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ABSTRACT

The influence of hydrostatic pressure on active transport

and efflux of metabolites was,studféd in a mﬁking ﬁagtgrium in
order to explain observed effects of hydrostatic pressure on
its survival and growth. Hydroshatic pressures exceeding ca.
400 atm cause the leakage of the macromolecules DNA, RNA,

protein (including malate dehydrogenase) and amino acids intg'

the menstruum from whole cells of Vibrio fischeri. Moderate
pressures also inhiblt the uptake rate of
l-aminocyclopentane-1-carboxylic acid (cycloleucine, analogue

of L-valine and L-leucine) and increase the rate of its efflux.
Increased values of K from Linewéaver-Burk plots of anaerobic .
cycloleucine uptake indicate a decrease in affinity of the

amino acid transport system for substrate at increased

pressures. Losses of intracellular metabolites and a decreased
ability to accumulate substrate from the menstruum may E
contribute to inhibition of growth and survival of ogganisms in

the ocean depths.
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INTRODUCTION 4
Of the variables which govern oceanic 1ife, hydrostatic
pressure may be one of the most significant. This is

particularly true in the ocean deptﬁs below the thermocline.

In this enQironmént, fémpéfétﬁfé'andVSéiiﬁ{EQVa}e relatively
constant around 2-3 C anav35 o/oo.respéctiv-ely, while pressure

pth (56).

\ increases by approximately 1 atm with each 10

Thus, the range in pressures in the oceans taries from 1 atm at

the surface to approximately 1100 atm in fthe deepest known

portion, the Marianas trench (61). PressWire increases coupled .

G

with decreasing penetration of light, a low temperature and low

B

nutrient availability with depth may limit the number of

‘microbes and,their aétivitieé in the deeper regions of the
_oceans (81).
Ungil the late 19th century when bacterial cultures were .
first obtained from dredged samp%es, the deep waters of tﬁe

oceans were considered sterile (41,93). Since then, various

invest{gators have shown that many microbial species}populate.

the ocean. dep,t,h&\(_LzT2537u1 ,45,.61). However knowledgiof their

- ecology and activities at these depths remains sparse.

2



Hydrostatic pressure affecé&s reactiong,in which molecular
volume changes are involved, favouring reactions or states in

which the molecular volume décreases,'and inhibiting .those

~which involvé or result in net iﬁcye;ses (471). A reactio; réke
B ~may be increased when an increase infﬁﬁg ﬁumber'of primary -
B 'bpnds‘resﬁits*sr’When“the*acttvﬁtedﬂcomp1ex“is~moré;iohized***A*AfA*—A
‘than the reactants (41,87)} . , o %  , -
. . R ’

h"
%,

o r X S
The molecular volumes involved in' the system depend upon

the number and nature of interactions amoung the molecular and

’

_~— ionic constituents and water. Highly ionized -hydrophilic groups

 foccupy a minimal volume when the extent of ibnic,and hydrogen
bonding with water is increased (41). Exposed hydrophgbic
v “groups causSe ‘an increase in volume due to localized ordéring —~— = —-

of the surrounding water molecules. When the hydrophobic groyps

e

- of macromolecules are not exposed to water ('hydrophobic

bonding'jy the molecular volume is minimized due to fewer
disrupti@ns of the solution structure and an increased number .

of van der Waals' interactions.

N
Pressure may cause dBnaturation of macromolecules and

enzymes due to conformational'changes in proteins which affect
the activg\site or result in dissopiation of multimeric enzymes
(69) depending onAthé\degree of ionization and extent of

=
hydrogen and hydrophobic bonding in the active and ingctive

states. .



The mechanism of denaturation also may differ depending
upon the range of pressure to which the system is ekposed.vLow
and moderate pressure effects are often'reversible when the
éystem is returned to atmbspheric pressure, while'irreversible
ettects are exhibited in the higﬁrpress;re range (41).

Xnowredge of how a process reacts to low (1-100 atm), moderate

(100-300 atm), and higﬁ (exceeding 500 atm) pressures (32) may .
lead to an understanding of the reaction mechanism and how deep

sea organisms adapt 'to their environment. - — e

~

3
o

Moderate hydrostatic pressures (59{3have been- shown to

slow or stop various catabolic and anabolic processes
«(3,6,33,71,72,79,80,87). Activities of enzymes from bothr
* terrestrial and’marine species during and subsequent to
~exposure +to hydrostatic pressures havémbééﬁ'gééé;ea:iééggriﬁ -
vivo and in LLQLQ comparisons of enzymes from bacterial strains
isolated from téfrestrial, marine,.and Heep'sea sourées, to \j?
~determine whether phere are functional or structural

d;fferences between.zﬁbm, have been réported. Recently,

methods to make such comparisons in situ and in long term

experiments have been reported (12,23,54). These types of

v

experiments can’é{arIfy*tﬁéfF6Ié‘6f‘hTgﬁ‘hyﬁrcstatic*pressunp“‘* A*;f*

as asEhmtﬁm*aﬁﬂtr%hexwéﬁﬁmeﬁEWWWﬂﬁmsH&wéeﬂﬁwes&ﬁvum—m—f
deep marine strains while their terrestrial counterparts show a
remarkable degree of barotolerance continues to present a

difficult problem. Extracellular catabolic enzymes“are



important'in the degradation of therorganic detritus which
forms part of the sediment and which might be attacked by the
bacteria residing there. Chitinase,‘agarase, and amylase
(44,98) in this group have been studie&. Cytoplasmic and

membrane-associated enzymes have also been studied:

