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ABSTRACT

KUSHNER, D. J. (National Research Council, Ottawa, Ontario, Canada), AND
H. OnisHI. Contribution of protein and lipid components to the salt response of
envelopes of an extremely halophilic bacterium. J. Bacteriol. 91:653-660. 1966.—
Removal of protein from envelopes of Halobacterium cutirubrum by peptic diges-
tion left residues that required little or no salt for stability. The salt requirement
of envelopes was also lowered by incubation in 0.1 M MgCl,, and could be lowered
even further by digestion with trypsin or chymotrypsin in 0.1 M MgCl,. Dissolution
of envelopes in low salt concentrations made their protein more susceptible to at-
tack by these and other proteolytic enzymes. Removal of lipids raised the require-
ment for divalent cations, particularly for Mg*; it slightly increased the Nat re-
quirement and did not affect the requirement for K*. It was concluded that the re-
quirement for high salt concentrations in extreme halophiles is due to mutual repul-
sion between negatively charged groups on proteins rather than to repulsion between
negatively charged phosphate groups on the lipids. The latter act primarily as sites
on which divalent cations, especially Mg*+ which is required in high concentra-
tions by growing cells, are bound. In this manner, the phosphate groups support

envelope structure.

Work in this laboratory and elsewhere (1, 3,
10, 13) has shown that the breakdown in the ab-
sence of salts of envelopes of the extreme halo-
philes is a rapid and probably nonenzymatic
process, and that most of the envelope substance
can be recovered in the form of sedimentable
particles. This breakdown is thought to be due to
electrostatic repulsion between negatively charged
groups in the envelope. The most important of
these groups are the dicarboxylic acids of the
acidic protein and the phospholipid phosphate
groups, all of which have pK values of about 3.5
(3, 6, 10). However, little is known of the struc-
tural relations of such groups, or of their rela-
tive importance in producing electrostatic re-
pulsion in the absence of shielding cations. This
question has been investigated by using envelopes
from which most of the lipid or protein has been
removed.

1Issued as National Research Council No. 8860.

2 Present address: Department of Biology, Univer-
sity of Ottawa, Ottawa, Ont., Canada.

3 National Research Council Postdoctorate Fellow,
1963-1965.

As another indication of the structural changes
accompanying envelope dissolution, we have in-
vestigated the effect of dilution on the susceptibil-
ity of envelope proteins to proteolytic digestion.

MATERIALS AND METHODS

The preparation of envelopes of Halobacterium cuti-
rubrum and most of the methods used have been de-
scribed (10, 13). Envelopes were stored at 5 C in
“buffered NaCl,” i.e.,, 4.5 m NaCl containing 0.1 M
MgCl; and 0.01 M tris(hydroxymethyl)aminomethane
(Tris) buffer (pH 7.0). Before use, envelopes were
centrifuged and resuspended in the appropriate salt
solution. For turbidity measurements, envelopes were
resuspended in 4.0 or 4.5 m NaCl, diluted 10 to 20
times (as specified) in the salt solution to be tested,
and turbidity was measured after 30 min at room tem-
perature with a Hilger Spekker Absorptiometer at
675 mu. Acid-treated cells, whose salt response is
similar to that of mechanically isolated envelopes (8),
were prepared as before (9) with variations as shown
in the text. In one experiment (Fig. 3) with acid-
treated cells, turbidity was measured at 660 mu in a
Coleman Junior spectrophotometer.

Envelope concentration is usually expressed as
milligrams of protein per milliliter of suspension,
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since it is difficult to determine the dry weight of en-
velopes suspended in strong salt solutions; envelopes
contain about 509 protein on a dry-weight basis
(10).

