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“If you need statistics, you've done the wrong experiment.”

Relayed by Ian Morris
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ABSTRACT

The reductive assimilation of sulfate into celiular organic sulfur
compounds was studied in aerobic marine bacteria, with emphasis on the
relationship between sulfur metabolism and protein synthesis. The goal of
the study was to develop and apply a method for the gquantitative assay of
total pacterial protein synthesis in aerobic ocean waters. The study con-
sisted of four parts: '

(1) The sulfate transport systems of two nutritionally different
marine bacteria, Pseudomonas halodurans and Alteromonas luteo-violaceus,
were characterized to provide information on environmental regulation of
sulfate transport capacity. In common with terrestrial bacteria, the
transport systems of both marine bacteria exhibit (a) size-selective com-
petitive inhibition of sulfate uptake by sulfate analogs, (b) require-
ments for energy coupling, and (c) derepression of transport capacity as
a result of sulfur starvation. Features which are unique to the marine
bacteria include (a) a ten-fold lower affinity for sulfate (half-satura-
tion constant ~200 um), (b) derepression of transport capacity when grown
with methionine as the sole source of sulfur, and (c) an inability to ac-
cumulate inorganic sulfate in excess of growth requirements. The differ-
ent characteristics of the sulfate transport systems of the marine bac-
teria relative to terrestrial microorganisms are consistent with the sat-
urating concentration of sulfate that is always present in their environ-
ment. Substantial differences also exist between the two marine bacteria,
notably in the effect of thiosulfate on sulfate uptake. P. halodurans
transports thiosulfate with a ten-fold higher affinity than sulfate. Sul-
fate and thiosulfate are mutually competitive inhibitors of transport,
and the half-saturating concentration of thiosulfate for uptake also pro-
duces half-maximal inhibition of sulfate transport. Sulfate and thiosul-
fate transport systems both respond similarly to all inibitors. These
facts implicate a common carrier for the two compounds. In contrast, sul-
fate transport in A. luteo-violaceus is relatively insensitive to thio-
sulfate. The effect of the sulfhydryl reagent pHMB is similarly much less
pronounced than in P. halodurans. These and other differences .indicate
that the sulfate transport system of A. luteo-violaceus is unique among
microorganisms. o ' v

(2)Growth experiments with P. halodurans and A. luteo-violaceus were
carried out over a range of nutritional regimes. Biomass parameters (ceil
counts, bulk protein, particulate carbon and nitrogen), total uptake of

radioactive sulfate, and the distribution of sulfur in major biochemical

ek
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components (low molecular weight [L.M.W.], alcohol soluble protein, 1ip-
id, hot TCA soluble material, and residue protein) were monitored to de-
termine the variability in cellular composition as a function of the en-
vironment. Special emphasis was placed on the quantitative relationship
between incorporation of sulfur into protein and bulk protein synthesis
and conditions which might alter the sulfur content of protein. It was
found that sulfur metabolism is restricted predominantly to the produc-
tion and utilization of protein precursors. The protein synthesis inhibi-
tor chloramphenicol caused an immediate halt to both bulk protein synthe-
sis and sulfur. incorporation into protein, accompanied by a rapid swel-
ling of L.M.W. organic sulfur pools, in both bacteria. Incorporation of
exogenous sulfur into protein was rapid due to the very small size of the
L.M.W. pool. No significant deviation from the ratio of protein-S:bulk
protein determined for unperturbed exponential growth was observed as a
function of carbon limitation, nitrogen limitation, treatment with chlor-
~ amphenicol, or during lag and stationary phases. However, the concentra-
tion of sulfate in the growth medium exerted a strong influence on the
sulfur content of both whole cells and isolated protein. At concentra-
tions less than 500 uM (P. halodurans) or 100 uyM (A. luteo-violaceus) the
weight Z S in protein was proportional to the sulfate concentration in
the medium. Since the sulfate concentration is invariably high in sea-
water (25mM), data from sulfur-limited growth were not included in the
analysis of compositional variability. Under all the conditions examined,
the incorporation of sulfur into protein provided the best measurement of
protein synthesis and cell growth, with a very low coefficient of varia-
tion for the protein-S:bulk protein ratio (less than 16 %). The mean
true weight % S in protein, 1.07 (P. halodurans) and 0.92 (A. luteo-
violaceus) agrees well with the 1.1 % “predicted from analyses of se-
quenced proteins. , :

(3)The method used for the analysis of sulfur incorporation into pro-
tein was tested with mixed natural populations of marine bacteria in en-
richment culture and 13 isolates from the Sargasso Sea to establish the
variability of the protein-S:bulk protein ratio among marine bacteria.
The mean true weight % S in protein, 1.09, and the operational weight
% S in protein, 0.93, have coefficients of variation of 13.1 and
15.1 %, respectively. The values are similar to those obtained with the
two marine bacteria studied in detail and to that predicted from protein
composition studies. Therefore sulfur incorporation into protein measures
protein synthesis in marine bacteria within a small degree of error.

(4)The method was applied to unenriched natural populations of marine
bacteria in waters of the continental shelf, slope, and Sargasso Sea.
Time—course incorporation measurements revealed a long lag period at the
shelf and slope stations, whereas incorporation of sulfur into protein
began immediately in the Sargasso Sea. However, long term incubations
confirmed that the potential for bacterial protein synthesis decreases in
an off-shore transect. These observations were confirmed by simultaneous
incorporation studies using labeled ammonia, phosphate, and organic car-
bon compounds.

The potential protein synthesis measured in the unenriched samples
provides evidence suggesting that bacterial biomass may be an important
contributor to marine food webs. '
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CHAPTER 1

INTRODUCTION TO MICROBIOLOGICAL OCEANOGRAPHY




General Introduction

From the primary synthesis of dissolved and particulate organic mat-
ter to the regeneratioh of nutrients by mineralization of essentially the
same material, microorganisms* are responsible for ' the generation of
the marine food web. The increasing rate of human predation on this fi-
nite and 1arge1y unknown renewable resource has stimulated research on
all aspects of marine biohass production, with the ultimate goal of de-
veloping effective models of marine ecosystems through which efficient
management programs may be imp]emented. Within this context, bacteria
have been regarded as mineralizers which provide the inorganic nutrients
required by the primary proddcers, without appreciable impact'on other
aspects of the marine food web.

Our perspective of the potential contribution of bacteria to biomass
production has been broadened by the discovery of bacterially-generated
food webs in certain areas of the deep sea (Jannasch and Wirsen, 1979;
Karl et al., 1980). On a global scale, the biomass production of the Gal-
apagos Rift geothermal vent ecosystems may be of limited ecological sig- .
nificance; however, it provides unequivocal proof. that bacteria can be
nutritionally adequate to provide for the reproductive growth of higher
organisms. Mounting evidence for the widespread distribution of potent-
ially bactivorous microzooplankton and gelatinous zooplankton: (Harbison
*Microorganisms and green blants are delineated by the unique ability to
reductively assimilate nitrate and sulfate, a characteristic not found in
the animal kingdom. In this context, the term "microorganism" will be used

in reference to plants, algae, bacteria, and fungi. When explicit refer-
ence to hacteria is desired, it will be so designated.
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and McAlister, 1979; Wiebe et al;, 1979) makes clear the need for a quan-
titative assessment of bacterial growth and its contribution to the mar-
ine food web.

Both open oceén and inshore pelagic bacterial activity.is dominated
by aerobic heterotrophic and autotrophic processes. Heterotrophic activ-
ity, ah oxidative mode of metabolism, results in the release of carbon
dioxide and indrganié forms of nitrogen and phosphorus for reutilization
by photosynthetic organisms. The nutrient regeneration provided through
bacter1a1 mineralization of an1ma1 excretory products and dead organisms
is often considered to be the only contribution of bacteria to the marine
food web.

An inevitable resu]f of minera1ization processes is bacterial growth.
From a microbial perspective,'the oxidation of organic and inorganic com-
pounds is only a means of.ébtaining the.e1ementa1 constituents and energy
necessary for the production of new cells. The production of biomass by
bacteria requires carbon, nifrogen, sulfur, and phosphorus in proportions
similar to those requfred by b]ants; hence the composition of the dissol-
ved and particulate organic matter available for mineralization is of
great importance when cons1der1ng potent1a1 nutrient regeneration. In
surface waters with high conéentrations of dissolved organic carbon rela-
tive to nitrogen and/or phospﬁorus, bacteria may actually compete with
plants for some of the very nutrients they are'supposéd to produce (Par-
ker et al., 1975).

The combination of allochthonous inputs such as terrestrial runoff,
ocean dumping, and fallout of airborne particulates, plus the autochthon-

ous contributions of decaying organisms and excretion products results in
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a very complex mixture of organic compounds with varying degrees of bio;
logical lability. The diversity of metabo1ica11y useful compounds 1is
matched by the number of bacterial brocesses which have evolved to use
them. In an evolutionary history longer than that of any other kingdom,
bacteria have developed the ability to extract from nearly every imagin-
able source the energy required to carry out 1life processes. The princi-
pal issue for consideration of mineralization and nutrient regeneration
is therefore one of rates. The constituents of decaying organisms, for
example, are highly susceptible to bacter1a1 degradation and are expected
to be rapidly utilized. Consistent with this, the maximum potential for
heterotrophic utilization of repkesentative monomeric compounds such as
amino acids (Williams et al., 1976) and glucose (Takahéshi and Ichimura,
1971) occurs in surface waters.

vIn addition to the readily degraded compounds are materials. of bio-
logical value which require longer periods of time for utilization due to
physical or biochemical limitations. Examples include cellulose, chitin,
deoxyribonucleic acid,»and the cell walls of many algae and bacteria. The
rate of hydrolysis and assimilation of bolyméric materials by bacteria is
dependent on their composition (Gunnison and Alexander, 1975), resulting
in a preference for the most labile po1ymers. The action of extracellular
hydro]ytic enzymes is required for breakdown‘fnto assimilable components;
both time and a means of reducing diffusive 1055 of monomeric components
are necessary for their utilization. Bacterigl attachment to partic]es is
often ¢haracterized by webbing (Paerl, 1973) which produces microenviron—
ments fbr containment of dissolved materials released by polymer hydroly-

sis. Utilization of complex compounds is postponed when more readily as-
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similable dissolved organié | compounds ~are simultaneously present
(Reichardt, 1975), indicating that Tlow organic nutrient conditions favor
the degradation of compiex polymers.

A third class of organic compounds frequently available to marine
bacteria includes highly refractory substances with extremely slow or in-
complete degradation. Included in this category may be the mucopolysac-
charide matrices of fisH slimes and gelatinous zooplankton, as well as
tomp]ex petroleum hydrocarbons from natural and human]y—mediated seep-
ages. Much of the organic carbon contained in these materials may be de-
posited in sediments for subsequent anaerobic decomposftion or burial.

If most of the organic carbon were introduced into the oceané in the
euphotic zone (> 1 %iight penetration) and no factors other than con-
centration and composition governed its bacterial transformation, it
could be imagined that the rate of bacterial activity and biomass proddc—
tion would decline rapidly with depth. The quantity of material descend-
ing from the surface input would decrease and the quality would change
| due to the selective removal of the most labile components. Considering
the effects of pressure (c.f. Wirsen and Jannasch, 1975) and temperature
(c.f. Ingraham and Bailey, 1959) on the growth of bacteria, it is little
wonder that bacterial activity in the bulk of the deep sea is very slow
(c.f. Jannasch and Wirsen, 1973). Furthermore; it appears that 1labile
substrates such as sugars and amino -acids, which are turned over rapidly
in surface watefs, are likely to be poor indicators of microbial acfivity
at greater debths, where metabolism of more slowly degraded polymers can

be important.
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fhe h‘eterqgeneity of .or'gam‘c and 1inorganic compounds in seawater
leads to a similarly heterogeneous assemblage of microbial species. Vari-
abiﬁ'ty“in potential uptake rates, substrate affinity, and other factors
resuTts in -é variety of different bacteria growing at different rates
(Jabnnasch and Jones, 1959). A sample ‘of open ocean water can yield hun-
dreds of nutritionally distinct bacteria M‘th similar population densi-
ties; dominance by one or few bacterial species may 'on]y occur where a
large diéchat’*ge of a single organic compound occurs. The diversity of
aquatic bacterial populations Has posed serious problems to the measure-

ment of total microbial community growth.

Determination of Microbial Numbers and Activity

The following section is a syn.opsi's of the currently available means
of analysis of pertinent standing crop and rate parameters. No single
m.ethod'wﬂl resolve the complex nature of natural microbial community
growth. It is necéssary that a coordinated suite of measurements bé made,
with inclusion of both standing crop and several different réte para-
meters in order that microbial growth may be more fully understood. Many
approaches have béen used for the measurement of microbial biomass and
growth in marine ecosystems, fa]ﬁ'ng into three basic categories: (1)
analysis of standing crops, which estimates the amount of biomass pre-
sent, but providé_s-no information on growth, (2) measurement of standing
crop parametef*s from which growth may be inferred, and (3) true rate

measurements.




(1) Analysis of Standing Crops

Standing crop measdréments assay tﬁeiamount of a characteristié ma-—
terial which may be related to microbial biomass. Analyses of such para-
meters as particulate organic carbon (POC), particulate organic nitrogen
(PON), protein, DNA, and carbohydrate'afe often performed -in conjuction
with photosynthesis measurements (Antia et al., 1963; Strickland et al.,
1969) but are rarely used in field studies of bacterial distribution and
growth (but see Hobbie et al., 1972). An underlying assumption in this
type of analysis is that only microorganisms are sampled and subsequently
trapped on a filter. It must be borne in mind that all organisms, living
and dead, as well as detritus, contain these components.

In an effort to distinguish 1iving from detrital material, HolmHansen
and Booth (1966) propbsed the use of adenosine-S'—triphospﬁate (ATP) an-
alysis as an indicafor of living biomass. In addition to this important
differentiation between 1iving and non-1iving microorganisms, the sensi-
tivity of the assay permits- the detection of probable microbial popula-
tion maxima at low densities. Nevertheless, the measurement includes the
contribution of microzooplankton as well as microorganisms, and a single
copepod can often completely obscur the microbial biomass component.

Estimation of bacterial standing crops has been advanced by the de-
velopment of several analyses specific for bacterial components. Among
the oldest is the plate count, in which bacterial colonies growing on
various solid media are used to estimate the number of viable cells in a

sample. The method is subject to severe quantitative artifacts, as illus-
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trated by-JannaSch and Jones (1959) but has use in determining potent-
ia]ly metabolizable substrates in a given sample and other quaiitative
applications. Direct counts of bacteria, aided by stains to.help differ-
entiate bacteria from detritus, have increased our awareness of the po;
tential food resource available as bacterial biomass. Acridine orange
epif luorescence . microscopy has been refined to permit rapid and reprodu~
cible direct counts of natural bacterial populations (Daley and Hobbie,
1975), .thereby stimu]ating surveys -of bacterial concentrations in many
habftats (Ferguson and Rublee, 1976; LaRock et al., 1979; Wiebe and
" Pomeroy, 1972).

Additional assays specific for bacteria have béen developed that are
especially useful where direct Counts are difficult due to high concen-
‘trations of detrital particles, as well as providihg corrobofative data
in conjunction with other measurements. The 1ipopo]ysac¢haride assay of
Watson et al. (1977) measures the amount of Gram-negative cell envelope
present in a samp]e.and can be related fo cell numbers and biomass within
broad bounds. Following a similar premise, King and Whité  (1977) de-
scribed an assay for bacterial cé]] wall muramic acid, found in all bac-
teria except extreme ha1obhi]es and methanogenic bacteria. Although quite
specific for bacteria, these assays cannot differentiate between Tiving
and dead cells.