(30,43,54,64,69,90).
MaCromolecular‘synthes¢s,_essential for gellﬂgrowthfand

division, appéar,to be slowed or blocked byﬂ%ydrostath '

pressure (2,5,70).'Protein synthesis. appears to be the most

sensitive (8,72,82,83) of these macromolecular'syntheses.

Pressure effects on th *ribosome (32,35,36,73,?5,85)‘and more

specifically on the 30S particle of some species (72,74,75,85)
- Y - . . : .

appear to limit protein synthesis.
The action of pressure upon another important cellular

function, active uptake, is not completely understood

(32,47,68,84). Although Pope and Berger (11;72)'have shown that

increased pressures alter active uptake of metabolites by -

several microorganisms the question remains as to what is the

limiting factor for activity and growth of marine bacterial

SR s

Lol

st el

cells underigre§§pre. Since metabolism of Ehese cells

ultimately depends upon an exogenous source. of metabolites,;
significant inhibition of active transport could account for
some of the effects of pressure upon inhibition of cell

éctivity and growth. If, in addition to active uptake
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inhibitioh; metabolites'present in intracellular pools are lost
to the mensiruum at moderate and high prgssures, then lack of
substrate for anabolic and catabblic processes, already
occufring at loﬁerfrates, will furthér‘decrease the’metabdlic

activity of the cells and'subseQuenﬁly lower growth and

diVision'ratéé.;AéC6rdiﬁgiyﬁ'in'thIS'StUdy uptake ‘and e{flux

"of various metabolites (DNA, RNA, protein, and amino acids) and

cycloleucine, the non-metabolizable amind\aqid analogue of
L-leucine and L-valine, by Wwhole cells of V. fischeri were

studied over the pressure range of 1 - 1000 atm.

A

-
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MATERIALS AND METHODS

Cultures and Media

Vibrio fischebi'ﬂBeijerinck)'Lehmann and Neumann ATCC

15381 (16,34)-formerly referred to as Vibrio-marinus (Russell)

Ford strain MP-1 (15,21,22,61,64,65), a facultatiwve marine (50)
bacterium, was used throughout this investigation.i

Stock cultures were grown (15 C) and maintained (5 C) on
slants of 2216E agar (Difco, Detroit, Mich.) (49,94) in 15 x 75

A

- mm screw-capped culture tubes. -

-....Cells were grown aerobically -on SDB medium (31) and - -
anaerobicallx.on the medium described by Albright and ﬁorita
(5). Transport studies were conducted using the medium ofv )
Dra%eau and MacLeod (24). Leakage studies and centrifugé washes’
were performgd'in filtered Rila artificial seawater (F-RSW),

"which consisted of 27 9/00 Rila syntheﬁic seawater salts Qﬁila
Products, Teaneck, N.J.) dissolved in distilled water, pH o

adjusted to 7.4, and filtered through 0.45 pm HA membrane

filters (Millipore Corporation, Montreal, Que.). All media and

equipment were equilibrated té\the working temperature (0, 5,

10, or 15 C) (14,140).



- Cell Leakage Studies : , B

Cells were grown to an absorbance of 0.535 @ 600 nm using
1 litre of SDB medium.in a 2.8 litre Fernbach flask using an

inoculum of 10 % from an overnight culture. The cultures were

grown at 15 C at a shaké rate of TZO”strokesfmihutéAEﬁa“Etndke’
length wf 6.5 cm in a reciprocatihg incubator (Psych}otherm
controlled environment chambre, New Brunswick Scientific, New
Brunswick, N.J.). Harvesting was by centrifugation for 15 min
at 0 Crand 6000 x g using a GSA rotor in an RC2-B (Ivan
'Sorvall, Norwalk, ann.) refrigeratedvcentrifuge. The
supernatant flgids were decanted, pellets combined, resuspended
in and washed twice in F-R3W. After one additiona; wash the‘
final respsﬁension was made'ian—RSW*tO'an'aﬁsorbanCEWdf'O;SOO
€ 600 nm. This suspénsion was placed in an ice bath until used.
Seven - 30 x 200 mm glass culture tubes were filled with the
resuspended cells (approximately be ml) and stoppéred (96)1 On?
of each of the tubes'.was held at 1, 50, 250, 500, 750 or 1000
atm for 1 h at 15 C using pressure cylinders similar to those
‘described by ZoBell and Oppenheimer (60,99). The~$eventh tupe_

was used as a 1 atm, ¢t =.0 control. The tubes were

- S ——— -

depressurized and unstoppered following the 1 h incubation. For -

viability detérminations, 1 ml aliquots were removed, andr'

diluted samples plated onto 2216E agar (14,53,89). Colony 5

forming units (cfu) were determined following 7 days incubation

o e
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at 15 C. The remainder of phe cells were harvested as previousiy
~described. The supernatant fluids (51)vwere aspirated into
screw-capped glass culture tubesvand stored ffozen at - 10 C

. n .

until assayed.