Analytical methods. Protein was determined with the
Folin phenol reagent by the method of Lowry et al.
(11). Proteolytic activity was measured in some experi-
ments as the release of trichloroacetic acid-soluble
material reacting with the phenol reagent. This
reagent, which measures tyrosine residues, gives differ-
ent color values per residue with different proteins
(11). However, we have observed that in experiments
with different proteolytic enzymes the sum of the
trichloroacetic acid-insoluble and -soluble ‘“protein”
was equal to the amount of protein originally present,
and we feel justified in expressing trichloroacetic
acid-soluble material reacting with the phenol reagent
in terms of a percentage of the total protein (see
Fig. 1 and 2)

For amino acid determinations, envelopes were
hydrolyzed anaerobically in 6 N HCI for 20 and 70
hr at 110 C as recommended by Moore and Stein
(12). After removal of HCI by repeated drying, amino
acids were determined in a Beckman-Spinco amino
acid analyzer. The values obtained after 70 hr of hy-
drolysis are reported for all amino acids except serine,
threonine, and tyrosine; figures for these amino acids
are corrected for destruction during hydrolysis (12),
and the 70-hr figure for NH; is corrected for the con-
tribution made by these amino acids.

Proteolytic enzymes. The following proteolytic
enzymes were used in these experiments: pepsin
(three times crystallized) and chymotrypsin (salt-free
from ethyl alcohol), Nutritional Biochemicals Corp.,
Cleveland, Ohio; trypsin (two times crystallized),
Worthington Biochemical Corp., Freehold, N.J.;
pronase P from Streptomyces griseus, Kaken Chem-
ical Co., Tokyo, Japan; and nagarse from Bacillus
subtilis var. bioticus A, Teikoku Chemical Industry
Co., Osaka, Japan. Both pronase and nagarse are
relatively nonspecific proteinases (4).

RESULTS

Effect of envelope dissolution on susceptibility
of envelopes to proteolytic digestion. Most of the
protein of envelopes in 0.1 M MgCl, was con-
verted into a trichloroacetic acid-soluble form in
2 hr at 37 C by trypsin, chymotrypsin, pronase,
or nagarse at pH 7.0 or 8.0, or by pepsin in 0.06
M HCI. Both the rate of proteolytic attack and
the total amount of protein solubilized was in-
creased when envelopes were dissolved in water
before MgCl, was added. Activity of all the en-
zymes in 4 M NaCl was low, although there was
an increased initial proteolytic activity after a 30-
min exposure to water. In the absence of added
proteolytic enzymes, acid-soluble material did
not increase with time in the presence of 4 M
NaCl, but increased slowly in envelopes or dis-
solved envelopes suspended in 0.1 M MgCl,. These
results are illustrated in Fig. 1 (trypsin, no en-
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FiG. 1. Effect of salts and of dilution on the tryptic
digestion of envelopes of Halobacterium cutirubrum.
An envelope suspension (0.25 ml), in 4.0 ¥ NaCl,
containing 6.6 mg/ml of protein was added in duplicate
to the solutions shown below, all of which contained
0.01 u Tris buffer (pH 8.0). To one set of tubes, 0.5
ml of trypsin (I mg/ml dissolved in 0.001 » HCI) was
added. Envelopes were added to the following: O,
4.75 ml of 0.1 » MgCI ; ¥, 4.63 ml of water, followed
after 30 min at room temperature by the addition of
0.12 ml of 4 ¥ MgCly (final MgCl concentration,
0.1 M); A, 4.75 ml of 4 » NaCl; @, 4.42 ml of water,
followed after 30 min at room temperature by the addi-
tion of 1.11 g of solid NaCl (final NaCl concentration,
4 o). Solid lines, with enzyme; dotted lines, without.
After incubation at 36 C for the times shown, 0.5 ml
of each digest was added to 1.5 ml of 5%, trichloroace-
tic acid; after standing overnight at 5 C the precipitate
was centrifuged at 15,000 X g for 15 min, and protein
(expressed as per cent of the total) was determined in
the supernatant fluid.

zyme added) and Fig. 2 (pronase). 'I‘hetqther
enzymes gave similar patterns of respemse;.the
protein converted into a trichloroacetic. geid-
soluble form after 2 hr in 0.1 M MgCl, was: with
chymotrypsin, 72%; pepsm, 83%; and w1th
nagarse, 58 %,.