Various methods fo} the enumeration of bacterial standing crops have
been tested simultaneously in field trials and tend to demonstrate coin-
cident maxima (Hobbie et al., 1972; Watson, 1978), although in some more
unusual environments, such as the Orca Brine (LaRock et al., 1979),

direct counts and ATP measurements do not follow the same paftern.
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| ~The methods descr1bed above yield information >about the amount of
part1cu1ate matter in the nncrob1a1 size fraction but give no data on
“rates of growth or metabo 1ism. However they are useful neasurements when

taken in conjunction with other parameters.

(2) Indirect Methods for Estimating Bacterial Growth

The complex, heterogeneous compositionjof organic and inorganic com- .
pounds-inASeawater andAthe attendant diverse microbial populations have
made direct méasufement of mineralization and microbial growth difficult
in the extreme. Attempts have been made, therefore,.to find an accurate,
indirect method for measuring growth rates through the investigation of
the re]at1onsh1ps among standing crop parameters Progress in this area
~is largely due to the ability to concentrate microorganisms from large
volumes of water by f11trat1on, enab11ng the detection of low concentra-
tions of ce]]s and -their components in dilute enV1ronments It is, how-
ever, necessary "that a predictable re1at1onsh1p exists between the
measUred 1ndéx and the growth of microorganisms.

One of the f1rst indirect methods for estimating microbial growth
stemmed from the ATP . assay of Ho1m—Hansen and Booth (1966). The ATP assay

is a good method for measuring total 1living material, buf becomes a more
‘powerfu1 tool when measured together with the other adenine nuc]eotides
adenosine-s'fmbndphosphate (AMP) and adenosine-S'—diphosphate (ADP). The
ratio of these nucleotides, known as thevenergy charge, re]atES'tb the
A state. of growth of a population (Atkinson and Walton, 1967; Atkinson,

1968).vVa1uab1e information regarding the growth potentialimay be obtain—
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ed through this measurement, as demonstrated By the sharp increase in
both ATP and the énergy charge in the vicinity of the H25:02 inter-
face in the B]aék Sea (Kar1l, 1978). ' -

Refinement of techniqués for separating nucleotides from extracts of
filtered water. samples has allowed even closer approximations to growth
rate measurement through the analysis of standing crops. Due to the cen-
tral nature of guanosine-5'-~triphosphate (GTP) to the energy requirement
for protein synthesis, Karl (1978) proposed that the GTP?ATP ratio is an
index of the growth rate. He found a Tlinear relationship between the
growth rate and the GTP:ATP ratio for a pure culture grown in a chemostat
over a range of growth rates. If the relationship is constant over a var-
jety of growth conditions as well as rates, and similar among microorgan-
isms, the assay of the GTP:ATP ratio along with the estimation of viable
biomass from ATP analysis will be a valuable means of de]ineatihg regions
of rapid microbial growth (c.f. Karl et al., 1980).

It must again be borne in mind that the assay of nuc]eotfdes and
»their ratios is not specific for microorganisms. Ciliates and other
microzooplankton will be ﬁnc]uded in the measurement, and the extent of

their contributions is currently unknown.

(3) Direct Measurement of Bacterial Rate Processes

The direct measurement of true bacterial metabolic or growth rate
procesées has been seriously hampered by the extreme complexity of aqua-
tic environments, in terms of both microbial community composition and

the physical and chemica]vcharacteristics of the habitats. The result is
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that no quantitative assessment of total bacterial growth yet exists. The
reasons for this may be more clearly understood by considering the basié-
criteria which must be satisfied in order to achieve a true, quantitative
rate measurement for the entire bacterial assemblage in a water sample.
Such criféria include:

(1) The substrate concentration must be measurable. Without
meeting this primary criterion, all measurements will be
gqualitative and incomparable from sample to sample.

(2) The addition of sufficient quantﬁty of labeled material
must not alter the ambient concentration of substrate
significantly nor affect the chemistry of the sample;

(3) There must be no competing compounds which interfere with
the uptake of the tracer or replace it in metabolic pro-
cesses;. '

(4) The tracer must measure a process that is mediated solely
by bacteria. Equilibration of inorganic compounds with the
tracer by microzooplankton must be avoided for whole cell
uptake studies, and certainly any incorporation of the tracer
into organic compounds by protozoa and animals is unacceptable;

(5) The tracer must measure a process which, while unique to bac-
teria, is universal among them. Ideally all the different
nutritional types of bacteria present should metabolise the
tracer in a similar manner.

(6) the uptake or incorporation of the substrate must be inter-
pretable in terms of bacterial growth under the range of
conditions likely to be found in the natural environment.

Violation of any of these requirements results in a deviation of the ob-
served metabolism from that whiéh actually occurs in the closest physical
approximation to the natural state the experimenter can devise. Assuming
that a close approximation to the natural environment .can be obtained
' (which is for argument'S'sake alone), an analysis of the metabolic conse-

guences of these criteria with respeét to current technology for measur-

ing bacterial rate processes is in order.
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Majdr'Elements of Biomass as Tracers of Bacterial Activity and Growth

The major components of microbia] cells (i.e. protein, nucleic acids,
lipids, carbohydrates, cell wall polymers, and. so]ub1e intermediates)
contain 6 elements of practical value in terms of potential fof use és a
tracer of bacterial growth:'C, H, 0, N, P, and S. The sources of these
elements available to microorganisms in natufa1venvironments are dfverse.
‘Exchange reactions of hydrogen and oxygen wfth the highly mobile molecule

H.0 virtually eliminate the use of either stable or radioactive iso-

2
topes of these elements in field situations, except for 3H—]abe1ed or-
ganic compounds labeled at positions which are not subject to significant
exchange. A consideration of the other elements, their sources and pro-

ducts will be discussed below.
Carbon

A great deal of effort has been expended to develop means of estimat-
ing total microbial carbon production because of attempts to create a
world carbon budget for modelling purposes. Reduced carbon is necessary
for both biosynthesis of ce]]'constituents and production of energy via
respiratory or fermentative processes. Carbon is a major constituent of
all macromo]ecu]es except for polyphosphates, and therefore is
distributed in all cellular compartments. It is available to bacteria in
a myriad of forms: the lysis of dead organisms and excretion of extra-

ce]lu]ak products by algae (c.f. Hellebust, 1965) and bacteria (Dunstall
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and Nalewajko, 1975) release a wide variety of dissolved organic carbon
compounds . into the.aquatic environement. In addition, insoluble cell wall
po1ymer$ (e.g. chitin, cellulose, muramic acid, etc.) and mucopolysac-
charide slimes often associated with fish and gelatinous zooplankton con-
tribute potentially degradable aﬁd metabolizable carbon and energy
sources for microbial gkowth.’The diversity of these compounds and the
difficulty of their quantitative analysis, especially in seawater, .makes
the estimation of total carbon metabolism in aquatic environments dif-
ficult if not imbbssib]e. The ability of microorganisms to use numerous
compounds simultaneously s well known to microbial physiologists
(Roberté et al., 1963; Boffi, 1969; Neidhardt and Magasanik, 1960; Law
and Button, 1977). The practical problems posed by thié phenomenon in
field studies of heterotrophic uptake of organic carbon compounds were
addressed in the introductory methodology papef on tﬁis subject (Parsons
and Strickland, 1961).

The absence of sufficiently sensitive methods for the measurement of
concentrations of specific organic’carbon compounds in aquatic environ-
ments resulted in emphasis on the determination of the maximum velocity
of dptake, turnover timé, and other kinetic parameters (Hamilton and
Preslan, 1970; Wright and Hobbie, 1966) for specific compounds. Although
the meaning of these measurements with fespect to microbial growth
remains obscure in light of the variable uptake kinetics of various nat-
ural populations (Vaccaro and Jannasch, 1967; Williams, 1973), the work
stimulated advances in methodology which partially relieved the re-
straints of items (1) and (2) outlined above. The use of tritiated sub-

strates of high specific activity (Azam and Ho]m—Hansen,_1973; Dietz et
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al., 1977) permitted the measurement of heterotrophic uptake. rates- at
near amb1ent substrate concentrations, an important advance - in organic
carbon uptake measurements. However, advances in the measurement of ac-
tual concentrafibns of glucose (Hicks and- Carey, 1968) and concommittant
measurement of hetérotrophic uptake of glucose (Vaccaro et al., 1968) re-
vealed very low rates of uptake of this supposedly reﬁresentative carbon
compound. The application of amino acid analysis to aquatfc samples with
simultaneous méasurement of uptake and respiration of these ubiquitous
compounds (Williams et al., 1976) emphasized the ébi]ities of natural
populations to take up a wide variety of organic carbon compounds
rapidly, and the frequently short turnover times suggest that analyses of
the concentrations of individual compounds may be severely biased by
microbial metabolism during sample collection and processing.

A further complication in the use of organic carbon compounds as the
sole index of microbial growth is that‘incorpdration, transformation, and
reSpiration of organic carbon compounds can occur in the absence ‘of re-
productive growth (Antoine and Tepper, 1969; Belaich et al., 1972; Her-
bert, 1961; Neidhardt and Magasanik, 1960). Interpfetatfon of whole cell
uptake studies is not affected by such uncoupling of growth and metabol-
jsm when considered in terms of total carbon‘metabo1ism, but growth esti-
mates can be in error substantially as a result of the accumulation of
stdrage products or the uncoupled respiration and metabolism of organié
compounds under stress.

" Thus, in the best case, a guantitative assessment of the ut1]1zat1on
ofba small per cent of the total available organic carbon can be made.

This does yield a minimum value for microbial carbon ‘metabolism, but the




-15-
amount of unmeasured carbon " metabolism and the‘ proportion of total
actively metabo11z1ng bacter1a measured with a given compound or com-
pounds remains ‘unknown. Nonetheless, valuab]e information pertinent to
the understanding of in situ microbial growth can be obtained. In fact,
the very disadvantages of the method, as outlined above, work to the ad-
vantage of the experimenter when cautions on interpretation are exercized
and appropriate supplementary measurements are made. The widespread dis—
tribution of carbon in cellular components can facilitate determination
of the nutritional state of. a population. When disproportionately high
rates of 1ncorporat1on of carbon into key macromolecular fractions such
as carbohydrate occur in the absence of other 1ndications of reproductive
growth as discussed below, one can suspect that a nutrient or physical
stress has thrown the population into unbalanced or uncoupled growth.

The use of. an organic carbon compodnd may provide a semi-quantitative
estimate of total bacterial growth in one case. The uptake and incorpora-

tion of 3H—]abe]ed adenine by a pure culture of Serratia marinorubra

was shown to be a sensitive indicator of RNA synthesis (Karl, 1979) and
has potential for predicting protein synthesfs rates by natural bacterial
populations. The ubiquity of uptake.of adenine at ambient concentrations
by bacteria needs to be ascertained, as well as the_nagnitude of errors
associated with non-bacterial adenine nucleotides in the particulate
fraction. However, this method has great promise in regions devoid of

both phytoplankton and microzooplankton, if they exist.
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Nitrogen -

‘The metabolism of rﬁtfogen is more closely re]ated to reproductive
growth than is that of carbon. In bacteria, nitrogen occurs predominant]y
in proteins (about 17 %'N4 by weight) and nucleic acids (about 9% N by
weight), with a small portion of the total N in 1ipids (less than 2% N by
weight) and cell wall polymers. Nitrogen may be stored in »exceés of
growth requirements as inorganic compounds in phytoplankton (Bhovichitra
and Swift, 1977) or, in bacteria, as free amino acids (Tempest et al.,
1970) and bossib]y soluble polyamines (Cohen, 1971). The major sburcés of
nitrbgen in aquatic environmehts include inorganic N2, ‘NOE,
NOE, and NHZ;
Williams et al., 1976); urea (Carpenter et al., 1972); and nUcieic acid

dissolved free amino acids '(Lee and - Bada, 1977;

bases (Hodson and Azam, 1977), as well as less reéd11y avai]ab]e macro-
molecular forms found in lipids, chitin, baétefiaj cé]] walls, etc.
Methods are available for analysis of the cdncentrétfons'of virtua11y all
of theée nitrogén sources. |

Major problems associated with measurement of microbial nitrogen met-
abolism are altering the ambient substrate concentrations and achieving
sufficient sensitivity to detect microbial metabolism. The stable isotope
15N is frequently used as a tracer of nitrogen uptake by phytoplankton
(Epp]ey and Rogers, 1970; Goering and Dugdale, 1964; McCarthy and Gold-
man, 1979), but substantial amounts must be added in order to detect met-
abolism. In nutrient- depleted waters, th1s addition can greatly st1mu1ate

the rate of nitrogen uptake (Eppley et al., 1973), an especially impor-




-17-
tant consideration because phytoplankton can engage in "luxury uptake", a
phenomenon whereby the assimilation of nitrogenous compounds 1is far in
excess of growth reqdirements (McCarthy and Goldman, 1979). The appiica—
tion of 15N uptake fo natural bacterial populations has not been repor-

13N, has -been used for bac-

ted. A radioactive isotope of nitrogen,
terial denitrification studies (Gersberg et al., 1976) but its 10 minute
half-1ife makes its use impractical in most field situations.

The measurement of uptake of the suite of nitrogen compounds gen-
erally available to microorganisms may therefore be of use in determining
the potential assimilation capability of natural populations, but obtain-
ing quantitative rates at in situ concentrations is constrained by many

of the same kinetic and metabolic arguments considered for the measure-

ment of carbon uptake.

Phosphorus

Further specificity for macromolecular synthesis is found in the met-
abolism of phosphate. Predominant cellular compounds containing phosphate
include only lipids, nucleic acids, polyphosphates, and soluble intermed-
jates. The incorporatipn of phosphate into Tlipids and nucleic acids.
should be an excellent indicator of reproductive microbial growth. Phos-
phate is subject to luxury uptake simi]ar1y to nitrogen (Lean, 1973), but

(32P and 33

carrier free radioacfive isotopes P) are available and up-
take studies may be: performed at virtually in situ nutrient concentra-
tions. Furthermore, only two sources of phosphate are available: inor-

ganic orthophosphate and organic phosphate esters. Phosphate esters are
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frequently found in sign{ficant concentration, but the enzymes necessary.
to metabolize them are usually under genetic regulation such that phos-
phatase activities are not expressed until inorganic phosphate becomes
limiting (Berman, 1970; Karl and Craven, 1980; Patnf et al., 1977; Perry,
1972). The upfaké and incorporation patterns of phosphate should be very
informative in the assessment of 'aquatic microbial growth. Essentially
all the criteria of a quantitative rate measurement can be fulfilled, yet
surprisingly little work has been done in this area, especially in marine

systems.

Sulfur

The distribution of sulfur in microorganisms is of even higher macro-
molecular specificity than that of phosphorus. The major - sulfur-contain-
ing compounds of bacteria are soluble intermediates and protein. For most
microorganisms, over 80% of the total cellular sulfur is found in protein
(Roberts et al., 1963; Datko et al., 1978). S-containing RNA has been
found in bacteria (Lipsett, 1965; Carbon et al., 1965), but comprises
only a small portion of the total cellular sulfur. One group of bacteria
produces sulfonolipids (Godchaux and Leadbetter, 1980), but there is. no
evidence of widespread production of these compounds. The metabolism of
sulfur is therefore likely to be very c1dsé1y related to protein syn-
thesis.