In a second leakage study, 10 -litres of SDB medium at 15 C

were inoculated with 500 ml of overnight culture in a Micrqferm

fermenter (New Brunswick Scientific, New Brunswick, N.J.),. \Qf/,x

aerated at a SOOb hl/min flbw rate, agitafed at 250 rpm ahd
held at 15 C. Antifoam A (Dow Corning Corporation, Midland,
Mich.) was used ﬁo)prevent foaming during growth (32). Celis
were harvested at 4 C by'centrifugaﬁion at a flow rate of
150-200 ml/min and 27000 x g utilizing the Szent-GyorgheBlum
KSB-R continuous flow system (Ivan Sorvall, Norwalk, Conn.)
with ah_SS-3M rotor in the RC2-B centrifuge. The pellets.wére
cbﬁbined, resuspended in F-R3SW and wéshed 3 times as desdribed
pfeviously. These washed cells were resuspepdeq’}n FPRSW to an
absorbance of 0.140 @ 600 Am following a 1:100 dilution in
F-RSW. The cell suspension Qas then_treated as préviously

described. : 7 v e

Lt 5

Supernatant Fluids Assay Methods

Supernatant fluids of the first study were assayed for

protein by the Lowry method (48) utilizing the Folin phenol




> . - - RO e

reagent (27). RNA was determined by the orcinol pentose

nucleic acid technique (77,78).

The supernatant fluids of the second study were assayed

for DNA using the diphenylamine reaction (17), malic

dehydrogenase (MDH) by the triphenyltetrazolium chloride (TPTZ)
technique of Marsh (55) described by Morita and Haight (64),"
and total>amino acids by the ninhydrin method (58,86) utilizing
ninhydrin reagent prepared as per the Beckman AAAA manual (10).

sl

Radioisotope Studies: .
Preparation of Cell Suspensions &

Cells were grown at 15 C from an inoculum of 1 % to an |,
absorbance of 0.410 @ 550 nm in 300 ml of SDB medium contained
within a 500 ml Erlenmeyer‘flésk using a reciprocating ’
incubator. Thgse cells were subsequently harvested and washed
twice as previously described. The péllet from thevsecondﬁgash

was resuspended in 10 ml F-RSW and placed in an ic%rwater bath.

o i ek St bt e

The cellsrwgfeﬁresuspeggedripwptgpeau and MacLeod =(24) |

¥

\tfansport medium at 15 C to an absorbance of 0.02 @ 550 nm (400

Ag dry weight/ml).
»
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Chase Experiment

of the susbension prepared as descfibed immediatel} abqve,
75 ml was transferred to a 200 ml Erlenmeyef flask; 3 ml ofi
1L‘C-cycloleucine (1,20) (1-aminocyclopentanef1—(carboxylic
acid), Amersham/Searle, Chicago, Ill., diluted to specific o
activity 1 @Ci/mmol) was added (final'concentratibn 1072 M) and
mixed: Immediately, 25 ml portions of.this suspension were’
added to eachlof three 50 ml Erlenmeyer flasks, designated 1L‘C,,
12¢ (to which non—raaioactive cycléleucine (final concentration
0.01 M) was added at time = 4 h) and AK (acid-killed control,
containing 0.35 ml éoné. H,80, (37-39,68,91)). The flasks were .
incubated &t 15 C wiﬁh shaking. At éppropriate time intéfvals

(see fig. 4B) 1 - ml aliquotgiwexe removed from the flasks for =~

filtration.

I3

Kinetic Studies

Kinetic studies were performed/ in a similar manner (see

figs. 5 - 9 for details) for table II were obtained by

inchbation for 20 minutes at subs&ﬁate concentrations of 3.57,

5.35, 8:83;5 and 17.86 uM.) Aliquots of cell suspension were

-

added to varying quantities of 1L‘C-cycloleucine and mixed. The

suspensions were then divided into two portions, 14C and AK (as .



_1];

+

defined above)f Fivevml:volumes were taken up into 5 ml
disposable plastic syringes (Becton-Diqkinson, Baltimore, Md.),
gases expelled (9,28,88,95,97), and the needle tips thrust into
neoprenefstoppers (32). The syringes were then pressurized in

pressufé cylinders as described previously.