These results did not show whether thl-. hbera
tion of material from envelopes by trypéily’ tredt-
ment represented a true solubilization or simply
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FiG. 2. Effect of salts and of dilution on the digestion
of envelopes of Halobacterium cutirubrum by pronase.
Conditions and symbols as in Fig. 1, except that 0.01
o Tris buffer, pH 7.0, was used; the enzyme (I mg/ml)
was dissolved in water; and 0.005 M CaCl, was added
to all samples before adding the enzyme. Arrow indi-
cates the amount of acid-soluble protein found before
the enzyme was added.

an increased extractability by trichloroacetic acid.
However, no more material was released when
trichloroacetic acid was added to the trypsin-
treated envelope suspension before centrifuging
than when it was added to the supernatant
fluid after centrifuging; the same thing was
true for the slow proteolysis that took place
in the absence of trypsin (Table 1). In the
early stages of proteolytic digestion, more pro-
tein was released from the samples centrifuged
before the addition of trichloroacetic acid,
probably because of the digestion that took
place during centrifugation. A very rough esti-
mate of the molecular weight of the material
released by trypsin was obtained by measuring
the amount of such material in the trichloro-
acetic acid supernatant fluid that passed through
a dialysis membrane on overnight incubation
against 59, trichloroacetic acid. About half of
the material released at each interval studied, up
to 3 hr, was dialyzable (Table 2); hence, its molec-
ular weight was less than 10,000.

Proteolytic digestion of envelopes was also
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TABLE 1. Release and trichloroacetic acid extract-
ability of protein-reacting substances from
envelopes of Halobacterium cutirubrum in
the presence and absence of trypsin*

Per cent protein
in supernatant
fluid

Experimental conditions Time

Yout” (Tryps
trypsin | 299€

min
Trichloroacetic acid added 0 15 15

to total digest 30 30 62
120 49 84

Trichloroacetic acid added 0 19 53
to digest supernatant 30 49 66
fluid 120 54 81

* Two 0.3-ml samples of an envelope suspension
containing 10.6 mg of protein per ml were added
to tubes containing 5.7 ml of 0.1 M MgCl, and
0.01 M Tris buffer (pH 8.0). To one tube, 0.5 mg
of trypsin was added and both tubes were incu-
bated at 36 C. At the time intervals shown 1.0-ml
samples of each digest were centrifuged at 0 C for
30 min at 15,000 X g, and 0.5 ml of the supernatant
fluid was added to 1.5 ml of 59, trichloroacetic
acid; at the same time intervals 0.5-ml samples of
each total digest were added to 1.5 ml of 59 tri-
chloroacetic acid. After standing overnight at
5 C, all samples were centrifuged at 15,000 X g for
15 min and protein was determined in the super-
natant fluid.

studied by measuring the loss of protein from a
dialysis sac after incubation with each enzyme
for 6 and 24 hr (Table 3). In 0.1 M MgCl,, 779,
or more of the protein was made dialyzable in 24
hr by each enzyme studied. With chymotrypsin,
pronase, and nagarse, the loss after 6 hr was
greater in envelopes that had been first exposed
to water. In 4 M NaCl, proteolytic digestion was
slower and less extensive than in 0.1 M MgCl,,
but the rate and extent of digestion was increased
in envelopes that had been exposed to water
before the salt was added. In these experiments,
none of the enzymes caused any loss of carbohy-
drate. After 24 hr at pH 1.9, about 309, of the
carbohydrate was lost in 0.1 M MgCl, and 109,
in 4 M NaCl. This loss was not increased by pep-
sin, and it may have been due to the hydrolysis of
of polysaccharides.

Other envelope constituents were not studied
in any detail, but, after pronase digestion under
the various ionic conditions described above,
there was no release of trichloroacetic acid-
soluble phosphorus and no loss of phosphorus
through a dialysis membrane.
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TaBLE 2. Dialyzability of trichloroacetic acid-
soluble material released from envelopes of
Halobacterium cutirubrum by trypsin*

Per cent of total protein in
Time . .
. : a~iq | Trichloroacetic and
Trichloroacetic acid .
supernatant fluid suﬁgam;sﬂi:!d
min
0 33 21
30 59 28
60 66 34
120 73 35
180 77 38

* To 11.1 ml of 0.01 M Tris buffer (pH 8.0) was
added 0.6 ml of a suspension of envelopes in 4 M
NaCl containing 7.84 mg/ml of protein. After
30 min, 0.3 ml of 4 M MgCl, was added to give a final
MgCl; concentration of 0.1 M. To 10.0 ml of this
suspension, 1 ml of trypsin (1 mg/ml) was added.
After incubation at 35 C for the intervals shown,
1.0-ml samples were added to 3.0 ml of 5%, tri-
chloroacetic acid, and supernatant fluids were
prepared as in Table 1. Protein was determined in
supernatant fluids immediately or after overnight
dialysis at 5 C against 3.759%, trichloroacetic acid.