Because of the very narrow range of sulfur-containing compounds in
microorganisms, the relatively small pool sizes of sulfur-containing

intermediates (Tempest et al., 1970; Tindall et al., 1977), and the fail-
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ure to detect Su]fur amino acids in marine environments (Schell, 1974;
"~ Lee, Mague, persdna1 comunications), the measurement of su]fate incor-
. poration into protein presents itself very favorably as a potential quan-
titative assay for total microbial biosynthesis. Considering the criteria
outlined above: (1) Numerous methods are avei1ab1e for the analysis of
- the sulfate concenfration; a constant relationship exists between sulfate
concentration end chlorinity (Rosenbauer et al., 1979) and the simple an-
alysis of chlorinity may therefore be used to determine the sulfate con-
centration of ocean wateré removed from zones of dissimilatory sq]fate B
reduction. (2) The high sulfate concentratibn of seawater, over 25mM,.
eliminates the possibility of growth stimulation by increased nutrient
concentration, and the radioactive isotope of suifur, 355, can be ob-
tained carrier free, allowing truly trace additions. .(3) As previously
mentioned, dissolved sulfur containing amino acids are not detected in
seawater, and the'gulfate esterases capable of releasing free su}faté are
repressed in.the presence of sulfate (Fitzgerald, 1976), eliminating the
problems of competition for metabolism. (4) The reductive assiﬁi]ation of
sulfate is restricted to microorganisms (Schifannd Hodson,]1970); al-
though sulfate esters are common among animals. (5) The absence of
su1fur-conta1n1ng compounds other than sulfate in seawater suggests that
all microorganisms in the ocean must use sulfate as the sole source of
sulfur.
The present work will demonstrate that sulfur metabolism can be rela-
ted to rebrodqctive growth by using the appropriate measurement tech-
nique, thﬁs fulfilling the sixth and final requirement for a quantitative .

" measurement of bacterial growth. Because there "is complete absence of
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sulfur metabolism literature for marine microorganisms and only scanty
literature bn the re]ationéhips between sulfur metabolism and growth for
any microorganisms, @ four part approach to the probiem was taken as out-
lined below. |

First, a suite of -investjgations into’ the mechanism of sulfate
transport was conducted. The transport process is the first step in sul-
fate assimilation, and a thorough know1édgé of factors influencing uptake
of su]faté into the cell is necessary; |

Second, the‘assimi1ation of sulfate into cellular components was mon-
jtored with an emphasis on the relationship between su]furlincorporation
into protein and bulk protefn synthesis. The relative rates of bulk pro-
tein synthesis, cell division; sulfate uptake and assimilation, and in-
corporation patterns for g]utémic acid were determined during exponential
growth in batch culture to serve as a control for experiments involving
nutritional and envirbnmenta] perturbations. Growth and sulfur metabolism
were 1nvesfigated with respect to ‘a number of physiologically and eco-
logically meaningful parameters, i.e. carbon, nitrogen, and sulfur lim-
ited growth, growth on various carbon and energy sources, and protein
synthesis inhibition by chloramphenicol. The influence of Tlow mo]equ1ar
weight organic sulfur compounds on sulfate incorporation into protein and
the equilibration of precursor pools were studied in order to understand
potential sources of error in the interpretation of field measurements.

Two marine jsolates were chosen for detailed sfudy in pure cu]tﬁre to
avoid possible misinterpretations arising from the use of a single organ-
ism. The twovorganisms chosen are readily and repeatably isolable from

marine habitats and hence constitute a very real portion of the bacterial
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assemblage, yet are quite distinct from one another both in general
nutritional character and in speqific aspects of theif sulfur metabolism.
The comparison of the two serves to remind us of the great diversity of
metabolic capability among organisms in mixed populations and further re-
inforces consistencies in certain centra1 metabolic processes.

Third, a series of enrichments of natural pobu1ations in the wild was
performed to determine the relationship between protein sulfur and bulk
protein- in mixed baéteria] assemblages. Additionally, pure cultures were
isolated from similar enrichments and the relationship between sulfur
metabolism and protein synthesis determined. Rebresentatives of other
.groups 6f bacteria not commonly isolated by the enrichment techniques
were also ana\yzed;

Finally, the rates of sulfate incorboratioh into protein by naturaT
populations of bacteria were compared with standing crop parameters and
 other rate measurements in an effort to learn about relationships among
various macromolecular processes‘ in marine bacteria and environmental

‘conditions which influence them.
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CHAPTER 2.

GENERAL METHODS
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The diverse and experimental nature of the work preéénted herein ren-
ders impractical the consolidation of all methods in a single section.
Therefore generally used methods appear in this Chapter. Specific methods
relating to the characterization of the sulfate transport systems, jnter—
mediary sulfur metabol{sm and growth, and natural population studies are

found in their respective chapters.

Organisms and Culture Conditions

Pseudomonas halodurans

Pseudomonas halodurans was obtained as a pure culture from Dr. Galen

E. Jones, University of New Hampshire. It has been described in detail by
A. Rosenberg (Ph.D. Thesis; University of New Hampshire,. 1977). Although
it is a new species, it has not yet been published as'suéh. Pertinent as-
pects of its physiology include a high degree of tolerance to salt (over
5-fold greater' than that found in seawater) and other environmenta]
stresses, broad nutritional capabilities, and extended viabi]ity in a
.Vvariety of induced stationary phases. It grows well in basal salts medium
containing sodium glutamate (hereafter referred to as glutamate) as the
sole organic supplement, reductive1y assimi]ates nitrate, and does not

produce poly-g-hydroxybutyrate (PHB). It is an obligate aerobe.
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Alteromonas luteo-violaceus

The second organism was originally isolated from a seawater toilet
over the Puerto Rico Trench oan/V Oceanus Cruise #40 (February, 1978;
Station location 20°48'N, 65°07'W) using natural seawater enriched with
glutamate. It 1is coccobacillary in morphology, with the major axis 1.7-
2.0 ym and the minorvaXis 1.051.5 um. It is obligately aerobic, motile in
- minimal . medium contaihing glutamate, incapable of nitrate assimilation,
capable of PHB production, and of extremely Timited nutritional versatil-
ity. It grows on gelatin and starch in liquid medium,‘suggesting extra-
celtular proteaée and amylase activities. ~THe‘ protease is extremely
potent and the cells are apparently autolytic even during exponential
growth, resulting in Tow plating efficiency and short term viability in
the stationary phase. It has. the unuSuél characteristic of producing
a-glutamate (g-amino glutaric acid) equal to about 10% of the free glu-
tamate pool when grown on glucose (S. Henrichs, personal cbmmunication)
although it canhot use this compound as a sole carbon and energy source.

The organism produces a distinctive.violet pigment when grown on gel-
atin, g]utamate, or acetate but not on the 6ther subsfrates tested, in-
cluding peptone (0.5%)-yeast extract (0.25%) medium. Pigment production
" is pronounced in the eér]y stationary phase. When grown in continuous
culture on ba§a1 salts medium p]Us glutamate, pigmenf production oscilla-
ted with ultimate selection for non-pigmented variants. On occassion,
viable counts on solid ﬁinimal medium containing glutamate give rise to a

wide assortment of colonial morphologies with varied pigmentation, how-
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ever, the smooth, convex, deeply-pigmented form can be recovered from any
of the forms eventually. The‘pigment has absorption maxima of 577 (pri-
mary), 372, and 315nm in ethanolic solution (Figure 2-1), and acidifica—v
tion of the ethanol extract shifts the primary absorbance maximum to a
double beak at 692 and 635nm. Thé'pigment fluoresces strongly at 632nm jn
vivo and 544nm (with a sma11‘peak at 632nm) in ethanolic solution (Figure
2-2).

The characterfstics of nutrition énd pigment production are very simf

ilar to the description of Chromobacterium violaceans in Bergey's Sth

Edition (Buchanan and Gibbons, 1974) and a marine representative, Chromo-

bacterium marinum (Hamilton and Austin, 1967), but also to the Alteromo-

nas luteo-violaceus of Gauthier (1976). The only apparent distinction of

taxonomic value is the moles ¢ (G*C), which is about 42 for Alteromonas

and 65-72 for Chromobacterium. DNA from cells grown on peptone-yeast

extract was extracted by the method of Marmur (1961) and neutral CsC]2
density gradient centrifugation analysis for the % (6+C) was kindly pro-
vided by Dr. M. Mandel. A buoyant density of 1.703 g/cm3 relative to B.
subtilis phage RC DNA (1.742 g/cm3; 42,040‘RPM, 25°C,A23 hours) indi-

cates a ¢ (G+C) of 44, identifying this organism as Alteromonas luteo-

violaceus.

To acquaint the reader with the great degree of nutritional disparity
between the two organisms described above, the utilization of 'Varipus
carboﬁ and energy sources, reduction of nitrate for assimilation, and use
of thiosulfate as the sole source of sulfur for P. halodurans and A.

luteo—violaceus is summarized in Table 2-1.




—26-

Figure 2-1. Absorption spectrum of the pigment from A. luteo-violaceus.

Exponential phase cells were harvested by centrifugaﬁion and resuspended
in one-half the original volume of 80% EtOH. After vortexing, the suspen-
sion was centrifuged and the absorption spectrum of the supernatant fluid
recorded. The solution was then made to 10% (v/v) with concentrated
H250

4 and the absorption spectrum again recorded.
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Figure 2-2..Fluorescence spectrum of the pigment from A. luteo-violaceus

in vivo and in ethanolic solution. A washed suspension of whole cells and
an aliquot of the unacidified ethanol extract from Figure 2-1 were excit-

ed at 315nm and the fluorescence spectra recorded.
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Table 2-1. Substrate Utilization by Pseudomonas halodurans

.and Alteromonas 1uteo—vio]-aceusa

: P. halodurans A. luteo-violaceus
Substrate Concentration Growth - - T1'meb Growth Time
Acetate 10mM ' ++ 1 o 2
Adenine 5.5mM - o -
DL-a~Alanine 6.3mM ++ 1 ++ 2
g-Alanine 6.3mM ++ 1 -

- L-Aspartate | 8.8mM + 1 -
L-Asparagine 5.0mM W 3 ++ 2
Butyrate ' 5.0mM -+ 2 -

Citrate 10mM ++ 1 -

Creatine _ 6 .0mM - -

Crotonic Acid - 8.7mM + 2 -

Ethanol 206mM B 1 -

Formate 10mM - - -

Fructose 10mM L ' 1 -

Fumarate 5.3mM + 1 -

Galactose 10mM +H 1 - _
Gelatin 1mg/m1 - ' A+ 1
Glucololactone 10mM ++ 1 S
D-Glucose 10mM ++ 2 ++ 3
L-Glutamate 10mM + 1 o+ 1
L-Glutamine 6.3mM L 1 + 2
Glycine 10mM S R

Glycerol 10mM ++ 1 -
L-Histidine 5.9mM - -
DL-Isoleucine 5.2mM W 4 W 5
-2-Ketoglutarate 5.1mM + 1 -

D-Lactate 10mM ++ 1 -

Lactose 10mM - _ , B
DL-Leucine 9.9mM W : -

L-Lysine 5.2mM o 3 -
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Table 2-1. (Continued)

P. halodurans A. luteo-violaceus

Substrate Concentration Growth T1'meb Growth Time
Malonate 5.0mM ++ 2 -

Maltose 4.7mM ++ 1 ++ 2
Mannitol _ 5.0mM + 1 -

Mannose 10mM + 2 ++ 3
Methanol 313mM - -

Propionate 5.1mM + 2 + 4
Pyruvate - 10mM ++ 1 + 4
D-(-)-Ribose 10mM ++ 2 -

DL-Serine 5.1mM W 4 -

Starch 1.5mg/ml - Lo+ 2
Succinate 10mM + 1 -

Sucrose 10mM ++ 1 -
L-Threonine ©5.3mM - -
L-Tryptophane 5.1mM W 4 -

DL-Valine 7.3mM - -

Xylose 10mM - -

No carbon source - -

D-Glucose, no N 10mM - ' ' -

D-Glucose, no S 10mM - -

D-Glucose, NOE 10mM ++ 2 -

D-Glucose, 520§ 10mM ' -+ 2 -

qpLC-water medium containing 1lmM SOZ, 500 uM NHZ, 40 uM HPOZ, and

trace metals was supplemented with sterile, neutralized solutions of
sugstrate Eo give the final concentratiogs indicated. Substitution for
NH4 and SOZ was made for the NOS and 5205 utilization study. Tqbes
containing 10m1 of medium were inoculated with washed cells to:a final
concentration of about 2x10% cells/ml and shaken at 250 RPM at 22°C.
The appearance of turbidity was used as the growth index: ++, luxuri-
ant; +, good; W, weak; -, no growth.

bpays to reach maximum turbidity.




_32-

Relatively Low Contamination Artificia1 Seawater:

The study of aésimi]atory sulfur métabo]ism, especially aspects of
sulfate transport, requires the ability to regu1ate'or completely elimin-
- ate sulfate from the medium. A natural séawater medium containing over
25mM sulfate does not permit the senSitivity.necessary to detect rapid-
changes in intracellular distribution of sulfur metabolites present in
small quantifies. Initially, a synthetic seawater medium of the same coh—
position as the Lyman and Fleming (1940) formulation wés used, simply
substituting chloride equivalents for the usual sulfate salts of magnes-—
jum and the trace elements. Very shortly after the isolation of A. lgjggf
violaceus, however, it became clear that a serious contamination of some
sulfur compound was present in the medium. In a survey of thiosulfate

utilization by cruise isolates, A. luteo-violaceus retained nearly maxi-

mum growth rate and yield in the control 1ack1ng added sulfur, even after
several transfers. Calculation of potential contamination from stock rea-
gent grade chemicals revealed that the bu1k consituent, NaCl, was contri-
buting up to 7 uM sulfate. Lower Tevels of sulfate in NaCfﬁcou]d be ob-
tained through the use of J. T. Baker "Ultrex" NaCl, but at $97/kilo this
method ofvreducing sulfate contamination was not feasable. Many thanks
are due to Dr. Ollie Zaffiriou of the W. H. 0. I. chemistry department
for suggesting that NaCl be made by neutralization of NéOH, since reagent
grade NaOH can frequently be obtained with only one tenth the sulfate
contamination found fn the best comﬁercial grade NaCl. This modification
of the "sulfate-free" Lyman and Fleming formulation yielded an artificial

seawater with relatively low contamination, designated RLC-water. Its
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components and estimated vs. actual sulfate contamination are 1isted in
Table 2—2. Inorganic sulfate contahination of the components of RLC;waterf'
is determined on concentrated stock solutions and the final medium using
the method of the American Public Health Association (1975). It 1is indeed
gratffying that ali reagents contain less than or eqha] to the amount of

sulfate listed on the specification sheet.

Medium Supplements:

Changes in pH during autoclaving of RLC-water are avoided by adding

0.22 wm filter-sterilized NaHCO,

'_ salts medium. Routine culture and maintenance medium contains the Follow-

aseptically to the autoclaved basal

ing additional sterile supplements to the autoclaved basal saits mixture,
with their respective final concentrations, sodium glutamate (10mM) ,

NH,C1 (500 uM), KH,PO, (50 uM), and 1ml1/1 IMR trace elements solu-

4 24

tion_(Epp]éy et al., 1967). The nitrogen, phosphate, and trace metal éup—»
p]emenfs are co]]ective]y referred to as "inorganic nutriehts" in later
- sections. The comp1éte medium assays at less than 2 uM SOZ. Gfbwth
medium contained 1mM Na2504 unless otherwise noted. A1l cultures are

‘grown at ‘pH 7.8-8.0 at 20 * 2°C on a gyrotary shaker (New Brunswick

Scientific, Edison, NJ) at 250 RPM.
Cell Counts:

Direct cell counts are made using the acridine orange epifluorescence

method (Daley and'Hobbie, 1975). A 0.45 um cellulose nitrate filter is




-34-

Table 2-2. Inorganic Sulfate Contamination of Artificial Seawater

Preparations
Grams per Liter .SOZ Contamination (uM)
Lyman and RLC~ Max imum

Compound Fleming, 19402 Both Water Predictedb _ AssayC
NaC1 23.75 - 9.89 - 4,78
" NaOH - 16.256 0.85 ~  0.24

HC1 - 14.817 0.09 -
MgC]2.6H20 10.63 2.21 0.27
CaC]é.ZHZO 1.45 _ : 1.51 0.78
KC1 : 0.664 0.07 0.06
NaHCO, | | 0.192 0.06 0.03
KBr 0.096 0.05 ND®
H3BO3 0.026 0.03 0.01
SrC12.6H20 0.040 0.01 0.01
H,0 | To make 1000 m1 A v - 0.09
Totals: Lyman and Fleming: 13.83 6.03

RLC-water: 4.88 1.49

quimolar chloride salts are substituted for the normal sulfate salts.
bFrom stated maximum limits of impurities for reagent grade chemicals.