At suitable time intervals, the appropriate syringes were
depressﬁrized and the contents-immediately filtered through 25
mm 0.45 um HA membrane filters (Millipore Cprporation,
Montreal, Que.) at 15 cm vacuum and washed twice with equal
volumes of ice codd F-RSW (26,32). The moist fillters were
removed frpm the filtration apparatus and digested at 50 C for
1 h in sealed liquid scintillation vials containingwj1§VM1wNC§7
(Amersham/Searle, Chicago, Il1l.). The vial éontents were
cooled to room temperature, neutralized by addition of 50 ul
glacial acetic acid, and brought to 20 ml with tolugne based
liquid scintillation cocktail (6 gm 2,5-diphenyloxazole §ndv75

mg‘p-bis[2(54phenyloxazolyl)]-benzene per litre). The

radioactivity of the vial contents were determined using a

Beckman LS3-250 liquid scintillation spectrometer (Beckman

Instruments Inc., Fullerton, California) equipped with 38 «

T8¢, e, and 38 + "% + 32p isosets and disintegrations per

minute (dpm) calculation made by the channels ratio method.
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RESULTS
Leakage Studies

The viability of V. fischeri in F-RSW following 1 h.
éxposure to various hydrostaﬁiC'pressures, is shbwn in figure 1:
Within this time period all cells were killed at pressures

greater thah 750 atm. Between the pressures of approximately

200 and 750 atm, viability dépreased. At 50 atm an apparent
increase in cfu occurred; a siﬁiiar,phenomenon has been

o

observed by other investigators (54,61,76,92).

~Apparent leakage of orcinol reactive material (RNA) from
the cells into the medium occurred over the preésure ranges of
1 to 200 atm and 700 to 1000 atm (fig. 1). However bétween
the pressure,intervals of 200 and 700 éfﬁ, cells éxéreted

less RNA into the supernatant fluid than the controls.

Leakage of DNA into the menstruum did not oécur to a
great extent until the hydrostatic pressuré exceeded MOQ atm
(fig. 3). The level of diphenylamine-reacting maTﬁeTiél*’(’WA’f"*i%
in the suspension medium femained almost gonstant from 1 to 250 - e
atm. The rate éf release of DNA increased linearly with

B

pressures above 500 atm. This observation may be corrélated to
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&

cell.viability (fig. 1) since the increase in DNA in the

menstruum occurs near the lethal limit for the cultufe (4,67).
‘vAt all pnéssures gréater thap 1 atm, the protein in ﬁhe

supernatant fluid increased (fig. 1). Greatly increased

levels of supernatant fluid photein were obsggvédrwithi -

pressures above 400 - 500 atm (the maximum pressure for

growth of this c:ganism) ﬂu,67). There Qas also an apparent

increase of p;otfﬁj?inthé'supernatant between 1 and 50

s
atm (fig. 1).

The curves shown in figure 2 were obtained when the data
for RNA and protein in the menstruum.weré relaﬁed to the number
There appeérs to be a slight decrease in RNA/cfu at 50 atm,
compared to the control. However, the rétio increases markedly
at pressures greater than 250 atm (fig. 2). The ratio of
protein/cfu increasedAat a moderate raﬁe to 250 atm, showing no
" apparent decline at 50 atm, followed by a very steep rise at

higher pressures similar-to thaﬁ,of-RNA/cfu (fig.2). - ‘%

~.
==
N F—

MDH, a meﬁh{éne-associated enzyme,"(fig. 3) was released

into the superﬁaﬁgnt upon application of pressure. The release
naﬁes of MDH between 50 and 750 atm increased as a function of

pressure. Changes in release rates were greater between 1 and

50 atm, and at pressures greater“than 750 atm. The initial



rapid release of MDH may indicate losses of loosely bound

Fad

molecules, while at the higher S?essUres losses may be due to
major disruptions of the membrane, The rapid increase between
750 and 1000 atm is consistent with the extent of release of

protein as shown in figure 1.

-

The concentration of total amino acids in the eupernatant
'increaSeg between 50 and 1000 atm (fig.-3).'This curve
exhibits a decrease in the amount of amino acids between.1 and
50 atm similar to the decrease of orcinol-reactive material
shown in figufe 2. Hydrostatic pressure,between 500 and 750
"atm resulted in the greatesﬁ increaselof amino acids in tee
;supernatant, with a less rapid iqcrease between 750 and

1000 atm. - B
Radioisotope Studies
Aerobic Uptake

Aerobic uptake of 1”C-cycloleucine at 15 C over 4 h was

determined (fig. 4B5. The cells'of this culture reached a

saturation concentration of radioisotope label by 2 h with the

period of lineer ﬁbteke occurring during the first quarter
hour. The'amount of label in the cells decreased slightly in
the 4 h following saturation, perhaps equilibrating the label

initially transported into the cells. At 4 h, the concentration
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2

of cycloleucine, in.one flask,}increased t§ 0.01 M with the
addition of 12C-cycloléucine. This increase of unlabelled
substréte resulted in a significant loss of intracellular ¢
label, as shown in figure 4B. The rate of loés of label was
similar to that of uptake of 14C‘-cycl%leucine by’th?se cells,

and demonstrates that the label was not bound into protein, but

-

remained in an intracellular pool. The amount of label in these
cells dropped to a level close to that of the acidégilled
controls. - o : T |
. ~