In the absence of added proteolytic enzymes,
there was a 259, loss of protein in 24 hr from
envelopes suspended in 0.1 M MgCl, (Table 3),
and a similar loss was noted from envelopes dis-
solved in water. An earlier report (8) that en-
velopes in water did not lose protein through a
dialysis sac was based on 3 hr of incubation.

KUSHNER AND ONISHI
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Though some autolysis does occur, it is muph too
slow to play a part in the extremely rapid dissolu-
tion of envelopes in water.

Effect of treatment with proteolytic enzymes on
the salt response of envelopes. We next examined
the salt response of envelopes from which most
of the protein had been removed by enzymatic
digestion. The most clear-cut results were ob-
tained with envelopes digested with pepsin.
These had lost most of their protein, and there
was a large increase in the carbohydrate-protein
ratio. Phase-contrast examination showed that a
few rod-shaped envelopes remained, more were
twisted or otherwise distorted, and most had
broken up into smaller fragments. The integrity
of digested envelopes was maintained by lower
concentrations of NaCl and MgCl, than were
required by undigested envelopes (Table 4).

To explore the salt response at concentrations
lower than 0.45 M NaCl, greater dilutions than
the 10- or 20-fold dilutions used for mechanically
prepared envelopes (Table 4) were required; for
this, thick suspensions of acid-treated cells were
prepared. These, when treated with pepsin, were
more stable in low concentrations of NaCl, KCl,
and MgCl, than were cells treated only with acid
(Fig. 3). Measurement of solubilization of protein
or of carbohydrate showed the same lowered
salt dependence of digested envelopes as did
turbidity.

Incubation with 0.06 M HCI alone made the
envelopes less sensitive to the absence of salts
than were untreated envelopes; this is probably

TABLE 3. Effect of salts and water on release of dialyzable material from envelopes by proteolytic enzymes*

Per cent protein lost from dialysis sac
1!;“3 t.me?i:l.o f envelopes I\zl;)rni:- Trypsin Chymotrypsin Pronase Nagarse Nzg':al: Pepsin
efore adding enzyme (#H7.0) (o 19)
24hrt | 6hr | 24¢hr | 6hr | 24hr | 6hr | 24hr | 6hr | 24hr | 24hr | 6hr | 24 br

0.1 MmMgCl,......... 25 52 81 43 71 68 79 64 79 18 66 94
Water, then 0.1 M .

MgCl............. 12 49 88 56 88 83 88 78 86 37
40mM NaCl.......... 17 9 41 25 43 32 41 34 45 12
Water, then 4.0 m )

NaCl.............. 16 28 62 37 69 52 64 53 71 26 ;

* Enzymes and envelopes were prepared as in Fig. 1 and 2. To 5.0 ml of each envelope st

st

or solution (containing 0.6 to 0.9 mg/ml of envelope protein) 0.5 ml of enzyme (1 mg/ml) was added,
and 4.0 ml of the mixture was dialyzed against the same salt solution containing 0.01 m Tris' buffer
(pH 7.0) for trypsin, chymotrypsin, pronase, and nagarse, or 0.06 N HCI adjusted to pH 1.9 for pepsin.
For chymotrypsin, pronase, and nagarse, 0.005 M CaCl, was added to all samples before adding the
enzyme. Samples from inside the dialysis sac were analyzed for protein at the time intervals shown.
Figures are corrected for the contribution made by the enzyme protein. s E:%'j‘ .

t Time of incubation. S

AR
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TABLE 4. Effect of acid treatment and pepsin digestion on the salt response of envelopes of
Halobacterium cutirubrum*

NaCl concn (M) MgCl: concn (M)
Expt Treatment of envelopest
0 0.5 1.0 2.0 3.0 4.0 0 0.01 0.03 | 0.05 0.1 0.5