“Turbidometric assay as described on 10-1000-fold concentrated solutions.
dNaOH + HCT at pH 7.0.

®Not determined due to Br~ interference.
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used beneath a stained (0.2 % Irgalan Biack in 2% acetic acid) 0.2 um Nuc—H
1eopofe polycarbonate membrane filter to aid in even distribution of the
cells. An aliquot (usually 1.75mi)_of the cell suspension or appropriate
| di]ution is pipetted into the funnel, followed by enough Acfidine drange
sotution (0.1% in 0.02M Tris buffer, pH 7.8) to give 0.01% final concen-
trafion. After 5 minutes, the sample is filtered gently, and the filter .
placed on a g1éss s]idé followed by a drop of low fluorescence immersion
- 0il (Cargille Laboratories,‘Cedar Grove, N. J.), a cover slip, and an-b
- other drop of immersion oil. The sample is counted on a Zeiss microsbope
'f1tted with the ep1f1uorescence attachment At 1east 18 fields are count-
:ed in a cross pattern from top to bottom and. s1de to side to average out
non-uniformity in ce]] distribution. In some cases dividing pa1rs are
counted aé well as the total number of cells.
Viability is determined by plating dilutions of the culture on com-
plete médiﬁm containing 15 g/1 agar (Difco). Duplicate plates af two or
three différent-di]utions are generally used for the determinatidn of the

number of co]dny4f0rming units (CFU).

Protein Determination:

In the pure culture eXpefiments, protein is determined on.triphloroQ
acetic acid (TCA) insoluble material. Cell suspensions (5-25m1) ‘are
brought to 10% (w/v final concentrat1on) TCA-with 100% (w/v) TCA, mixed
thoroughly, and refr1gerated for at Tleast 30 minutes but less than 4
days. The precipitate is centrifuged (20,000xg, 20 minutes), the super-

natant fluid aspirated off, and the pellet drained of excess TCA. The
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pe]]et is thenfdissolved in an apprbpriate amount of 0.IN NaOH to.giye
about 100-300 ug protein/ml. Aliquots of the samb]e (0.1m1) are neutral-
jzed with an equa] amount of 0.15N HC1 and the protein concentration as-
sayed'by the Coomaésie Brilliant Blue dye-binding technique of Bradford
(1976). The assay mixture contains, in a final volume of 5.1ml: 0.1lml
sample, 0.1ml 0.15N HC1, and 4.9ml df]uted dye reagent'(1:5, v/v; BioRad
Laboratpries,'Richmond, Ca.). The acidiffcation step enhances the sensi-
tivity of the assay slightly and e*tends the range of linear 1ncreasé of

the 0.D with protein Concentration (0-400 ug/ml; sensitivity Timit

595
40-50 ug/ml). It has been determined in separate experimehts that protein:
remains stable in 10 #TCA for at least 4 days. On occassion the micro
modification of the assay is used, especially for samples of the protein
residue remaining after the biochemical fractionation procedure described
below. This aésay contains, in a final volume of 1.25ml: 0.5ml1 sample,
0.5m1 0.15N HC1, and 0.25m1 concentrated dye reagent. The limit of sensi-
tivity of this assay is 5-10 ug protein/ml. The absorption at 595 nm is
recorded on a Beckman DU monochrometer with a Gilford Model 252 photo-
meter in lcm quartz cuvettes against a distilled water blank. Sample

values are interpolated from the slope of the least-squares regression

line over the linear portion of the standard curve.

Particulate Organic Carbon and Nitrogen:

Aliquots of cell suspensions (10-25m1) or water samples from natural
environments (1-10 1liters) are filtered through Whatman GF/F filters,

folded in eighths, placed in small aluminum foil holders (5x30mm), and
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stored desiccated over silica Qe] in g]ass' tubes (10x75mm) .with foil
caps. All materials are combusted in a muffle furnace at_ 450°C for 6
hours -prior to use. The samples are analyzed by Phil Clarner using-a Per-

kin-Elmer Model 240 CHN analyzer.

Carbohydrate:

Samples filtered as for particulate organic carbon are assayed for
carbohydrate by the modification of the anthrone procedure proposed by
Jermyn (1975). Recovery of toadfish glycogen (provided by J. J. Stegeman)

as glucose equivalents was 98% by this method.

Respiration gf_Ofganic Substrates:

Experiments involving the determination of organic carbon metabolism
are carried out in foam-plugged flasks with atmospheric gas exchange. Due
to the equilibration of the medium with atmospheric CO2 the traditional

wick method (Hobbie and Crawford, 1969) cannot be used 'to estimate

14 14

CO2 evolution from C-labeled organic substrates. Determination

14

of C0, evolution 1n'these open .systems takes advantage of the vola-

2

tility of CO, in acid medium: an aliquot of the cell éuspension (0.25-

2
1.0m1) is acidified with 0.25m1 2N HC1 or 2N H2504 and an air stream
is passed vigorously over the surface of the solution in a scintillation
vial for 15 minutes. The sample is neutralized with 0.5m1 1M Tris buffer, .

pH 13, and Aguasol liquid scintillation counting fluid is added. The dif-

ference between the sample counts and a like treatment at zero time is
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the acid-voiati]e radioactivity. This procedure is a small-scale version
of the method used for the measurement of excreted organic carbon by phy-
toplankton, and e1iminates virtually all 14CO2 from the medium (An-
derson and Zeutschel, 1970; Berman and Holm-Hansen, 1974; Nalewajko et
al., 1976). Zero time values for UL—14C-]abe1ed glucose and glutamate
are within 1-2 % of unprocessed controls, but up to 5 %of 14C-]abe]ed
acetate may be volatilized under these conditions. Although not as sensi-
tive as the wick method (1imit of detection abqut.3% of the total sub-
strate respired), it can be used effectively in open systems. Respiration
determined by this methodvis identified as acid-volatile radioactivity. A
comparison of respiration measured by the two methods is presented in
Table 2-3. When the reSu]tsbof the w{ck method are corrected for recovery

14

based on C0, addition, the two methods agree well for transforma-

tion of 14C—g]utamate by an obligately aerobic bacterium, P. halodurans.

Filtration of Isotopically-Labeled Cells:

The small émount of total sulfur metabolism in bacteria coupled with
the high sulfate concentration of éeawater necessitates the use of high
activities of 3550:,
poses major isotope adsorption blank problems, encountered even in sul-

as much as 25 uCi/ml in field samples. This

fate uptake studies in freshwater syétems (Jordan et al., 1978). The
problem has been resolved to a large extent by the'use of a specially
conétructed punch funnel (Figure 2-3), which serves to excise only the
cell-retaining, easily rinsed portion of the filter. A comparison of

cell-free blanks using the normal flanged funnel and the punch funnel
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Tablé 2-3. Recovery of 14CO2 and Respired 14C-G]utamate from Seawater
Measured by Two Different Techniques?® -

Wick Method® Acid Volatile®
Volume DPM % DPM %
(ml) per ml Recovery per ml ~ Recovery
14
co,
1 13,103 £309  95.1 13,738 %29 99.7

2.5 12,383 £+ 98 89.9 - -
5 12,291 = 177 89.2 - ’ -
10 12,048 + 183 87.5 - -
20 11,585 + 32 84.1 - ' -

Wick Method (10m1) Acid Volatile
Hours of .DPM Corrected DPM %
Incubation per ml DPM per m]d per ml Recover‘ye
14¢_g1utamate Respired by P. halodurans
0 - 8+ 3 9+ 3 46 + 69 -

3878 £ 76 4432 + 87 4297 = 17 97.0

dpged natural seawater containing inorganic nutrients and 100 uM glu-
tamic acid was inoculated with (a) 14002 (final activity 13,774 5
DPM per ml1) or (b) UL—14C—glutam1c acid (final activity 11,078 + 90
DPM per ml1) and about 1x100 P. halodurans cells per ml. Recovery of
14C02 was determined on triplicate lml samples (acid volatile '
method) or duplicate 1-20ml samples (wick absorption method).

bin a 25m1 flask fitted with a serum stopper and bucket, samples were
acidified with 0.3m1 2N H»SOq. Evolved 140, was trapped on a paper
wick wetted with 0.3m1 Protosol during 2 hours of mild agitation.

CA 1ml1 sample was acidified with 0.3m1 2N HpS04, air sparged for 10

~ minutes, neutralized with TRIS buffer, and 10ml1 Aquasol added.
Results are expressed as DPM volatilized per ml.

dgased on recovery of 14C0, for a 10m1 sample.

€relative to wick absorption.
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is presented in Table 2-4. The original design was made from polycarbon-
ate tubing and could not cut a membrane fi]ter, but the newer version
(illustrated) with a stainless steel punch does work ‘with cellulose
~ nitrate ‘and equivalent filters as well as the glass fiber filters used in
this study. The punch funnel is used for all isotope filtrations regard-
less of activity: the bore diameter was chosén-such that the excised por-
tion of the filter is amenable for use with the cohiCa] centrifdge-type
tissue grinders used in the fractionation procedure described below.

Using a vacuum.of less than 15" of mercury, samples of 1-50ml are
- filtered through Reeve Angel 984H Ultrafine or Whatman GF/F glass fiber
filters. The filter is rinsed three times with 0.5M NaCl. (about 3ml per
rinse), and the ce]]_ketajning portion excised. The sample may then be
fractionated (see below) or placed in a vial with scintillation cocktail

and counted whole.

BIOCHEMICAL FRACTIONATION OF RADIOQACTIVELY LABELED SAMPLES

The method used to separate major biochemical fractions for determin-
ation of theAdistribution of radioisotopic tracers is that of Roberts et
al. (1963). Their work includes a detailed chromatographic analysis of
materials contained in each of the fractions and it is assumed that the
observed sequential elution of components 1is applicable to bacteria in
general. For the samples from R/V QOceanus cruise 84 the modification of
Neidhardt and Magasanik (1960) was added to allow separation of RNA from

the DNA + polysaccharide fraction. In essence, samples.are treated with
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Figure 2-3. Punch funnel used for filtration of radioisotopically-label-
led samples. The funnel (upper portion) is 3/4" polycarbonate tubing, and
the lower portion is 316 stain]eés steel. The scale bar represents 1/2v,
A small square of Whatman #1 or similar filter paper‘is placed over a
25mm fritted glass base to preserve the frit surface and prevént clogging
by fibers from the glass filters. A 25mm Reeve Angel 984Hior Whatman GF/F
filter is p]aCed.on top, followed by the punch funnel. To reduce loss of
vacuum for samples larger than 10ml, a thin piece of rubber punched with
~a hole slightly larger than 1/25 may be placed on top of the filter. This

funnel may also be used with membrane filters.
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Table 2-4. Retention of 35504 by Millipore HAWP (0.45 um) Membrane

Filters and Reeve Angel 984H_U1trafine161ass Fiber Filters Using the

Flanged Funnel vs. Retention by Glass Fiber Fi]teré Using the Punch
Funnel Shown in Figure 2-32

Vo Tume . DPM Retained
Filtered Flanged Funnel Punch Funnel
(m1) HAWP ~ 984H 984H
1 333 £ 6 1622 + 160 128 * 8
2.5 607 + 8 3550 # 123 206 + 48
5 . 942 + 134 5554 % § 244 * 14
10 ' 2167 = 167 8339 = 148 393 = 23
25 3491 # £ 2249 506 + 113

671 - 17,010

36 uCi 35SOZ/m1 in 0.22 um filtered seawater; values are the average
and error of duplicate filtrations.

i
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solvents which sequentially solubilize major classes of biochemical com-
pounds (i.e. low-molecular weight (LMW) soluble compounds, Tipids, RNA,
hot ac1d4so1ub1é materials (DNA + polysaccharides), ethanol-soluble pro-

tein, and residual protein). Details of the procedure are outlined below.

a) Centrifugation Procedures

Genera]]y,.the fractionation procedure is performéd on samples which
have been filtered onto glass fiber filters as described above. Glass
fiber filters were chosen for several reasons: the filters disintegrate
easily 1in the conical centrifuge-type ground g1ass' tissue grinders
(Bellco Glass; Vine]ahd, N. J.) used for the extraction protedure, and
the very high surface to volume fatio of the fibers providesva large sur-
face for the adsorption of precipitated macromolecules -and greatly facif-
itates resuspensioﬁ of pellets in subsequent extraction steps. Addition-
ally, the occassional aspiration of smal] amounts of the ffbers' along
with the superhatant liquid introduces 1little error in distribution be-
cause of the large volume of the pellet (ca. 50 ﬁ]). The filters can be
combusted to remove organic carbon and nitrogen cohtaminahts_and hence
particulate aha]yses can be directly compared with the results of isotope
experiments. The filters retain >99.6% of exponential phase P. halodurans

and A. luteo-violaceus cells as determined by direct counts;}and compar-

ison of GF/F and 0.2 um Nucleopore filter retention of isotopically
1abe1ed-natura1 popuTations indicates that 1less than 10 % of the labeled
material passes through the glass filters in field experiments (see Chap-

ter_S). One drawback to the use of these filters is that the large pellet
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volume necessitates a rinsing step after each extraction to remove solu-

bilized counts trapped in the pellet. In view of the aforetomentioned ad-

vantages, this is a small price to pay.
The use of glass conical centrifuge-type tissue grinders eliminates
cross—contamination among samp]és and transfer losses because extraction

and centrifugation are accomplished in the same vessel. Initially, cen-

trifugation was carried out in the SS-34 rotor (Sorva11§ Newton, Ct.) at

8000 RPM (7710xg) for 20 minutes in an RC2-B centrifuge. A minor problem
associated with the use of the conical tube and a fixed-angle rotor is
that the pellet tends to hang up at the junction of the cone, resulting
in some pellet resuspension during aspiration of the supernatant fluid.
This was eliminated by the‘acquisition of an HS-4 swinging bucket rotor
(Sorvail); samples spun at 5000 RPM (4500xg) for 20 minutes give a clean
pellet at the bottom of the conical tube. In addition to the Targer sam-
ple capacity of this rotor (20 tubes vs. 8 in the $5-34), the reproduci-
bility qf isotope distribution in the various fractions ijs increased sig-
nificantly. Centrifugation -at 20°C is followed by aspiration of the
supernatant fluid with Pasteur pipets into 10mT graduated cylinders, in
the case of LMY soluble, RNA, and hof acid soluble fractjons, or into
16x125mm screw-cap tubes in the case of alcohol and alcohol-ether soluble
fractions. The rinses for each fraction are coﬁbined with the appropriate
original supernatant fluid, vortexed thoroughly, the volume recorded, and

an aliquot taken for 1liquid scintillation counting as described below.
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b) Fractionation Procedure

Samples are ground with the ground glass pestle in a small vb]umé of
10% TCA (ca. 50 u1) and the pestle rinsed with about l—l.Sﬁl 10% TCA.
After 30 minutes, the sample is centrifuged,lthe supernatant fluid with-
drawn,'and the pellet vortexed in an additional 1-1.5ml 10% TCA. After
centrifugation, the superantant fluid is combined with the first, yield-
ing the LM soluble fraction, containing inorganic jons, free amino acids
and peptides, vitamins, and metabolic intermediates.

