrees with
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the molecular weight estimated by analytical
gel filtration in the Bio-Gel A-0.5 column (Fig.
4).

N-terminal determination. The N-terminal
amino acids of enzyme I were determined by
polyamide thin-layer chromatography of the
hydrolyzed, dansylated protein (7).

Fig. 7 depicts the separated, dansylated N-
terminal amino acids of enzyme I. Six strong
fluorescent spots were detected on the polyamide
sheets: DNS-OH, DNS-NH,, O-DNS-Tyr, DNS-
Ala, DNS-Gly, and bis-DNS-Tyr. Among these,
the last three (i.e., DNS-Ala, DNS-Gly, and
bis-DNS-Tyr) represent the N-terminal amino
acid residues of the three subunits (Fig. 7).

Amino acid compesition. The results of the
amino acid analyses of enzyme I are summa-
rized in Table 2. The protein contained a high
amount of aspartic and glutamic acids (528 resi-
dues) as compared to 244 basic amino acid resi-
dues. The protein contained 26 cysteine resi-
dues and was found to be low in tryptophan (12
residues). The molar ratio of tyrosine to trypto-
phan as determined by the spectrophotometric
method of Goodwin and Morton (6) was 4.04.

Isoelectric pH determination. Isoelectric pH
of the purified enzyme I holoprotein was deter-
mined by isoelectric focusing in polyacrylamide
gels. The protein focused at ca. pH 4.8 and,
under identical conditions, ran close to ovalbu-
min, pl 4.6 (Fig. 3).

Sensitivity toward thiol reagent. The sensi-
tivity of enzyme I, HPr, and enzyme II to the
sulfhydryl reagent N-ethylmaleimide (NEM) is

O-DNS-Tyr
DNS-Al
DNS‘-GIy—o

bis-DNS~Tyr

a
%—DNS-NHz
2

Ho-sNa— MW

x

— %
o

Fic. 7. Two-dimensional, thin-layer chromato-
gram (polyamide layer) of DNS-amino acids derived
from dansylation of purified enzyme I. Number and
arrow indicate the solvent and direction of run.
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shown in Table 3. Essentially, 100% of the phos-
photransferase activity was inhibited when
NEM was added to either enzyme I or HPr. The
addition of B-mercaptoethanol 20 min after the
addition of NEM to HPr, enzyme I, and enzyme
II reduced the inhibition to 0, 91.5, and 66%,
respectively. Thus, the NEM inhibition of en-

TABLE 2. Amino acid analysis of Mycoplasma

enzyme I
Nearest int:gral
: . S no. of residues
Amngadd  TesduedMTS 4 gt moleaioo
protein of mol
wt 215,500
Lysine 5.46 150
Histidine 1.27 35
Arginine 2.15 59
Aspartic acid 8.82 242
Threonine 3.92 108
Serine 5.27 145
Glutamic acid 10.4 286
Proline 3.12 86
Glycine 6.3 173
Alanine 4.28 118
Valine 3.88 ‘ 107
Methionine 1.65 45
Isoleucine 4.63 127
Leucine 6.38 175
Tyrosine 1.78 49
Phenylalanine 3.01 83
Cysteine® 0.94 26
Tryptophan® 0.44 12
Ammonia 3.01 83

¢ Experimental procedure described in the text.
® Determined as cysteic acid (9).
¢ Determined spectrophotometrically (6).

TABLE 3. Sensitivity of Mycoplasma HPr, enzyme I,

and enzyme II to NEM®
PTS ac-
. a-MG -
Fracion p Mercapaethanol  phaphe- 17 (%
with NEM addition rylated of con-
(nmol) trol)
HPr 20 min after NEM 130.16 107
Enzyme I 20 min after NEM 7.67 8.2
Enzyme II 20 min after NEM 59.0 33.9
HPr Not added 0 0
Enzyme I Not added 0 0

¢ In this experiment 25 ug of HPr (step 3) in 50 ul of 10
mM potassium phosphate buffer (pH 7.4) containing 0.1 mM
ethylenediaminetetraacetic acid and 0.1 mM dithiothreitol
was treated with 20 ul of 0.1 M sulfhydryl reagent. After 20
min at room temperature, 20 ul of 0.2 M S-mercaptoethanol
was added. A 75-ug portion of enzyme I in 50 ul of potas-
sium phosphate buffer and 112 ug of crude enzyme II in 50
ul of B-buffer were similarly treated with NEM and g-
mercaptoethanol. In control experiments, 20 ul of sulfhy-
dryl reagent was first mixed with 20 ul of 8-mercaptoetha-
nol and then added to HPr, enzyme I, and enzyme II frac-
tions. PTS assays were carried out by the procedure out-
lined in the text.
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zyme I was irreversible, whereas the inhibition
of HPr and enzyme II was completely or par-
tially reversed by B-mercaptoethanol.

DISCUSSION

The phosphoenolpyruvate-dependent sugar
phosphotransferase systems studied consist of
four types of proteins: two general, nonspecific
proteins that are always cytoplasmic (enzyme I
and HPr) and two sugar-specific proteins that
may be membrane bound (IIA/IIB) or may con-
sist of one soluble (III) and one membrane-
bound component (IIB’) (1, 12, 17, 18, 20). The
system carries out the following reaction:

enzyme I

HPr

phosphoenolpyruvate  pyruvate

The sugar phosphorylation mediated by the
membrane-bound components (IIB or IIB’) is
linked to sugar transport across the cell mem-
brane (18).