1 None 27 100 | 27

Acid 49 (70 | 95 95 | 112 | 100 | 49 96 | 117 | 116 | 131

Acid + pepsin (0.2 mg) 66 | 89 | 102 | 105 | 109 | 100 | 66 | 101 | 130 | 125 | 144
2 Acid 43 70 |101 | 96 |100 (43| 52| 83| 82| 99| 97

Acid + pepsin (0.2 mg) 83 98 | 112 | 101 | 100 | 83 | 102 | 141 | 113 | 152 | 110
3 Acid 17 | 54 | 68| 92 100

Acid + pepsin (3 mg) 40 [ 86 | 96 | 103 100
4 None 25 100

Acid 35 100

Acid + pepsin (3 mg) 100 100

* Results expressed as per cent turbidity. Turbidity in 4.0 M NaCl was taken as 100%. About 60 mg
of envelopes was suspended in 20 to 30 ml of 0.06 M HCIl, with additions as shown, for 6 to 22 hr at
36 C. Treated envelopes were washed twice and suspended in 4.5 M NaCl plus 0.1 M Tris buffer (pH 8.1),
then diluted 20-fold or 10-fold (experiment 4) in the salt solution to be tested.

1 Recovery of envelope-protein after acid treatment and washing was 25 and 449, in experiments 3
and 4, respectively. In experiments 3 and 4 the envelopes treated with acid plus pepsin contained, re-
spectively, 15 and 79, protein as compared with the acid-treated envelopes. In experiment 3 the carbo-
hydrate-protein ratio (w/w) was 0.089 for acid-treated envelopes and 0.260 for envelopes treated with

acid plus pepsin.
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FiG. 3. Effect of pepsin treatment on the salt re-
sponse of acid-treated cells of Halobacterium cuti-
rubrum. Cells (900 mg, dry weight) were suspended
in 60 ml of 4.5 m NaCl containing 0.06 » HCI, centri-
fuged and resuspended in 60 ml of 0.06 » HCI. To half

connected with the loss of protein under acid
conditions noted in Table 3.

Envelope protein contains a surplus of dicar-
boxylic amino acids (10), and, although most
of the protein was lost on pepsin treatment,
it seemed barely possible that the residual protein
might contain most or all of the acidic amino
acids, so that there would be no reduction in net
negative charge. Amino acid analyses (Table 5)
showed that there was little change in composition
after acid treatment. After treatment with acid
and pepsin there were few striking changes, and
the overall result was a decrease rather than an
increase of net negative charge per milligram of
protein. Thus, pepsin, by removing most of the
protein, greatly reduced the net negative charges
on the envelopes.

The amino acid analyses of untreated en-

the suspension was added 0.5 mg of pepsin. After in-
cubation for 22 hr at 36 C, the cells were centrifuged,
washed twice, and then suspended in 2.0 ml of 4.5 M
NaCl containing 0.1 » Tris (pH 8.1). For turbidity
measurements, the cell suspensions were diluted 50-
fold with the salt solutions shown. Pepsin treatment had
caused a 779, loss of protein; carbohydrate-protein
ratio (w/w) in the acid-treated cells was 0.028, and
in those also treated with pepsin, 0.252. Symbols: @,
NaCl; O, KCI; N, MgCly; solid line, acid-treated
cells; broken line, cells treated with acid plus pepsin.
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TaBLE 5. Effect of acid treatment and peptic
digestion on the amino acid content of envelopes
of Halobacterium cutirubrum*

Content
Amino acid . i

Untr(;.ated t"::ﬂ;d %glpgi:é

envelopes envelopes e;l\"eealg;es
Lysine............. 0.13 0.15 0.087
Histidine........... 0.093 0.082 0.077
Arginine......... .. 0.21 0.24 0.16
Aspartic acid. ..... 0.85 0.97 0.57
Threonine.......... 0.54 0.54 0.45
Serine. ............ 0.50 0.51 0.42
Glutamic acid. .. . .. 0.68 0.74 0.53
Proline. ........... 0.28 0.23 trace
Glycine............ 0.78 0.64 0.64
Alanine............ 0.71 0.58 0.47
Valine............. 0.71 0.55 0.41
Methionine. . ...... 0.088 0.082 0.00
Isoleucine.......... 0.31 0.30 0.26
Leucine............ 0.45 0.47 0.43
Tyrosine........... 0.19 0.22 0.093
Phenylalanine. . . . .. 0.21 0.21 0.15
Ammonia.......... 0.55 0.65 1.85