The pellet is resuspended in 80 % EtOH (pH adjusted to 6.5-7 with di-
lute NaOH or‘HC1 as necesSary) and incubated in a water bath at 60°C for
20 minutes. The suspension is centrifuged and the supernatant fluid as-
pirated into a screw-cap tube. The pellet is then extracted with about
aml 80 % EtOH:diethyl ether (1:1; v/v) at 60°C for 20 minutes, centri-
fuged, and.the superhatant fluid combined with the EtOH-soluble material.
The pellet is further extracted with 2ml of 80% EtOH:diethyl ether for 10
minutes at 60°C and this supernatant combined with the previous two. The
resulting fraction is the alcohol-soluble, a1coho1—ether—solubie material
containing lipids and a]coho]—so]uble‘protein.

The optional base-catalyzed hydrolysis of RNA (not done in laboratory
pure culture experiments) is accomp]ishéd by resuspending fhe‘pe]let in
1ml IN KOH at 37°C for 60 minutes. The suspension is then neutralized
with 0.5m1 2N HC1, and made to 10% TCA by the addition of 0.167m1 100%
TCA With vigorous mixing. The DNA, bo1y$accharides, and protein are al-
lowed to precipitate for 30 minutes in an ice bath, and the suspension

centrifuged. The supernatant fluid and a rinse of about 1ml 10% TCA are
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combined in a graduated cylinder, resulting ih a fraction' containing
monomeric RNA residues. |

Po]ysacchar1des plus total nucleic acids (in laboratory experiments)
or DNA (in field experiments) are solubilized by 1ncubat1ng the residue
from the above extractions in 1.5m1 104 TCA at 95°C for 20 minutes, fol-
lowed by centrifugation and a further 10 minute incubation at 95°C in
about 1m! 10 #TCA. The supernatant fluids are combined, yielding the hot
acid-soluble fraction.

The pellet, containing residual protein, is dissolved in 0.1IN NaOH.

c) Further Separations:

For samples Tlabeled with 35

S0, inorganic sulfate contamina-
tion‘of the LMA soluble méteria1s obscurs the contribution of LMd organic
components. The inorganic sulfate is therefore removed by preciptation
with barium as follows: to 1.75m1 of the LM soluble fraction are added,
with vortexing, 50 w1 50mM Na2504 followed by 0.25m1 1M BaC]2 :
(final concentrations: SOZ, 1.22mM; Ba++, 122mM). The precipitate
forms dufing a 2 hour period at 4°C, after which it is removed by centri-
fugation in a clinical centrifuge at full speed for 10 minutes. A 1ml
aliquot is taken for counting to give the LM organic fraction. If the
amount of label present as sulfate is desired Ias well, the pe11e£ is
 rinsed twice with 1M BaC]2 and resuspended in water for counting. The
sum of soluble plus precipitated materials rarely differs from counts of

unprocessed acid-soluble material by more than 5%, but a small loss of

14Célabe1ed LMW soluble compounds is observed (see Chapter 5).
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The supernatant fluid from the combined alcohol-soluble and alcohol-
ether soluble fractions may be separated into two components, lipids and
~alcohol-soluble proteins. To the tube containing these fractions is ad-
ded, with vortexing, 5ml diethyl ether followed by'3.5m1.dist111ed’water.
The fluid will separate into two phases; an upper ether phase containing
lipids, and a lower aqueous phase containing alcohol-soluble proteins.
The amount of water required to effect phase separatipﬁ may vary slightly
depending on the total volume of the mixture. After a 3-5 minute spin at
high speed in a clinical centrifuge to effecf.compiete separation of the
two phases, the upper layer is pipetted into a scintillation vial. The
aqueous phase is re_eXtracted with 5ml of diethyl ether, centrifuged, and
the upper organic layer combined with thé first. The aqueous phase is
pipetted into another vial, the tube rinsed with 95 % EtOH, and the rinse
cbmbined with-thé aqueous material. The volume of the samples is reduced
to approximately 0.5m1 by passing an air stream over the vials in a sand
bath at about 45°C and 10m1 Aquasol added for counting. Both samples are
usually counted in their entirety. The alcohol-soluble, ether-insoluble
component (mostly protéin) is rarely over 5% of the total cellular iso-
tope with any label. Cells labeled with 355 contain virtually no ether-
soluble (1ipid) radioactivity (less than 2% of the total 355) and often
in pure culture experiments the alcohol-soluble plus,a]cohol-ether.so1-

~uble fraction is not separated prior to counting.
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d) Liquid Scintillation Counting

All samples are counted in Aquasol 1liquid scintillation fluid (New
England Nuclear, Boston, Ma.) in a Beckman LS100-C liquid scintillation
counter. Most samples are counted for 50 minutes or to an error of 1%,
whichever comes first, Correction for chemical quenching is made by the
use of the channels ratio technique, with a quench curve constructed with
the solvents normally used (seawater, 10% TCA, EtOH, etc.). Highly acidic
or basic samples are neutralized with 1M Tris buffer of appropriate pH
before addition of Aquasol.

320 (half-life 14.7d) or 3% (half-life

Samples labeled with
87.9d) are counted with vials of the original medium placed among samples
at appropriate intervals so that the specific activity can be calculated.
Since the activity of the medium decays at the same rate as the samples,
recalculation of the specific activity at intervals short relative to the
half-Tife of the isotope eliminates the need for decay-correction pro-
grams,

The'atomic weight of radioisotopes used for tracers of biological ac-
tivity is ﬁsua]]y higher than that of the naturally-occurring element,
and account must be taken for the discrimination of isotopes by micro-
organisms to provide truly quantitative results. until recently, all in-
formation on sulfur isotope discrimination by bacteria was confined to d-
issimilatory sulfate reduction, but the applicability of the discrimina-

tion factor (up to 3.5% 1in faVor of 325 over the stable isotope 34S)

was questionable for studies of sulfur assimilation. Specific analysis of

Nomr
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345,325 ratios of incorporated sulfur derived from SUTFEtE 3 Elode

s . o ‘y s s Lo rmorn vadin
tridium pasteurianum grown under conditions preventing dissimilatory “sul-

fate reduction (Laishley et al., 1976; McCready et al., 1975) revealdd’a

34

small (1.2 = 0.6 o/oo) positive enrichment}of the Heavy isotope ~'S. In

most cases, organisms discriminate against the higher atomic weight com-
pound, and the addition of one atomic weight unit in 355, the radioiso-
tope of sulfur used in this work, may bring the small enrichment to a
near zero value. Therefore no correction has been applied to the calcula-
tions for sulfate incorporation. No data are available for.discrimination

14

resulting from the use of ~'C-labeled organic compounds, so no correc-

tion is possible.

Radiochemicals:

35 35

Carrier—free S0 (sodium  salt), SSO§ (sodium  salt;

10-30mCi /mMole), and UL_l4

C-glutamic acid (285mCi/mMole) were obtained
from Amersham (Chicago, I11.). Ethanolic solutions of isotopes were evap-

orated and reconstituted with distilled water prior to use.

Other Chemicals:

Dicyclohexylcarbodiimide (DCCD) and carbonylcyanide m-chlorophenyl-
hydrazone (CCCP) were obtained from U.S. Biochemicals (Cleveland, Ohio);
para-hydroxymercuribenzoate (pHMB) and 2,4-dinitrophenol (2,4-DNP) were

from Sigma (St. Louis, Mo.). Na,Se0, was the gift of I.K. Smith,
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Acridine Orange was from Matheson, Coleman, and Bell (Norwood, Ohio). AT
other chemicals are reagent grade. Special precautions are taken to ob-

tain components of the artificial seawater With the lowest possible sul-

fate contamination.
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CHAPTER 3

SULFATE TRANSPORT IN -MARINE BACTERIA
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INTRODUCTION

Tne sulfate transport systems of bacteria isolated from marine habi-
tats have not been characterized. Seawater contéins about 25 mM sulfate,
a concentration three nrders of magnitude higher than most freshwater en-
vironments, and this séturating concenfration has existed for geological
time. Study of the sulfate Uptaké characterfstics of marine bacteria hay
therefore provide 1nfonmation relevant to the understanding of adaptation
by microorganisms to the much more dilute fneshwater and terrestrial en-
vironment. In addition, knowledge of the factors regulating su]faté up-
take and conditions which may affect the transport of this nutrient will
ajd in the interpretation of sulfate metabolism studies, both in puré
culture and in natnral popuiafions,

Sulfate uptake systems have been characterized from a wide variety of
organisms including fungi (Marzluf, 1970a; Yamamoto and Segel, 1966),
cyénobacteria (Utki]en et al., 1976), algae (Deane and O0'Brien, 1975;

‘Ramus, 1974; Vallee and Jeanjean, 1968a), enteric bacteria (Dreyfuss,
1964), and higher plants (Hart and Filner, 1969; Leggett and Epstein,
1956; Smith, 1975, 1976; Vange et.ai., 1974). Among these studies are
found.severa1 common characteristics which suggest a strong evolutionary
cohesiveness in the development of this 'tranSpdrt system among micro-
organisms and. higher plants. The Michaelis Constant '(Km) for sulfate
uptake spans a kange of 1-50 uM, the only higher value being that of

200 uM reported for the cqnidia] stage. of Neurbspora crassa (Marzluf,

1970a). Active or ‘energy—requiring transport ‘has been demonstrated




‘ -54- |
through the use of the ATP-ase inhibitor DCCD* (Jeanjean and Broda, 1977;
Smith, 1976), proton or electrical gradient uncouplers CCCP (Deane and
0'Brien, 1975; Jeanjean and Broda, 1977; Smith, 1976) and 2,4-DNP (Hol-
mern et al., 1974; Renosto and Ferrari, 1975; Smith, 1976; Yamamoto and
Segel, 1966), and the respiratory poisons cyanide and azide (Roberts and
Marluf, 1971; Yamamoto and Segel, 1966). Additional evidence for active
transport is found in the accumulation of sulfate against an external
concentration gradient (Utkilen et al., 1976; Vallee and Jeanjean, 1968a;
* Yamamoto and Segel, 1966). Sulfhydryl reagents (e.g. pHMB, NEM) are ef-
fective in abolishing sulfate ubtake (Holmern et 'al., 1974; Marzluf,
1974; Smith, 1976; Vallee and Jeanjean, 1968b), imp]icating an essential
sulfhydryl group proximal to the active site.

Anions of the class XOZ, where X=Cr, Se, Mo, and W, are struc-
tural analogs of sulfate, and are found to be effective inhibitors of
su}fate transport (Deane and 0'Brien, 1975; Pardee et al., 1966). Compet-
itive inhibition of uptake by these anions (Smith, 1976; Vange et al.,
1974) reveals an inverse relationship between the inhibitory power of the
analog and the atomic weight of X, demonstrating effectiye size selectiv-
ity (Vange et al., 1974). Sulfate and its analogs are all effective in
liberating inorganic pyrophosphate from ATP in the intracellular activa-
tion of sulfate to adenosine-5'-phosphosulfate (Bandurski et al., 1956).
*Abbreviations used: ATP, adenosine friphosphate; ccep, carbony]cyaﬁide
m-ch lorophenylhydrazone; DCCD, dicyclohexylcarbodiimide; 2,4-DNP, 2,4-

dinitrophenol; pHMB, para-hydroxymercuribenzoate; NEM, N-ethyl maleimide;
DTT, dithiothreitol. '
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It is 1ike1y that these structurally similar compounds are transported by

the same permease, as shown for chromate in Neurospora crassa (Roberts

and Marluf, 1971).

The application of competitive inhibition,by sulfate ana]ogs to nat-
“ural populations may‘be of practical value in the case of thiosulfate
(5203). The uée: of sulfate uptake by bacteria as a wmeasure of bac- |
terial production has been attempted in .freshwater habitats (Jassby,
1975; Monheimer, 1974a) but mét with little success due to low rates of
sulfate uptake.combined with high isotope édsofption blanks (Jordan et
al., 1978). Although no constant relationship was found.between microbial
carbon assimi]étion and sulfate uptake (Monheimer, 1978b), evidence de-
rived from the data of Datko et al. (1978b) suggests that a predictable
relationship exists between sulfate incorporation into protein and de
novo protein synthesis in microorganisms. This was found to be true for
marine bacteria fn the present work (Chapters 4 & 5). Howevér, the hijh
»su]fate concentration of seawater, 25mM, imposes 'a very. great ithope‘

dilution barrier for sulfate uptake studies. |

A possible means for circumventing the problem of isotope dilution is
to outcompete sulfate for uptake and metabolism uSing a competitive in-
hibitor which can reb]ace sulfate in assimilatory sulfur hetabo]ism.‘
Thiosulfate éeems to be the ideal candidate for a number of reasons. The
| subétifution of a reduced sulfur atom for one of the four equiva]ent OXy-
gen atoms of sulfate yields an ana]bg which is not only an effective in-
. hibitor of suifate uptdke (Marzluf, 1970a; Roberts et al., 1963; Smith,

1976; Utkilen et al., 1976; Vange et al., 1974; Yamamoto and Segel, 1966)
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but also supports normal growth as the sole sulfur source in a wide var-
jety of organisms (Hért and Filner, 1969; Hodson et al., 1971; Leinweber
and Monty, 1963; Marzluf, 1970b; Ramus, 1974; Roberts et al., 1963).
The sulfate and thiosulfate transport systems aré regulated by the

same or very closely linked genetic loci in both Salmonella typhimurium

(Leinweber and Monty, 1963) and Chlorella pyrehoidosa (Hodson et al.,
1971). Nutritional studies with mutants of sulfate tfansport and reduc-
tion in these organisms leave little doubt that the two syStemé are iden-
tical. Mutants deficient in sulfate transport do not grow on thiosulfate.
Furthermore, mutaﬁts specifically deficient in sulfate reduction but re-
taining transport capacity are.able to grow with thiosulfate as the sole
sulfur source, but to on]y-héif the yield attainab1e by the wild type,
expected if only one sulfur afom of thiosulfate is_avai]ab]e for biosyn-
thetic reactions. In éupport of this hypothesis, biochemical 'studies'
demonstrated that only the reduced (sulfane) hoiety cou]d‘ be utilized,
indicating that the oxidized moiety of thiosulfate undergoes reduction by
the same system as sulfate.

Thiosulfate is not only an effective inhibitor of sulfate uptake: the
kinetics of.inhibition often fndicate a significant]y higher affinity of
the transport system for thiosu]fate (Dreyfuss, 1964; Roberts et al.,
1963). Moreover, tﬁe reduced (sulfane) moiefy of thiosulfate is preferen-
tially incorporated into the sulfur-containing amino: acids relative to

the sulfite moiety or sulfate (Dreyfuss and Monty, 1963; Hodson et al.,

~° 1968a). The apparent absence of reduced sulfur compounds in the aerobic

marine environment (Schell, 1974; Lee, Maghe, Tuttle, bersona]_communica—

' 35

tions) would permit the quantitative addition of S-labeled thiosul-
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fate at concentrations large enough to outcompete su1fafe for uptake and
metabb]ism'yef significantly lower than 25mM. Alteration of metabolic ac-
tivity would be minimal because sulfate is never a growth-limiting nutri-.
~ent in marine environments. |

Thé similarity of sulfate and thiosulfate with respect to structure,
nutritioha] response‘of mutants, énd genetics sugchts that the cWo are
.transported by the same permease,c but this qdestion has never been
studied kinetica]]&. If a common transport»system is in operation, uptake
patternscfor both compounds should respond similarly to decepression dur-
ing sulfur starvation and growth on organic sulfur socrces, competicion
by XQZ anjbns, and uncoupling by inhibitors of energy metabo1ism.
Also the two compounds should be mutual compefiti?e inhibitors. This

chapter presents upfake data demonstrating these characteristics for the

sulfate transport system'of a marine bacterium, Pseudomonas halodurans,

to provide support for a possible means of lowering the isotope dilution
factor for studies of sulfur assimilation by marine microorganisms.