Further studies on the effect of low pH and low temperatuhe
on aerobic cycloleucine uptake (fig.- 44) were made._Upfake 2f
1L,‘G—cyclole'ucine by both live and gcid-killed cells at. 5 and
15 C were studied. Uptake at 15 C by viable cells remained
linear through 40 min incubation time. ﬁo;é;éf;igiaé;éééééwin

temperature to 5 C'markedly lowered the uptake to rates

comparable to that of the acid-killed controls.

bk 2t sosnn e 0 ik

Uptake of label was studied at various concentrations and

pressures. The values for slope, K and Vm shown in table IT

m’

were obtained from Lineweaver-Burk double reciprocal plots'(not'-

shown) of the ﬁ*SﬁIﬁiﬁgmﬁatéffSTTT*A“pFéSSUPE‘Uf‘?ﬁO’a%m

appears to inhibit cycloleucine uptake, -as—indicated by the -
increased slbpe of this curve. The negative values of Km and Vm
may indicate the influence of efflux, enzyme conformational

changes, and high pressure oxygen effects upon uptake.




Anaerobic Uptake

Anaerobic accumulation of'14C-cycloleucine by live cells
increased at a cbnstant rate to 20 minutes (fig. 5). A reduction
in the amount of 14C'label associated with the acid-killed

cells during inecubation resulted in a curve for the net uptake

of 14C-cycloleucine. L

Figure 6 (10 C) and table I (15 C) indicate that
14C-cycloleucine uptake by cells is inhibited by hydrostatic
pressures of 100, 250, and 500 atm.'The curves (fig. 6) élso
demonstrate constant uptake rates up to 20 min.

The Lineweaver-Burk plotsrresulting~£romAanaeposie~uptakér R
of 14C-cycloleucine at 10 C at 1, 250, and 500 atﬁ are shown 1in
figure 7, and the Km and Vo values shown in table ITI. As
cén be seen from this figure, hyérostatib pressure of 580 atm_;v
inhibits uptake to a greater extent,than 250 atm. The type of
ainhibition is apparently compétitiVe, hodevér this effect may be
,due to conformational chaEges at the active site of the trénsport

( :
enzymes, causing an effect which mimics competitive inhibition.

3

"\"u-w-l e
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8 2 h net uptake experiment is shown in figure 8. Uptake

Fxi

scczurred at approximafely a constant rate to 20 min -and

saturation occurred oy 50 ain. In the second hour, ‘

RN

approximately 30 % of the accumulated label was released. ,

}_J

Figure shows results from a -similar experiment, where
samples of the culture weres pressurized at t = 60 ﬁin to 250 and
5332 aﬁf. While labpel was icst in the atmospheric pressure
zontrol, as expeoted from figure 8,vboth 250 and 500 atm

resulted in a greater release of 1LlC-cycloleucir)e.'

”
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Table I v ' . : i

1LlC-cycloleucivne uptake (DPM/ml) at 15 C and 1,
100, and 500 atm pressure sampled at 0,.5, 10, and B

15 min. See Materials and Methods for details.

-

Time (min)éF 0 5 10 i 15

Preésure (atm)
1 5 199 206 213
> 100 w2 187 . 201

500 : 101 124 157

Rl it AR e ) A B

1
.A‘E‘..—AW‘,‘L
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Table II

Values of Km, v and slope of

m’

Lineweaver-Burk plots for aerobic uptake

of 14C-cycloleucine by V. fischeri.

Pressure (Atm)~ 1 250
Slope (h) 67.54 131.5
K, (nmol/ml) 20.56 -96.16
Vo, (nmol/ml.h) 0.304 -0.731

B Fes e 1 g
B e ISR P
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Table III

Ky and V, values for anaerobic uptake of

m

1uC--cycloleucine by V. fischeri. Data obtained

from fig..T7.

Pressure'(Atm)' 1 250 500

Ky (n@?l/ml) 42.32 467.02 109.1
Vo (nmo%/ml.h) 3.76 | 3.507 3.319

LV
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Figure. 1 Pressure effects (1 h, 15 C) upon culture viability

(@), and leakage of protein () and RNA (00).
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Pressure effects (1 h, 15 C) upon protein (@) and

RNA () leakage per colony forming unit. Replot of

data of fig. 1.
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Figure

;233_

3 Pressure effects (1 h, 15 C) upon DNA @) , malate

dehydrogenase (), and amino acid (O) leakage.



~23b-

(IWW) SAIDV ONINY

(o] e <t ™ (Q\] — (@)

(WU Gey 1V IONVYAHOSay) HaW
™ Nl , —
o - ) o

500 750

PRESSURE (Atm)

250

70.

1000



~2l4a-

1M(Z-oycloleuoine content of viable (O,0) and “__- —_—

_Figure 4 A.
acid-killed control (M@ cells at 5 C and 15 C j

respectively.