In mycoplasmas, enzyme I and HPr are the
only soluble components (11). The membrane-
bound sugar-specific enzyme II activities for
glucose, fructose, and mannose are, therefore,
presumed to be of the IIA/IIB type. In M. capri,
the enzymes II for the three sugars are constitu-
tive (4); in M. capricolum, the enzyme II for
fructose is inducible (unpublished data). The
purification and partial characterization of the
M. capricolum HPr were previously described
(11). It is similar to the E. coli and S. aureus
phosphocarrier proteins in size, and its phos-
phorylated form, P ~ HPr, is equally as active
as a phosphoryl donor with E. coli enzyme IIA/
IIB complex as the E. coli P ~ HPr. However, it
is different from the E. coli HPr in amino acid
composition, electrophoretic characteristics,
immunological reactivity, and as a substrate
for the E. coli enzyme I (11).

In the present paper, we report the purifica-
tion and partial characterization of M. capri-
colum enzyme 1. The physical characteristics of
the Mycoplasma enzyme are quite distinct from
those of E. coli, Salmonella typhimurium, and
S. aureus, the only other enzymes that have
been purified and characterized (enzyme I of E.
coli and S. typhimurium are identical [17)).
The E. coli/S. typhimurium enzyme has a mo-
lecular weight of between 70,000 and 90,000,
with an unknown number of subunits (21); the
S. aureus enzyme is a single polypeptide chain
with a molecular weight of 80,000 (8). The My-
coplasma holoenzyme has a molecular weight
of ca. 220,000 and is composed of four subunits:
two « of 44,500 daltons, one B of 62,000 daltons,
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one vy of 64,500 daltons. The suggestion that
there are two « subunits is based on the follow-
ing data: (i) the molecular weight estimate of
the holoenzyme by analytical gel filtration re-
quired two « subunits and (ii) the intensity of
the a band in Coomassie brilliant blue-stained
SDS gels was roughly twice that of 8 and y
bands. The identifications of only three N-
terminal amino acids by the dansyl procedure
requires, therefore, that the two a subunits be
identical, but this is only speculation, with the
limited data at hand.

The Mycoplasma enzyme I is more stable
than the E. coli and S. aureus enzymes 1. The

enzyme IIA/IIB or III/IIB’

P ~ HPr HPr

sugar sugar phosphate

stability of the purified Mycoplasma enzyme
may be due to its complex structure; the pres-
ence of the additional subunits may protect the
enzyme from inactivation during purification.
However, the Mycoplasma enzyme is as sensi-
tive to NEM as the E. coli and S. aureus en-
zymes (17). This sensitivity is understandable,
considering the presence of 25 to 26 cysteines in
the molecule; however, at this point, we do not
know how they are distributed among the sub-
units.

Complementation studies between Myco-
plasma and E. coli enzymes I and HPr's show
that there is considerable similarity between
the two systems. Thus, the Mycoplasma en-
zyme I phosphorylates the E. coli HPr, and the
E. coli enzyme 1 phosphorylates the Myco-
plasma HPr, although the rate in each case is
reduced to ca. 20% of the rate obtained with
homologous components (11). This represents a
significant overlap of activity in spite of the
large size difference between the Mycoplasma
and E. coli enzymes. This may suggest that the
four subunits of the Mycoplasma holoenzyme
represent a complex in which only one of the
subunits bears the enzyme I activity and the
other subunits serve regulatory or other func-
tions. Support for this proposal will be sought
in future studies of the nature and distribution
of phosphoryl groups among the enzyme I sub-
units. Evidence that enzyme I undergoes a
phosphorylation-dephosphorylation cycle in the
phosphoryl transfer from phosphoenolpyruvate
to HPr has been presented for some of the en-
zymes studied (17, 20). One function of enzyme
I that might be served by its noncatalytic sub-
units is interaction with adenylate cyclase, as
proposed by Peterkofsky and Gazdar (16) to ex-
plain the effect of PTS sugar substrates on
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adenylate cyclase activity in E. coli. It is known
that, in mycoplasmas, the intracellular concen-
tration of cyclic adenosine 3'5’-monophosphate
is subject to regulation by the presence of glu-
cose in the medium in a manner similar to that
in E. coli (unpublished data). Peterkofsky and
Gazdar proposed that the level of cellular cyclic
adenosine 3'5'-monophosphate in E. coli is
regulated by the level of phosphorylated en-
zyme I that is required for adenylate cyclase
activity. If such a mechanism were involved in
mycoplasmas, noncatalytic subunits would be
required for enzyme I-adenylate cyclase inter-
action. However, a direct involvement of en-
zyme 1 is not favored by some workers who
propose that the interacting species between
the PTS and adenylate cyclase is the glucose-
specific factor III#¢ rather than enzyme I (2, 19).
Which, if either, of these proposals applies to
Mycoplasma is now under investigation.
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