In additioh~to.kinetic analysis of the effects of thiosulfate on sul-
fate transport,” it is necessahy to demonstrate that marine bacteria uni-
versally utilize thiosu]fate as a- sulfur source for gkowth. During a sur-

vey of thiosulfate utilization by a number of marine isolates, however,

seVeraI responses of one of them, Alteromonas luteo-violaceus, prompted
me to examine its éu]fate uptake system in fdrther detail. Although sim-
ilar to the transport system of the pseudomonad and previously reported
systems ih some resbécts, key differénces in its response to thiosulfate,
thé sulfhydryl reagent pHMB, and regulation of transport'capacity_$ugge$t

that this permease is unique among sulfate transport enzymes. Side by
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side comparison of characteristics of the sulfate transport systems of

these two marine bacteria emphasizes the differences between them.

MATERIALS AND METHODS

Organisms and Culture Conditions: Pseudomonas halodurans, Alteromonas

Juteo-violaceus, and the RLC-water medium have been described in Chapter

2. Growth medium for suilfate ﬁptake studies contains 10mM glutamate, in-

organic nutrients, and 1mM sulfate unless otherwise noted.

Su]fafe Uptake Assay: Cells ih the late exponential phase of growth in

complete medium (1—3x108/m1) are harvested by centrifugation at 5000xg
for 10 minutes, rinsed once with basal salts medium, and resuspended to
the same density in complete medium minus sulfur. For kinetics studies,
the washed culture is starved for sulfur for 2 hours, then assayed for
transport as follows: 9.8 ml of the cell suspension are added to tubes

containing 0.1m1 of the inhibitor or appropriate solvent and 0.lml of
35

final activity of 1-2 uCi/ml with the addition of sterile Na2504 to

S_labelled sulfate or thiosulfate. Carrier—free sulfate is added to a

achieve the desired concentrations (11.5—201.5 uM final concentration
including background sulfate). Thiosu]fate is used without the addition
of carrier because of the low specific activity available (10-30DPM per
pMole) at final concentrations of 2.5-25 uM. The mixture is vortexed
thoroughly, and 1ml samples are withdrawn at 60 second intervals for 5

minutes into tubes containing 0.1lm1 1M Na2504 or Na25203 as apé




~59_
propriate-to dilute the 1label (final concentration over 100mM). Subsam-
ples of 1ml are then filtered through Reeve Angel 984H Ultrafine or What-
man GF/F glass fiber filters and rinsed with 0.5M NaCl. Termihdtion of
the reaction bybisotope dilution does not result in the loss of Tabel
transported into the cells nor does further detectable uptake of the
label occur for at least 3 hours after sampling, as determined in separ-
ate experiments (data not shown). The uptake rate is determined from the

slope of the Jeast-squares regression of pMoles taken up vs. time.

Other Methods: Methods used for direct and viable cell counts, protein,

and liquid scintillation counting are found in Chapter 2, as are the

sources of chemicals and radioisotopes.

RESULTS

Effect of Sulfur Starvation on Sulfate and Thiosulfate Uptake by Ei_haloé

durans

The sensitivity of sulfate uptake assays often can be increased by
measurement after avperiod of sulfur starvation if the transport system
is subject to derepression (Deane and 0'Brien, 1975; Jeanjean and Broda,
1977, Utki]en et al., 1976; Yamamoto and Segel, 1966). In order to deter-
mine the optimum starvation time for P. halodurans, the derepression of
sulfate and thiosulfate uptake capécity was followed durihg the course of
sulfur stérvation. The results are shown invFigure 3-1. Both uptake rate

profiles are similar, characterized by a rapid increase during the first
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Figure 3-1. Viable cell counts, sulfate and thiosulfate uptake rates dur-
ing sulfur starvation of P. halodurans. Final assay concentrations and
specific activities were 200 uM SOZ (17  DPM/pMole) and 20 uM
5205 (17 DPM/pMo]e). Uptake rate data are the averages of dupli-
cate determinations; error bars are shown when‘1arger than the symbol.
Viable counts are the mean % one standard error of 2 plates at each of 3

dilutions.
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two hoursvf011owed by a slow rise coincident with an increase in both
-direct and viable ce]i cdunts. The uptake rate per ce]T. rises only
slightly during the period 2-8 hours, demonstrating that twd hours of
sulfur starvation are sufficient for the cdmplete derepkessionvdf trans-
port capacity under these coﬁditions. The increasé iﬁ cell nuﬁbers is ap-
parently due to the metabolism of endogenous sulfur reéerves rather than
the uptake of the 1.5 uM sulfate confamination, aé no such inﬁrease is
observed when the cells are initially grown on 250 yM sulfate, a con-
;entration nearing sulfur-limited growth for this organiém (see Chapter
4). |

In the-cage of sulfate transport and metabolism fn-marine batteria,
~ sulfate transport rates appear to be tightly codp1ed to growth require-
ments for sulfur,vand'it is difficu]t.tofdistinguish'between repression
and feedback inhibit{on. If protein synthesis is blocked by an inhibitor
such as ch]bramphenico], not only is de novo prote{n.syntheéis prevented,
bﬁt also the drainage of low-molecular weight (L.M.w.)' organic- sulfur
‘poo1s.which may'be'reébonsible for feedback inhibition (éee Chapter 4).
In fact, the rate of disappeafance of L.M.W. compouhds‘frdm,the soluble
pools of P. halodurans is virtﬁa]]y the mirror—image.of the uptake rate
’profj]e (Figure 3-2) when fojloWed during the course ¢f'su1fqr starva-
tion. A rapid decline in L.M.w. 6rganic sulfur durihg the first two houfs
is followed by a pro]onged; §1ow, Tlinear drainage 6f this pool during
which time a simiTar]y pro]qnged, slow increase iﬁ total su1fate uptake
capacity is observed. The stability of the inorganic sulfate pool in this
experiment indicates that su]faté jtself has no reQu]atory activity in

su]fate.transport in this bacterium. The concentration of the L.M.W. or-
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Figure 3-2. Disappearance of the low-molecular weight organic sulfur pool
during sulfur starvation of P. halodurans. Experimental details in Figure

4-11.
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ganic sulfur cohpounds may exert alfosteric influence on the’enzyhes res—
ponsible for sulfate reduction, since a sharp drop in the free sulfate
pool occurs at about 1 hour, when most of the L.M.W. organic sulfur pool
has disappeared. Although a small change in relative terms; a decrease of

38% in the free sulfate pool is observed at this time.

Effect of Sulfur Starvation on Sulfate Uptake by A. luteo-violaceus

A similar initial response of sulfate transport capacity to sulfur

starvation is observed with A. luteo-violaceus (Figure 3-3). Unlike some

transport systems subject to derepression (Smith, 1975; Utkilen et al.,
1976; Yamamoto and Segel, 1966), however, there is no plateau in the up-
take rate. The direct counts remain constant for several hours after this
point, but plating efficiency drops rapidly after two hours of sulfur
starvation. The lower plating efficiency as well as the increases in

0.D. shown in Figure 3-3 coincide with a dramatic change in cell

420
size as the normally coccobacillary cells (2 x 1 um) grow into Tlong,
slender filaments (up to 10 um). Clumping of cells s undoubtediy a
factor in the reduced viability estimate, but death and ultimately auto-
lysis, as indicated by the observed decrease in direct counts, are also
significant factors. In this experiment no transport assays were per-
formed 1in close succession around the point of maximum uptake rate, but
during the inhibition experiments below it was found that the uptake rate
begins a slow and steady decline immediately after the maximum is ob-

served. This requires that the measurement of kinetic parameters be

undertaken just before two hours of sulfur starvation, when the sensitiv-
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Figure 3-3. Derepression of sulfate uptake capacity by sulfur'starvatioh

in Alteromonés Juteo-violaceus. Washed cells were resuspended in complete
- A

medium minus sulfur at an initial density of 3.5x10°cells/ml. Aliquots
were withdrawn at intervals for measurement of 0.D.450> direct cell:
counts, and ubtake of 35SOZ’ (final concentration,  26.5 uM;

specific activity, 45 DPM/pMole) as described in Materia]s and Methods.
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ity gained by the derepressioh of the transport system was noi jeopard-
ized by a loss of viability. |
As with P. .halodurans, the disappearance of L.M.W. organic sulfur

pools during sulfur starvation of A. luteo-violaceus mirrors the increase

in sulfate uptake rate (Figure 3-4). However, after the initial rapid
drainage, no further decrease in this pool occurs, and metabolism of cel-
Jular inorganic sulfate occurs only during the first‘few.minutes of sul-
fur starvation. The cessation of L.M.W. organic sulfur metabolism coin-
cides with the onset of a rapid decrease in viabi]ity,'and after a short
time the action of the organism's powerful protease results in loss of
protein from the cells (see Chapter 4). Thus sulfur starvation is lethal

to this organism.

Mutual Competition_gf sulfate and Thiosulfate for Uptake jg;E;_ha1odurans

'Prerequisite to the identity of sulfate and thiosulfate transport
systems is their mutual competition for uptake. Thiosu1fafe is a potent
competitor for sulfate uptake in P. halodurans, as dehonstrated in Figure
3_5. The thiosulfate uptake system is likewise competitively inhibited by
sulfate (Figure 3-6), although a substantially greatér.concentratién of
sulfate is required to achieve inhibition. |

Graphical determination of the l<i' for a competitfve inhibitor re-
quires several concentrations of inhibitor (1) in addftion to the unin-
hibited contro1; A Dixon p1of of 1/v vs. 1 for thiosulfate inhibition of
sulfate uptake is shown in Figure 3-7. The Ki' resu]tﬁng from the 10

intersections is 12.3 * 2.9 uM 3203 (mean * one. étandard error).
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Figure 3-4. Disappearance of the low-molecular weight organic sulfur pool

during sulfur starvation of A. luteo-violaceus. Experimental details in

Figure 4-10.
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Figure‘ 3-5. Lineweaver-Burk plot of competitive inhibition of sulfate
uptake by thiosulfate in P. halodurans. Sulfate uptake was assayed at
6.5, 11.5, 21.5, 51.5, 101.5, and 251.5 uM final concentration with

1 wCi/ml 35504 final activity. The cell density was 3.0x10%/ml.
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Figure 3-6. Lineweaver-Burk plot of competitive i‘nhibition of thiosulfate
uptake by sulfate in P. halodurans. Thiosulfate uptake was assayed at
2.5, 5, 10, 15, 25, and 50 uM final concentration at a specific activ-

ity of 11 DPM/pMole. The cell density was 3.2x105/mi.
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Figure 3-7. Dixon plot of the data from Figure 3-5. °
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In surveys of the type attempted in this chapter, however, such data are
not practical to obtain. An alternative method of determining the Ki'

is to solve Equation 3-1 for Ki':

-1 -1 .
- = I [Equation 3-1]
Km A Km (1+ _KT ) 4 _

where K =the half-saturation constant for uptake in the absence of in-
hibitor, I=the 1nhibitor concentration, and Km'=the appareht half-sat-
uration constant in the presence of the jnhibitor‘(webb, 1963; p.151).
K,' 1s determined from the X—intercept of the Lineweaver-Burk plot for
the inhibited reaction. For the data in Figure 3-5, with a K of 187 uM
the calculated Ki‘ is 12.6 £ 1.9 uM thiosulfate, in agreement with the
value obtained with the Dixon plot. This method has a lower sensitivity
but s ]ess-affected by minor deviations from linearity of Lineweaver-
Burk plots often associated with whole cell uptake studies. The agreemenf
of the two methods within an experiment and the difficu]ty of graphically
interpreting data such as that shown fdr chromate inhibition‘be1ow led to
the use of Equation 3-1 as the method for determinjng .ki' in -thfs
study. The Km used for the calculations is the mean of all determina-
tions for both organisms.

The Lineweaver-Burk estimate of kinetic constants is sensitive te er-
ror arising from variations in the measured rates at low- substrate concen-
trations. Two other transformations of the Monod equation can be used;
v vs. v/S and S/v vs. S plots, each of which are subject to different
errors. All three'plots were constructed for each experiment:xin the ma-

jority of cases agreement of constants among plots was- better than 10 %
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" for both Km and Vmax’ A larger difference among plots was used as a
criterion for the elimination of an erroneous point from the calculations
{c.f. Table 3—1).»The'reported §a1ues are derived from the Lineweaver-

Burk plot. A1l kinetic constants will be summarized below.

Sulfate and Thiosulfate Uptake over a Wide Range of Concentrations by
P. halodurans | |

In many instances inokganic hutrient transport systemsAdiéplay a phe-
nomenon known as 1uxuky uptake, -in which rapid accumulation of the nut-
rient in exeess of_growth kequirements occurs, especially -following star-
vation for the nutrient (McCarthy and Go]dman, 1979; Segel and Johnson,
-1961; Va11ee and . Jeanjean, 1968a). This is manifested by a high initial
uptake rate followed by an often abrupt rate decrease as interna] pools
~are saturated. Uhsuccessfu] attempts to demonstrate this for sulfate up- |
take by P. halodurans revealed ah unusual regulatory feature: when the
uptake of‘su1fate by'su1fur—starved cells is determined over an extended
range of su]fate'concentrations, there is 1ftt1e response of the uptake
rate to sulfate additions beyond 200-250 yM (Table 3-2). The observed
maximum uptake rate is only half that predicted from the intercept of the
- Lineweaver-Burk plot. Upfake is linear with time at a]] concentrations
until ihcreases due to ce11:growth become manifest (Figure 3-8)5

Under the conditioné of growth used in these experiments, a freehly
inoculated culture of P. halodurans requires about 4500pMo}es S to double-
1x10% cells with a generation time of about 70 minutes (Chapter 4). The

" observed maximum sulfate uptake rate for su1fur—starved cells, 53 pMoles
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‘Table 3-1. Comparison of Kinetic Constants Derived from 1/v vs. 1/S,
v vs. v/S, and S/v vs. S Plots of Control Sulfate Uptake Data from

Figure 3-5°
11.5 - 201.5 uM S0, 11.5 - 101.5 uM SO
Plot r Km vmax r ' Km Vmax
1/v vs. 1/S 0.9993 159 94 1.0000 185 108
v vs. v/S -0.9233 116 75 -0.9967 186 108
S/v vs. S 0.9791 102 69 ' 0.9978 187 - 109
X 126 79 N - 186 108
S.D. 30 13 v 1 1
C.V. (y) - 23.6 16.5 0.5 0.5

The correlation coefficient for the least-squares linear regreséion is
given for each plot. Standard units for the Ky (uM) and Vppax (pMoles
sulfate/108cells/minute) are used.
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Table 3-2. Sulfate Uptake Rates Over a Wide Range of
Sulfate Concentrations by Pseudomonas h_a]oduransa

Sulfate ' : Uptake .Rate

Concentration pMoles SOZ/lOgce1Ts/minute
{uM) Observed Pred'ictedb
.5 1.1 | 1.2
6.5 2.8 3.1

16.5 7.0 7.5
26.5 10.7 11,6

51.5 17.4 20.4 -
101.5 3.0 - 33.8
251.5 48.0 56.6
501.5 47.8 3.2
1001.5

52.9 - 85.9

A4ashed cells in sulfur-free medium were starved
for sulfur for two hours, then assayed for sulf-
ate uptake as described in materials and methods.
The cell density was 2.7x108/m1, and the final
activity of 39507 was 1 wCi/ml.

bCa]cu]ated from the Monod equation using the
kinetic constants in Table 3-4.
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Figure 3-8. Sulfate uptake by Pseudomonas halodurans at concentrations of

6.5-1002 uM. Experimental details in Table 3-2. Symbols: @ , 6.5 uM;
W, 2.5 .M; A, 101.5 w; O , 501.5 uM; O , 1002 uM.
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SOZ/108ce11s/minute, provides this much §u1fur in 85 minutes. This
indicates thatv the transport system is regulated to provide only the
amount of sulfur necessary for biosynthesis. Accumulation of excess sul-
fate in intracellu]ar pools has not been obsekvéd fok.this organism, even
following sulfur starvation. - | '

The Vmax calculated fofv_thiosulfate uptake ;byv sulfur-starved P.
halodurans, 29.5 pMoles S,03/10°cells/minute (equal to 59 ploles
S/108ce11s/minute), is in  good agreemeht with the Vmax ‘observed for
sulfate uptake. However, the data in Figure 3-9 reveal a completely dif-
ferent reaction to higher concentrations of thiosulfate. Michaelis-Menten
kinetics are obeyed at thiosulfate concentrations up to 40 uM, above
which the uptake rate increases more rapidly than predicted by extrapola-
tion of the Lineweaver-Burk plot. A low affinity tfansport process 1is
suggested by Figure 3-10, a double reciprocal b]ot‘of,the difference be-
tween predicted and observed rates (av) vversﬁs' thip§u1faté. concentra- -
tion. An approximate K = of 9.5 mM szog. and_'Vmax of '770 pMoles
5203/108ce1ls/m1nute js  indicated. The = preponderance of  trans-
port systems which are sensitive to su]fhydry1 reagents prdvides many
sites for reaction with the reduced sulfur atom of thiosulfate. Such non-
specific uptake mediated by an unrelated transport system would not be

requlated in the fashion described for sulfate; hence uptake rates in ex-

cess of growth requirements could be obtained.