B. MC-oyololeuoine content of viable ((O) and
acid-killed control (@) cells at 15 C. At time = U4 h
12C-oyololeucine was added to the viable cell

culture (). See Materials and Metnods for details.
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~

e cyecloleucine content of viaole (@)

Anaerobic
and acid-killed control () cells, and nst

uptake (O) at 10 C.
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fnaerobic uptaks of ]4C-cyclaleucine by viable
cells at 7 2 274 1 (@), 250 (), and 500 (01) atm
pressure. Jatz corrected for upﬁake by acid-killed

control 2=211ls,
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Figufe 7 Lineweaver-Burk plots of 14C—cycloleucine uptake by
viable cells under anaerobic conditions at 10 C and
1 (@), 250 (), and 500 (@) atm pressure. Data

corrected for uptake by acid-killed control cells.
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Figure 3 Anaerobic uptake of 1Ll(:-cycloleucine by
viable cells at 10 C. Data corrected

for uptake by acid-killed %ontrol cells.
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Figure

9

_293_

Anaerobic loading of viable cells at 10 C and

1 atm (@) (0 to 60 min). At time = 60 min pressures

of 1 (@, 250 (O, and 500 () atm were applied.

Data corrected for uptake by acid-killed control

¥

cells.
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DISCUSSION

Leakage Studies
U

The viability of V. fischeri, following preséurization,
reported here (fig. 1) exhibits the characteristic phases
reported in the literature (61,63). The peak in viability
indicated at 50 atm is consistent with Morita's report of
slightly better growth at 100 and 200 atm than at atmOspheric
pressure (61). Better growth at low pressures (ca. 100 atm)
than at atmospheric pressure might be expected of a culture
isolateE;from 1 water sample at 1230 m depth (65). Previous
reports (4,62,6%}67) indicating a decrease of viability at 300
atm (63) and with death occurring at pressures exceeding 800
atm (4,67) are in agreement‘with the viability vs. préssure
curve (fig. 1). The results of these studies indicate that
V. fischeri nas adapted to the modefate pressures of the zoné
from which it was isolated (54), but cannot be considered a
barophile (59) due tovits sensitivity to high anydrostatic
pressufes. '

£

In previous experiments testing the effect of temperature
on'y. fisoheri, leakage of metabolites and macromolecules ~
occurred along with loss of viability by the cells. Structures

and/or reactions in marine bacteria which are sensitive to

changas (usually increases) in temperature may also be



_31-

influenced by moderate and high hydrostatic pressures. An effect,
demonstrable through the appl}cation of high temperatures may
be counteracted or similarly affected by pressuré, depending
on-the range of temperature and preésuré experienced. In
experiments conducted by Burton and Morita‘(18), Haight- and
Morita (31), and Kenis and Morita (42), temperatures exceeding
the maximum growth temperature (20 C) resulted in losses of
metabolites and macromolecules into the menstruum whereas no
‘appreciable quantities of these materials were detected at

15 C. These_materials, RNA, DMNA, protein and amino acids, are
biologically valuable molecules, and their loss to the

\

menstruum would affect the ability of the cells to survive.

The rates of lgakage differ;;i where the rates of leakage were
protein > RNA > DNA > amino acids. Haight and Morita (31)
interpreted this result as ah indication that the cell membrane
was noﬁ rupturing, since this would result in the release of

X
all of the components at similar rates, and should show high

rates of release of smatl molecules such as amino acids.

Losses of intracellular molecules due to pressure were
therefore testea (figs. 1-3). In all cases high hydrostatic
pressures resulted in significant losses of @acromolecules or
metabolites. Leakage rates increased significantly at
pressures exceeding 350 atm, howeQer deviant rates of leakage

were seen at lower pressures,
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Release of RNA and protein show peaks at 50 atmr(fig.'1)
which appear to correlate with a similar viability peak (fig. 1)
Increased amounts ofaRNA and protein may be a résult of greater
numbers of cells in the culture, due to the enhancing effect of
low pfessures (ca. 50 atm) on the growth rate of the culture
(61). In the case of RNA, it is important to realize that the
assay detected orcinol reactive material, which may ‘consist of
soluble or polymerized RNA-like material. In similar studies
testing the effect of temperature on cellular leakage (31,H2f
it was found that the cbmposition of this orcinol reactive.

material changed as the incubation femperature increased.

The ratios of released RNA or protein té viable cells at
high pressures increase rapidly, as would be expected from the
rapﬁéddecrease in viable cells at pressures greater than 250
atm (fig. 1). At high pressures, the number of viable cells
become so low that the ratio of RNA or protein to viable celfs
increases markedly, regardless of any pressure induced
incréase in RNA or protein} Release of proteiq at low
pressures (fig. 2) appears to increase with pressure when a
correction is made for increased growth and cell division.
Release of RNA into the menstruum at 50 atm when corrected for

the number of viable cells appears to decrease slightly (fig.

2). A similar decrease in amino acids is seen in figure 3.
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This effect may be due to slightly greater polymerization in
the more rapidly dividing cells at pressures around 50 atm,
resulting in fewer low molecular weight orcinol reactive

materials and amino acids which may be released by the cells.