* Samples analyzed were from experiment 4 of
Table 4. Results are expressed as micromoles of amino
acid per milligram of protein.

velopes are similar to those reported earlier
(10), but may be considered more accurate (see
Materials and Methods). In contrast to the earlier
findings, methionine appears in these envelopes
but not methionine sulphone, presumably be-
cause of the steps taken to exclude air before
hydrolysis.

" The effects of other proteolytic enzymes on the
salt response of envelopes were less clear-cut than
those of pepsin. Adding trypsin or chymotrypsin
(up to 0.3 mg/ml final concentration) to en-
velopes (1 to 2 mg of protein per ml) incubated
in 0.1 m MgCl, at pH 7.0 for 2 hr at 35 C de-
creased the sensitivity to dilution more than that
of control cells in two out of three experiments.
Incubation in 0.1 M MgCl; alone also reduced the
sensitivity of envelopes to dilution. Sensitivity
decreased after 2 hr at 37 C, but not at 0 C.
After overnight incubation at 37 C, the sensitiv-
ity of envelopes usually completely disappeared.
The loss of sensitivity on incubation with MgCl,
was not increased by increasing the MgCl,
concentration, nor was sensitivity to water re-
stored to MgCly-treated envelopes by treatment
with 107® to 1072 M ethylenediaminetetraacetic
acid (EDTA). The loss of sensitivity is probably
not due to binding of Mg** ions to the envelope,
since such binding would take place in the cold
and might be susceptible to reversal by EDTA

KUSHNER AND ONISHI
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treatment. The loss of sensitivity may be, in-
stead, the result of an enzymatic process, perhaps
the slow proteolysis described above (Fig. 1
and Table 3), but this has not been investigated
further.

Effect of removal of lipids on the salt response of
envelopes. Direct extraction with neutral solutions
containing high concentrations of ethyl alcohol
led to dissolution of envelopes, but this could be
prevented by the addition of acid. Envelopes in
4.5 M NaCl plus 19, acetic acid were therefore
extracted twice at room temperature with 759
ethyl alcohol containing 19, acetic acid, washed
in and resuspended in 4.5 M NaCl. This procedure
removed all the pigment and 809, of the lipid
phosphorus from envelopes, leaving colorless
residues which still had the shapes of intact
envelopes. In contrast to the deproteinized en-
velopes, these had not lost any of their sensitivity
to dilution. The requirement of defatted envelopes
for NaCl was somewhat greater than that of
untreated envelopes, whereas the KCl require-
ment was only slightly changed (Fig. 4). In the
experiment shown, higher turbidities were
obtained in 3 and 4 M KCI in lipid-extracted
envelopes than in control envelopes, but this was
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Fic. 4. Effect of lipid extraction on response of en-
velopes of Halobacterium cutirubrum to NaCl, KCI,
and MgCls. Suspensions of envelopes in 4.5 ¥ NaCl
were added to 10 volumes of the salt solutions shown
or 10 volumes of water, the latter being used as blanks.
Control and lipid-extracted cells had similar turbidity
values in water (100%, turbidity = that found in 4.0
¥ NaCl). Symbols: @, NaCl; O, KCl; A, MgCh;
solid lines, untreated envelopes; broken lines, lipid-
extracted envelopes.
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FiG. 5. Effect of lipid extraction on response of en-
velopes of Halobacterium cutirubrum to CaCl, and
MnCl,. Conditions as in Fig. 4, except that suspensions
were added to 20 volumes of each salt solution. Sym-
bols: @, CaCly; O, MnCly; solid lines, untreated en-
velopes; broken lines, lipid-extracted envelopes.