Sulfate Uptake over a Wide Range of Concentrations by A. luteo-violaceus

The kinetics of sulfate uptake over a wide range of sulfate concen-




-84~

Figure 3-9. LineWeaver—Burk plot of thiosulfate uptake by P. halodurans

in the range 2.5-1000 uM. Specific activity 12 DPM/pMole, cell density,
2.7x108/m1. Closed symbols show fhe mean and error of two separate ex-

periments; open symbols are single determinations.

O
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Figure 3-10. Lineweaver-Burk plot of the difference between observed and
extrapolated rates of thiosulfate uptake at concentrations greater than
40 uM, derived from data in Figure 3-9. The open symbol was not inc Tud-
ed in the regression because the error of the difference was greater than

the value itself.
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i trations were investigated at the time of maximum transport capacity in

A. luteo-violaceus to obtain the V and determine the range over

-~° max

-which Michaeﬁs—Menten kinetics are observed. The uptake rate increases . -

 over the entire range of 6.5 - 1001.5 uM SOZ and obeys Michaelis-
Menten k1net1cs w1th1n expemmenta] error. The apparent K. is 178.uM
and a Vhax is 146 pMo]es 504/10 ceHs/mmute Uptake {is not Tin-
ear with time at higher substrate concentrations (Figure 3—11‘): feedback

inhibition 'may be indicated by the decline in uptake rate after 500-600

pMoles SOE/108ceHs have been taken up.

Effect of Thiosulfate on Sulfate Uptake by A. luteo-violaceus

A remarkable feature of the sulfate transport §ystem of .‘A.‘_l_u_t_eg_—
. violaceus is its wéak response to thiosulfate, normally a very-effective
inhibitor of su]faté uptake'(Bradfield_ et al., 1970; - Dreyfuss, 1964;
Marzluf, 19702; Pardee et al., 1966; Roberts and Marluf, 1971; Smith,
1976 ; Utkilen et al., 1976; Vange et al., 1974; Yamamoto' and Segel,

1966). No concentratmn dependent inhibition is observed w1th thiosulfate-
at cbncentrations up to 10 times that of sulfate (Table 3-3), and only
59 %1nh1b1t1on is obtained when thiosulfate is present at 50 t1mes the
sulfate concentration. Furthermore, attempts to measure th1osu1fate up-
~take using | 5SSO3 (3. 19x108ce11s/m1 .14 DPM/pMo1e) after two
 hours of sulfur starvatwn revealed barely detectab]e uptake (4 pMo1es '
per 108ceﬂs‘ per minute) at 500 uM, the highest'vconcentration tested.

At this concentration, the ‘thiosulfate uptake rate for P. h‘a]odur‘ans is

‘about 77 pMo]es/lOsceHs/minute_. When inoculated into coinp]ete med ium
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Figure 3-11. Sulfate uptake by A. luteo-violaceus at concentrations of

6.5-1002 yM. A washed cell suspension (3.2x108/m1) was starved for
sulfur for two hours, then assayed for sulfate uptake as described in
Materials and Methods. 35SOZ was present at a final activity of

1-2 uCi/ml depending on the sulfate concentration, indicated in uM.
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Table 3-3. Thiosulfate Inhibition of Sulfate Transport by
A]teromonas»1uteo-vio]aceusa

Thiosulfate

Concentration Sulfate Uptake Rate | g
(uM) (pMoles SOZ/lOsce11s/minute) Inhibition
0 57.6
10 54.9 5
100 57.6 0
500 | 49.8 ~ 14
1000 50.8 12

5000 23.7 ' 59

3\ washed cell suspension was starved for sulfur for two hours, then
assayed for sulfate transport activity as described in Materials and
Methods. The reaction mixture contained, in a final volume of 10mi:
9.8m1 cell suspension (2.36x108cells/m1), 0.1m 3SSOZ(fina1 concentra-
tion, 101.5 uM; 190PM/pMole), and 0.1ml thiosulfate solution to give the
final concentrations indicated.

e
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containing sulfate or thiosulfate at 1mM final concentration, the thio-
su]faté culture disp]ays a lag time of 6-7 days relative to sulfate, but
then grows at the same rate as the su]fate—grbwﬁ'ce11s. It is likely that
the. onset of growth in cultures containing thiosulfate as the sole source
of su]fur js due to spontaneous oxidafioh of thiosulfate, yfe1ding sul-
fate as a final product since the organism requires only 20 uM sulfate
to acheive 1ts maximum growth rate under the conditions of these experi-
ments. |

For the rema{nder of this chapter, the paraliel analysis of sulfate
transport systems for the two marine bacteria will be supplemented with
data relevant to the transport of th1osu1fate in P. halodurans in order
to demonstrate the remarkable similarity of the sulfate and thwosu]fate
transport characteristics of this organism. Although inhibition of sul-
fate uptake by thiosulfate has been demonstrated at high concentrations'

w1th A. 1uteo-v1o]aceus, its lack of growth on thiosulfate as a sole

source of sulfur suggests that attempts to measure uptake characteristics

.of this compound would be of little value.

Cbmpetition for Sulfate and Thiosulfate Uptake by Sulfate Analogs

The competitive inhibition of sulfate uptake by XOZ sulfate ana-
“logs (X=Cr, Se, and Mo) common to other.transport_systemé (Jeanjean and
Broda, 1977; Pardee et al., 1966 ; Ramus, 1974; Smith, 1976 Vange et al.,

1974; Yamamoto and Segel, 1966) is observed with A. luteo-violaceus. Fig—

ure 3-12 demonstrates competition by chromate, selenate, and mo]ybdate,'

Since several sequential uptake assays are réquired to demonstrate com-
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Figure 3-12. Lineweaver-Burk plots of competitive inhibition of sulfate

‘uptake by XO4 analogs in A. luteo-violaceus. Washed cell suspensions
(1—3x108/m]) were starved for sulfur for 90 minutes, then assayed for
sulfate uptake at 16.5, 21.5, 3l1.5, 51.5, 76.5, and 101.5 uM '35502

(fina] activity: upper panel, 1 uCi/ml; lower panel, 2 uCi/ml).
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petitive inhibition, the absence,of a stable uptake rate in A. luteo-
- violaceus poses 'af.minor problem. The uptake rate per unit O.D.420 is
constant between 90-120 minutes df sulfur starvation due to parallel in-
creases in bqth parameters (Figure 3-3), however, so the uptake rates
have been normalized to thé O.D.420. The Vmax in these units varies
due to pigmentation and other factors, but is constant in individual cul-
tures. | | o |

Structural analogs of sulfate also competitively inhibit_suifate up-
take in P. halodurans (Figdre 3-13). The data for chrqmate ihhibition.
represént‘only the first minute of uptake, since this compound rapidly
inactivates the transporf syétem and rates are not 1inéar.at low sulfate
c0ncéntrations. From the concentrations of inhibitor requfked to achieve
the degree of inhibition shown; it can be seen readily that the inhibitor
,effectiveness'is.inverse]y proportional to the molecular weight of the
analog.

If thidsu]fqte and su]fate are transported by the same pefmeése in P.
halodurans, a similar response of thiosu1fate uptaken to XOZ inhibi-
tors would be expected to occur. Competitive'inhibition of thiosu]fate
‘ transport'is observed (Figure'3—14) with the same'pattern of specificity
as for sulfate transport inhibition, aTthough considerably greater
amounts bf inhibitor are required. Data for chromate arefagainAfor thé
first minute of uptake only. |

Kinetic constants for P. halodurans and A. luteo-violaceus are sum-

marized in Table 3-4. Pseudomonas halodurans has over ten-fold greater

affinity for thiosulfate than for sulfate. This is also reflected in the

relative inhibitory power of the X07 analogs: although inhibition of
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Figure 3-13. Lineweaver-Burk plot of sulfate uptake inhibition by

X0; analogs in P. halodurans. Sulfate - uptake was assayed at 11.5,

4
26.5, 51.5, 76.5, 101.5, and 201.5 uM final concentration with 1 uCi
35SOZ/m] final activity. Cell density in individual experiments

ranged from 3.0—3.8x108/m1.
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Figure 3-14. Lineweaver-Burk plot of th10501fate uptake inhibition by
XOZ analogs in P. halodurans. Thiosulfate was used without addition-
al carrier (specific activity 10-13 DPM)pMo]e) at final concentrations of
2.5, 5, 7.5, 10, 15, 20, 25, and 40 yM. Cell density in individual ex-

periments ranged from 2.9-3.1x108/m1.
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Table 3-4. Kinetic Constants for Sulfate and Thiosulfate Uptake by
P. halodurans and for Sulfate Uptake by A. luteo-violaceus
with Inhibition Constahts for Competition by Sulfate An'a]ogsa

- P. halodurans | A. Tuteo-violaceus
Thiosulfate Suifate _ | Sulfate
Km (uM ) 14,7 £ 1.5(8) 214 = 34(9) 186 + 18(5)
Ymax o305 +3.0(7) 108 +22(9) 146
(pMoles/10°cells/minute)
. Competitor ) k% ( uM )
oy 52 3 73
Se0; 1989 + 174(2) 569 238
MOOZ o 9109 = 562(2) 1327 * 120(3) 12,200
5,05 - 16.6 + 1.8(2) ‘npP
SOZ 397 + 75(3) - C -

3pata summarized from'FigUrés 3-5, 6, 12, 13, and 14. The K{ is cal-

~ culated with Equation 3-1 using the mean Kp for each -compound. Num-
bers in parentheses indicate the number of experiments if greater
than one. L ' o v

bNot determined.
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uptake of both sulfur compounds follows the same molecular weigHt spéti—
ficify pattern, much higher concentrations of the analogs are required to
effect half-maximal inhibition of thiosulfate transport than are required
for sulfate. 'The Ki' for thiosulfate inhibition of sulfate uptake is
equal to the Km determined for thiosulfate uptake, whereas the Ki'
for the revérse compet ition is about twice the Km. The size se1ec£ivity
demonstrated for the P. halodurans transport systems-i$ also found for

sulfate transport by A. luteo-violaceus.

Effect of Active Transport Inhibitors on Sulfate and Thiosulfate Uptake

Inhibitors of active transport found effective for other sulfate up-
_ take systems are inhibitory to both sulfate and thiosulfate uptake by P.
halodurans. The response of both systems to pcco, 2,4-DNP, CCCP, and
az ide isvremarkably similar (Table 3-5). A small degree of inhibition due
to DCCD was observed in this particular experiment, but in an earlier ex-
periment no effect was noted, even with up to 15 minutes of preﬁncubation
with the 1nhjbitor. The lack of inhibition of active transport by DCCD
has been reported for amino acid transport in another marine bacterium as
well (Pearce et al., 1977). Concentrations of DCCD greater than 100 uM'
cannot be used in seawater dué to the formation of an insoluble precipi-
tate. Dual starvation for sulfur and glutamate, the carbon and energy
source, reduced both sulfate and thiosu]fate uptake considefab]y, in fur-
ther support of energy—dependent transport of the two anions.

Sulfate uptake by A. luteo-violaceus also shows a prohounced depen—

dence on energy coupling (Table 3-6). In contrast to active transport
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Table 3-5. Effects of Active Transport Inhibitors on Sulfate and
Thiosulfate Uptake by Pseudomonas halodurans?

S0 Uptake | . 5,03 Uptake
Addition Rate® Inhibit jon Rate % Inhibition
Distilled Water 60.7 0 ' - 15.0 0
NaNy (100 wM) 53.4 12¢ - 12,0 20°
NaNy (1 mM) 29.0 52 - 6.8 55
~ —Glutamate 6.9 . 89 a2 2
Ethanol (1 ) 62.0 0o 5.7 0
DCCD (100 M) 48.0 23¢ 13.5 149
2,4-DNP (100 uM) - 52.2 16 | 13.1 17
2,4-DNP (1 mM) 0 100 1.0 94
CCCP (5 wM) | 57.0 8 12.9. 18
CCCP (50 uM) - 26.5 57 7.4 53

qashed cell suspensions were starved for sulfur for two hours, then as-
sayed for sulfate and thiosulfate uptake as described in materials and
methods. The reaction mixture contained, in a final volume of 10 ml,

9.8 ml cell suspension, 0.1 ml 35507 (final concentration 200 uM; 18 DPM
per pMole) or 355203 (final concentration 15 uM; 8. DPM per pMo]e),

0.1 m1 100-fold concentrated inhibitor to g1ve,the final concentrat1ons
indicated. The cell density was 4.1x108 per ml. '

bRates are expressed in terms of pMoles SOz or SZO§'/108ce1Ts/minute.
CInhibition re]at1ve to distilled water control for NaN3-and ~Glutamate.

dInh1b1t1on re]at1ve to 1 EtOH control for 2,4-DNP, CCCP, and DCCD.
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Table 3-6. Effects of Active Transport Inhibitors on Sulfate Uptake

by Alteromonas Tuteo-violaceus?

Inhibitor

Uptake Rate
(pMoles S07/10%cells/min.)

9 Inhibition

Distilled Water
Va5 (100 uM)
NaN3 (1 mM)
~Glutamate

EtOH (1%)
2,4-DNP (100 M)
2,4-DNP (1 mM)
CCCP (5 M)

CCCP (50 wM)

pcco? (100 wM; t)

DCCD (100 wM: t_g)

53.4
46.2
10.8
20.8

52.8
42.6
0
29.2
0
23.7
15.3

0
14
80
61

b

0
19
100
45
100
55
71

c

dyashed cells were starved for sulfur for two hours, then assayed
for sulfate uptake as described in Materials and Methods
tion mixture contained, in 10ml: 9.8m1 cell suspension (
0.1ml 35SOE (final concentration 101.5 uM; 35 DPM/pMole), and 0.1lml

100-fold concentrated inhibitor to give

dicated.

bInhibition relative to distilled water control for NaN3 and -gluta-

mate.