Accelerated losses of macromolecules ané metabblites at
pressures greater than 500 atm have been noted (figs. 1,3). If
these results are compared to the viability curve (fig. 1), a
correlation between cell death (loés of viability) and loss of
RHA, DNA, protein, amino acids, and MDH is seen. The amount of
MDH increases markedly between 750 and 1000 atm, the pressure
range where'Aeath of the culture is most pronounced. Release
of protein in this range also increases-markedly. The ahount N
of prdfein in the supernatant increases at a lesser-réte
between 250 and 500 atm. The pattern of protein release
indicates that in_the range of 250 to 750 atm during which the
viability of the culture decreasas, pressure causes the loss
of loosely bound and membrane associatea protein as wéil as
other proteinaceous material, but probably not becaﬁse of a
lytic phenomenon. Release £n the 750 to 1000 atm pressure
range may indicate that membrane rupture had occurred. The
increased concentration of amino acids.in the supernatant,

petween 50 and 500 atm (fig. 3) may be dee to inhibition of

the cells' ability to concentrate amino acids from the

-33- | ‘ | (7

N
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' menstruum, as well as to some disruption of the membrane
integrity..The much greater rate of loss shown between 500 and
750 atm may reflect the total inhibition of inward trahsport \\\%
of amino acids coupied with severe disruption of the cell
membrane allowing the amino acids to escape. The inability of
the amino acid effllix to maintain the release rate, may

reflect an exhags ion of the free amino acid pool limiting the
| effect of large sdale lysis of the cells, indicated by the
increased rate of release of RNA, protein (including MDHZ and
DNA. The release of DNA to the menstruum does not occur until
the viability of the cells has decreased significantly. The "~
pattern of release from 500 to 1000 atm may indicate thaﬁ the
losses are due to disruption of the membrane at lower
pressures, ahd membrane rupture at higher pressures. If_
pressure dependent membrane rupture were occurring at

pressures greater than 500 atm, losses of the smaller

molecules should increase at a’rate proportional to the rate s
of loss of DNA. The data support the observation of greater
release at pressures greater than 750 atm, where the lethal
effects of pressure are the most pronounced (fig. 1) and may

indicate membrane rupture (fig. 1-3).

Thermally induced leakage (7,29) of MDH has been studied by
Haight and Morita (31) and Kenis and Morita (42) as an

indication of the proportigﬂ)of the proteinaceous material
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raieased which remzins sctive. ®MbH in cell-free extracts of -
Y. fischneri MP-1 was labile at 0 C, but tae enzyme 1in whole
cells remained active up to 13 C.(46). The enzyme from a marine

osycnrophile P38207 was found to be neat-sensitive at 30 C, the

-

maximal growth temperature for the organism (13), while thne

snzyme from the thermophile, Bacillus stearothermophilus
y ] I ’

\_‘
NCA 2134, exhibited an optimum at 55 C and thermal inactivation

at ca. 30 C (64). It was proposed (64) that the thermophile's
enzyme was inactivated at higher temperatures due to an
zquiliprium shift favouring an inactive (higher molecular

volume) conformation. Wnen ths thermophile's enzyme was

subjected to hizgn oressures (1000 atm) prior to hesatihg, the

Q

rease in molscular volume caused by increassd temperature

{121 C) favouring denaturation was counteracted by a decrease
© L]

in molecular volume dus te hizgh pressure (64). Low pressure

50 atm) relsass ol M¥DH as shown,in figure 3 is similar to the

fect of incudbation at 20 C in Kenis and Morita's study (42).

Zigher temperatures resulted in greater rates of release



radioisotope Studies . 2

/ - 3 A
The effect of pres§ure on amino acid uptake has been
4
studied through the use!/ of radioisotope labelled amino acids

(11,32,52,68,34). This -technique is valuable for studieé

lawvolviang uptake of amino acids, particularly when the
respired label is also assayed, (32,52,68). In this study,
wrnere botn uptake and efflux were studied, labelled
non-metavolizable amino acid analogueé such as cycloleucine
(1,20) and a-aminoisobutyraic écid (1,19,20,24-25,66) were‘
preferred as substrates, since it was the free amino acid pool
whnichn was of interegt (13). Respiration and assimilation of the

radioisotope label into polypeptides, COZ’ carbohydrates, etc.,

results _in accumulatiosn_of label into_forms whnich would not be . __

as readily influenced by pressure as would the intracellular

ey

ree amino acid pool.

The uptake and cnase experiment shown in figure 4B
demonstrates tnat cycloleucine 1is transported aerobically into

the

«

ells and Phat the cycloleucine remains in an unbound

mooile form. Accumulation of lavel by these cells at 10~° M

2yclcléucine reacned saturation by about 1 h in this

2¢geriment. Tne chase period after 4 h to &

C level

18]
)
1Y

ST

ravie to that of thne acid-killed ce%ﬁs shows that
14

yoiocleucine is not incorporatesd into immobile macromolecular

(]

P TR DU
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forms, such as polypeptides and proteins. The kinetics of label
dilution are similar to those of uptaké. The results of this
experiment folfg; the classic appearance of active uptake into

'intracellular pools as réviewed by Britten»and McLure (13).