not usually observed. The most striking differ-
ence between lipid-extracted and control en-
velopes was their response to Mg+ ions. The
requirement for this ion had greatly increased,
and in the concentration range studied it was no
longer possible to obtain maximal turbidity of
lipid-extracted envelopes. Below 0.05 M, higher
concentrations of Cat+ and Mn*+ were also re-
quired to maintain turbidity in extracted en-
velopes. At and above this concentration of CaCl,
there was little difference between extracted and
control envelopes. There was an increase in
turbidity of extracted, relative to control, en-
velopes in higher MnCl; concentrations (Fig. 5).
Microscopic examination showed that the former
were easily coagulated by low MnCl, concen-
trations, but this has not been further investi-
gated.
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DiscussioN

The susceptibility of envelopes to proteolytic
enzymes was used in these studies to indicate the
degree of disorganization caused by exposure to
water. The decrease in the orderly arrangement
of the peptide chains within the protein molecule
that constitutes denaturation is known to in-
crease the susceptibility of many proteins to
attack by proteolytic enzymes (7). Several en-
zymes of extremely halophilic bacteria require
salts and are inactivated by exposure to water
(2); such inactivation may or may not be irre-
versible (5). After studying the effects of salts
on the lactic dehydrogenase of H. salinarium,
Baxter (2) suggested that “this enzyme differs
from enzymes of nonhalophilic organisms in
being less firmly held in its native catalytically
active conformation. At low salt concentrations
the electrostatic repulsion between ionized groups
on the enzyme expands it to a form which is not
catalytically active and which can readily expand
further to an irreversibly denatured form.” It
seems likely that an exposure to water leads to a
denaturation of envelope protein as well as to a
breaking up of the envelope into particulate sub-
units (13), although we cannot at present dis-
tinguish the contribution each process makes to
susceptibility to proteolytic attack.

Our results also show that intact envelopes,
in 0.1 M MgCl, and even in 4.0 M NaCl, can be
attacked by proteolytic enzymes, trypsin, and
pepsin, causing the removal of about 909, of the
protein. The nonspecificity of pronase and na-
garse did not make them more effective in de-
grading envelopes in these experiments, which,
however, were more concerned with measuring
the removal of protein from particulate or tri-
chloroacetic acid-precipitable envelope material
than with the subsequent degradation of the
liberated polypeptides.

The negatively charged groups on proteins
are primarily responsible for envelope dissolution
in the absence of salt, but the negatively charged
lipid phosphate groups play quite another role.
Thus, removing most of the protein lowers the
net negative charge on envelopes, and lowers or
abolishes the dependence of envelopes on salts
for stability. Removal of lipids also lowers the
net negative charge but does not lower the salt
requirement. The sodium requirement is slightly
increased, and the requirement for potassium
ions remains unchanged. The most striking
effect of lipid extraction is on the response to
divalent cations. The requirement for Mg+
is greatly increased, and, in fact, it is not pos-
sible to obtain maximal turbidity with concen-
trations of MgCl, 10 times as high as those that
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suffice with untreated envelopes. Lipid extrac-
tion also increases the requirement for Catt
and Mn*, but low concentrations of these ions
are able to maintain maximal turbidity. Recent
studies (Kates and Palameta, unpublished data)
have shown that the phosphatide from H. cuti-
rubrum can bind both Nat and K+t and has an
especially strong attraction for Mg+,

These studies give the following picture of the
role of different envelope constituents in en-
velope stability. Envelopes are unstable at neutral
pH values in the absence of salts because of re-
pulsion between negatively charged ionized
dicarboxylic acids in their protein. Removal of
most of the protein leaves a carbohydrate-rich
residue, stable on dilution, which may be impor-
tant in determining the shape of these bacteria.
Phosphate groups on envelope lipids, though
negatively charged, do not contribute to en-
velope dissolution in the absence of salts. On
the contrary, such groups serve as linkage sites
by means of which divalent cations can hold the
envelope together, and in the absence of such
groups the divalent ion requirement is increased.
Mg*t seems to form bridges primarily between
lipid phosphate groups, since quite high concen-
trations of these ions cannot maintain maximal
turbidity in envelopes lacking such groups. The
ability of low concentrations of Cat+ and Mnt+
to maintain maximal turbidity may indicate a
greater affinity of these ions than of Mgt for
envelope protein.
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