The prééenéé 5f molecular:oxyéen*at higﬁ préééﬁ;é;hhas
been;previously shéwn to be detrimehtal to cellulér procésses
(5,88,97). The aerobic 14C-—cyc-loleucine experiments were thus
performed anaerobically to determing whether uptake inhibition

was due to the increased pressure or because of the presence of

molecular oxygen at high pressures.

Anaerobic upﬁake'of cycloleucine over a 2 h period shows

a similar uptake curve during the first hour (figs. 8,9),

followed by loss of label during the second hour (fig. 8).

E)

An experiment cgnducted to determine the duration of

uptake at a linear te, the effect of temperature, and the

2l

effectiveness of (/01 M H,50, (fig. 4A), demonstrated that

low pH and low fempeature limit the uptake of cycloleucine.

ﬂf“EOW“tempeF&%UF6ﬁmﬁfﬂﬂﬂfﬁﬁff@ﬂﬂitﬂ*iﬁ*%ﬁﬁﬁ

The cpmbinati

uptake than With either of these alone. — - - — : -

A shor% term anaerobic uptake experiment conducted over 20

min (fig. 5?'éstablishes that uptake occurred at a constant rate

)

e

—



during this time. Wlen the s&stem was exposed to hydrostatic
pressures of 250 and 500 atm, the uptake rate was depressed
relative to the culture maintained at the ambient pressure

(fig. 6, table I).

These results confifm that the gratuitoué sﬁBSt?ate

cycloleucine was transported in a manner 51m11ar to that of

amino acids, ahd that the transport mechanism may be §imilarly

pa

inhipited by hydrostatic pressure.

/
{

‘further studies on the effect of hydrostatic pressures on
the kinetics df cycloleucine transport into the cell were »
tested utilizing the Lineweaver-Burk double reciprocal p%ot
(fig; 7, table II). The curves resulting from data plotted in
tnis manner show inhibition of uptzake both aerobically (table II)

and anaerobically (fig. 7) by pressures of 250 and 500 atm.

In order to conéirm the'leakage studies performed with

unlabelled cells, pressures of 250 and 500 atm\were applied to

an anaerobic culture which had been allowed- to accumulate

saturating concentrations~of | 4cgcyclgleuclne#4asgshmunglngggggggggggggf

figure 9. The uptake curve follows the trend shown 1n741 S

pravious uptake curves (figs.»6,8). Release rates of label at

atmospneric pressure were increased at both 250 and 500 atm

applied hydrostatic pressures. Moderate pressures (250 atm)
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result in a loss of ca. 50 % of the accumulated label in 2 h.,
which is slightly greater tnan the loss shown at 1 atm, which
indicates that although some of the label is lost, the
deplétion of the amino acid pool is not as marked as would be
gxpected from the viability curve in figure 1T and from
érevious‘studies (61,62,55). The cells at 250 atd are

inhibited by the loss of metabolites as shown by leakage of

vprdtein, MDH, RNA, DNA and 14C-cycloleucine into the

menstruum. Growth of the culturs is inhibited by the loss of
intracellular metabolite concentrations as well as by thé
nhibition of many ehzyme mediated processes with moderate
pressure. The losses may also_include an uptake inhibition

component due to pressure.

At higher‘pfessures (500 atm), they1uC-cycloleucine
remalning intracellularly 1is reduced E?/ca 25 % of the
saturation level after 2 h. At this pniﬁﬁure efflux of
metabolites has become increasingly important as the
concentration of intracellular coﬁponents are markedly lowered,
enzyme activities decreaée and the membrane integrity 1is lost.
Growth and cell division at this stage has been inhibited to

tne extent that the production of new ceils cannot counteract

tne death rate.
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CONCLUSIONS

The results of these studies indicate that uptake ahd
efflux of amino acids by V. fischeri are affected by moderate
and high hydrostatic pressures. Uptake of the non-metabolizable
amino acid analogue cycloleucine was inhibited, both
aerobically and anaerobioally; in the sublethal range (béng
800‘atm) of-preésures at its.environmental and optimal growth
temperatures. The increased Kp values may indicate a decreased
affinity for.this substrate by the amino acid transport system
at high pressures; The data presénted here support previous
work indicating significant inhibition of active uptake of
amino acids by préssure (11,32,68,84). \

~

Efflux of accumulated cycloleucine frém the intracellular
amino acid pool, upon application of pressure, indicates ‘an
additional - effect which may affect protein synthesis. Depletion
of intracellular resources by release of amino acids, protein;~
including active enzymes such as ﬁalatevdehydrogenase, RNA, and
DNA would further decreaéévthe ablility of this organism to
survive in the depths of the ocean. Under tée conditions of low
temperature and low‘nbfrient availability prevailing in the
deepest regions, and with significant inhibition of anabolic

and catabolic enzyme activities, efflux of these metabolites

may result in decreased numbers of microbes ‘able to survive,

grow, and divide.
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