CInhibition relative to 1% EtOH control for 2,4-DNP, ccce, and DCCD.

,dDCCD was added either simultaneously with Su]fate (tg) or 5 minutes
prior to assay (t_g).

. The reac-
1.9x108/m1),

the final concentrations in- |




-104-
systems of P. halodurans and another marine -bacterium (Pearce et al.,
1977), the ATPase inhibitor DCCD is effective in'abo11sh1ng transport;

and the effect is enhanced by a 5 minute preincubation with the inhibitor.

Inhibitfon of Sulfate Transport by pHMB

As previously noted, other sulfate transport systems are sensitive to
~inhibition bylsu1fhydry1 reagents, indicating a free sulfhydryl group at
or proxima]Ito.the active site of the pernease. Low concentrations of'
pHMB effect a rapid .and complete blockage of sulfate transport by P.
hé]odurans (Figure 3-15) which is reversible by DTT; Preincubation of the
cells with pHMB did not increase its effectiveness. The addition of DTT
restored uptake to 44 % of control rates in inhibited ce]]s;'higher con-
centrations inhibited uptake by control suspensions and were not used.
Thiosulfate uptake inhibition cannot be demonstrated in this manner
because 1t reacts chemically with the mercurial. A cell éuspension of P.
ha]odurans incubated with pHMB and then rinsed with fresh medium to re-
move unbound inhibitor did not take up e1ther sulfate or thiosulfate;
however, no activity could be recovered w1th DTT. The 15 minutes required
to rinse the cells was probably sufficient for other effects of pHMB to
become manifest. | | |

The lack of response to thiosulfate in'A, luteo-violaceus 1is suppor-

ted by the unusual pattern of inhibition achieved with the su1fhydry1
reagent pHMB. Transport enzymes which are sensitive to: sulfhydryl rea- '
gents are generally characterized by a rapid and complete blockage of

transport which is partially reversible by DTT (Jeanjean et al., 1975;
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Figure 3-15. Effects of 10 uM pHMB on sulfate uptake by P. halodurans.
Sulfate (100 QM; 40 DPM/pMole) was added either simultaneously (to) or
after a 2 minute preincubation with pHMB (t_é). Dithiothreito] (100 uM)
was added at the arrow to one control and the sample preincu- bated with

pHMB. The cell density was 3.2x108/m1.
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Kaback and Barnes, 1971; Marzluf, 1974). However, only mild inhibition of'.‘

sulfate uptake by pHMBVis found for A. luteo-violaceus, and the éxtent of

inhibition does not increase with exposure time or preincubation (Figure
3-16). The sulfate uptake rate 1is increased slightly by the addjtion of
DTT; but the characteristics of inhibition suggest that reduced sulfate
uptake is not direttly due to the action of pHMB but rather to a side ef-
fect, perhaps reduction of transport of g]utamate, the energy.source in

these experiments.

Regu]étion_gﬁ'Sulfate and Thiosulfate Transport Capacity by Growth on

Organic Sulfur Sources

4 The time-course of appearance of sulfate and thiosulfate uptake dur-
ing sulfur starvation of P. halodurans was similar, suggesting a common
regulatory 'mechanism} Additionally, however, repression of suifate and
thidsu]fate transport systems resuiting from -growth on various sulfur
sourcés and subseqﬁent derepression by sulfur StarVafion-must be cdprd—
inate for the two systems to be considered identical. The instantaneous
rétes'of sulfate and thiosulfate uptake were éséayed with cells grown on
sulfate, thiosulfate, cyst(e)ine, methionine, and .glutathione harvested
in the late exponential phase. Assays were again made'after 2 and 8 hours
of sulfur starvation, corresponding to the primary énd secondary maxiﬁé
of Figure 3-1. The .results are shown in Table 3-7.
| | Organic suifur compounds are poor sulfur sources for the growth of P.
halodurans. The growth rates with cyst(e)ine and methionine as.the sole

source of sulfur are about half that acheived with either sulfate or thio-
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Figure.3¥16. Inhibition of sulfate uptake by pHMB in A. luteo-violaceus.

A washed cell suspension (3.8x108ce11slm1) was starved for. sﬁ1fur for
‘two hours, then assayed for sulfate transport at 101.5 uM 35SOZ
(specific activity 25 DPM/pMole) in the presence or absence of 10 uM pHMB -
(final concentratidn). The arrow indicates the time. o% DTT addition
(final concentration, 100 uM) or disti]ied water. Symbols: no addition or
+DTT, @ ; pHMB added at O time, & ; pHMB added at O time DT, A\
pHMB added 2 minutes before sulfate, B . Contro1 data are_the mean of

three samples (one +DTT) and filled triangles are the’average‘Of dupli-

cate incubations before DIT addition; error bars fit within the symbol.
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Table 3-7. Derepression of Sulfate and Thiosulfate Transport Capacity by
Growth on Organic Sulfur Sources and Sulfur Starvation in P. haloduransé

Sulfur . 108cells mg Protein Uptake Rated
Sourceb Time® _per‘m1 per 108ce11s _ Sulfate Thiosulfate
Sulfate - 0 1.45 18.4 + 0.3 6.1 1.1 592 0
k=0.87r™l 2 1.9 21.2 + 0.8 32.6 * 0.5 16.7 + 0.1
8 2.08 20.7 % 0.3 49.9 0.1 14.9 + 2.1
‘Thiosulfate 0 1.0  17.8+1.2 4.8 %0.2 5.8 + 0.3
k=0.89hr™L 2 1.55 19.7 £ 0.5  32.0% 0.6  16.5% 0.1
8 2.35 17.9 + 0.3 47.2 * 3.3 18.9 = 0.1
Cyst(e)ine 0 2.01 16.3 * 0.6 44,1 = 4.8 23.4 % 0.2
k=0.45hr™" 2 2.46 19.5 # 0.1 91,5+ 0  43.4 % 1.2
8 4.97 - 13.9 0.1 5.2 + 1.2 21.0 # 1.1
Glutathione 0 1.67 18.6 + 0.2 61.7 = 0.3 31.5 £ 0.5
k=0.32hr™L 2 2.07 202+ 0  6l.7%0.4.  41.3#% 0
8 4.43 13.1 £ 0.1 24.9 + 0.7 - 14.9 £ 0.2
" Methionine 0 1.30 23.8 = 0.4 63.8 = 2.1 34.8 £ 0.2
k=0.86hr" 2 2.00  21.1 4 0.5 89.5 £ 0.6  37.3 % 0.6
- 8 3.31 18.6 = 0.2 62.2 + 1.3 22.4 £ 1.0

41500m1 complete medium minus iu]fur were inoculated with washed cells to

~a final density of about 2x10%/ml and shaken for 10 minutes to evenly
distribute the cells. 250ml1 aliquots were aseptically transferred into
sterile 300m1 flasks and 0.2 pm filter-sterilized sulfur sources were ad-
ded to a final concentration of 500 uM sulfur (i.e. 500 uM each L-cys-
teine, DL-methionine, reduced glutathione, and sulfate; 250 uM thiosul-
fate). The cultures were shaken at 250 RPM at 20°C. Late exponential
phase cells were harvested by centrifugation, rinsed with basal salts
medium, and resuspended in complete medium minus sulfur. At 0, 2, and 8

- hours of sulfur starvation, aliquots were removed for direct counts,
total protein, and assay of sulfate and thiosulfate transport as
described in materials and methods.

bThe growth rate, k, was determined from direct counts taken at 1ntervals
" during exponent1a1 growth.

Hours of sulfur starvation.

dThe reaction mixture contained, in 10ml: 9.9ml1 cell suspension and 0.1lml

35507 (final concentration 100 uM, 32 DPM/pMole) or 355,03 (final concen-
tration 20 _uM, 8 DPM/pMole). The uptake rate is expressed as pMoles 504
or S 03/10 cells/minute.
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sulfate. The methionine-grown cells reached 1x107ce1Ts/m1 with a lag |
time of 18 hours relative to those grown on sulfate; this Tlengthy delay
cannot be attributed to the slower growth rate alone and suggests that
synthesis of enéynes.for the conversion of methionine to ﬁystéine must be
induced for growth on methionine to occur. These cells also éxhibit a
markedly higher prqtein content. Cultures provided with reduced g]ﬁta—
thione grow at the slowest rate; .however, extrapolation of the direct '
count regression line to the time of inoculation indicates a more rapid
growth rate prior to the appearance of turbidity. It is not known whether
this is due to the dimerization of glutathione by autooxidétion and con-
committant difficulty of transport or to other effects;

In contrast to previously studied sulfate transport systems (Drey-
fuss, 1964; Marzluf, 1970a; Yamamoto and Segel, 1966), all three organic
sulfur sources derepress both su]faté and thiosulfate uptake capacity ef-
fectively. Uptake rates prior to squur starvation are highest in cul-
tures grown on methionine and glutathione, being about 50% higher than
cyst(e)ine-grown cells and teh—fold higher than those grown on sulfate or
thiosulfate. However, the characterfstica]]y low initial uptake_rates'for
both sulfate and thiosulfate by sulfate-grown cells (see also Figure 3-1)
are also observed for the culture using thiosuifate as the sole source of
sulfur.

Further derepression of sulfate transport capacity occurs as a result
of sulfur starvation for all cultures except those grown on glutathione
as the sole sq]fur source. Sulfate and thiosulfate-grown cells show a
primary increase of about 6-fold during the first two hours of sulfur

starvation, followed by a small increase during the next 6 hours. The '
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cysteine-supplemented culture exhibits a doub]ing.of'transport capabil-
ity, whereas an .1ncrease of slightly less than 50 accompanies sulfur
starvation of the methionine-grown culture: both return to the initial
value as a result of cell division and dilution of the.transport proteins
among daughter cells; GTutathiohe—grown cells demonstrate no increase
during thé first two hours, but decline by over 50 during the sUbsequent
six hours of -sulfur starvation because of cell 'diVision. It should be
noted that under no circumstances does the total transport capacity (per
: ml of culture) decline; all decreases in activity reported in Table 3-7
are due to increases in cell numbers during sulfur starvation. This is
also true for tota]‘protein.

Thiosulfate uptake rates follow virtua]]y‘fhe same pattern as those
for sulfate. AT :thrée organic sulfur sources derepress thiosulfate
‘transport capacity. Using the kinetic constants in Table 3-4 for sulfate
‘and thiosulfate uptake, the ¢ ﬁnax at the assay concentrations are 329%
and 57 ¢ respectively, or 33.4 and 16.9 pMo]és/lOBceils/minute, yielding
an uptake ratio of 1.98 pMoles SOZ transpofted for each pMole of
_5203. This predicted ratio 1is observed for derepression by cys-
t(e)ine (1.88), methfonine (1.83), and glutathione (1.96) prior to sulfur
starvation. The trends for sulfate and thiosulfate dekepréssion bofh by
gfowth on various sulfur sources and by subsequent sulfur starvation of
thdse cu]tufes are very similar in 12 of the 15 cases, with. a mean
S07:5,05 uptake ratio of 1.9 + 0.63 for all data, in good
agreement with the ratio predicted from data in Table 3-4.

- Feedback 1nhﬁbjtion of sulfate uptake by products of sulfate metabol-

ism in A. luteo-violaceus 1is suggested by fhe'data in Figure 3-11: the
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reduction in transport rate at high sulfate concentrations is too fapid'
to be attributab1e to repressibn of permease synthesis. This is sUpperted'
by the inhibition of sulfate uptake by organic sulfur compounds: when as—
sayed at 101.5 uM sulfate, 1mM methionine has 1ift1e or no detectable

effect, whereas cyst(e)ine and glutathione strongly inhibit su1fafe up-

take (100 and 85 , respectively). Since A. luteo-violaceus is insensitive
to pHMB, it is nof Tikely that this is an effect of the sulfhydryl group
of cysteine or glutathione but rather a fast response to ihtrace11u1ah
orgaﬁjc sulfur pool fi]ling. Additionally, the sulfate uptake rate.de—

.creases rapidly with time 5n the presence of 'g]utathione,"suggestihg

- metabolic conversion to cysteine. Growth of A. luteo-violaceus in media |
eontaining organic sulfur compounds as the sole source of sulfur and as-
say of the sulfate uptake rate during subsequent sulfur starvation of the
‘cultures provides further evidence for regulation by cysteine or gluta- B
thione. The growth rate is similar (0.26-0.29 hr'l) for cuitures grown
on cyst(e)ine, methionine, glutathione, and sulfate, in contrast to P.

halodurans. Table 3-8 shows that cysteine and glutathione repress the

‘sulfate transport capacity of A. Juteo-violaceus to a greater extent than
sylfate itself, whereas methionine is effective in derepressing the sys-
fem. Su1fur_$tarvation led to increased sulfate uptake rates in all eul—
tures similarly, therefore it 1is not possible to distinguish between

feedback inhibition and repression. Notably only the methionine~grown.
culture demonstrated non—]fnear uptake patterns with an abrupt rafe break
at 4 minutes in 1 and 2-hour starved_assays, when the instantaneous rate
was much greater than the biosynthetic‘reQUirement for sulfur. The fact

that P. halodurans sulfate transport is derepressed by all three organic
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Table 3-8. Derepressibn of Sulfate Uptake Capacity of

- . . a
Alteromonas luteo-violaceus Grown on Various Sulfur Sources

. pMo les SOZ/lOgceHs/mihuteb
Hours of '

Sulfur ‘  Sulfur Source for Growth
Starvation Sulfate Methionine Cyst(e)ine Glutathione
0  4sso04 208+42 09%01 0
1 3.3+ 0.4 68.3%1.9C 16.2 0.2 9.4 £ 0.5

2 3.7 + 0.4 109.4 0.2 ° 29.6* 0 45.4 = 6.8

3 ashed cells were inoculated to about 1x104cel1s/ml into flasks contain-
ing 100ml complete medium with the indicated 0.2 um filter-sterilized
sulfur source at 1mM final concentration. Growth was followed by optical
density at 420nm; at an optical density of about 0.5 the cells were har-
vested, rinsed with basal salts medium, and resuspended in complete
medium minus sulfur. Sulfate uptake rates were measured as described in
Materials and Methods during sulfur starvation at 101.5 uM 35507 final
concentration (20DPM/pMole). Initial cell densities were: sulfate,
1.52x108/ml; methionine, 1.42x108/m1; cyst(e)ine, 1.73x108/m1; gluta-
thione, 1.06x108/ml. ; ~ .

bpased on initial cell density. -

CFirét 4 minutes of uptake only.
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sulfur sources and shows no indication of inhibition by products of sul-

fate metabolism argdes that feedback inhibition is at least partly re-

sponsible for the observations with A. luteo-violaceus.
DISCUSSION

The properties of the sulfate transport system of Pseudomonas halo- -

durans are qualitatively similar to those of other microorganisms. Common
characteristics include (a) dependence of transport on' energy coupling
which is susceptible to gradient uncouplers " and réspiratory poisons
(Deane and 0'Brien, 1975; Holmern et al., 1974; Jeanjean and Broda, 1977;
Roberts and Marluf, 1971; Smith, 1976; Yamamoto and Segel, 1966), (b)
size-specific competition of uptake by XOZ analogs {(X=Cr, Se, and Mo
in decreasing order of effectiveness)(Deane and 0'Brien, 1975; Pardee et
al., 1966; Smith, 1976; Vange et al., 1974), (c) effective inhibition by
thiosulfate (Marzluf, 1970a; Roberts et al., 1963; Smith, 1976; Utkilen
et al., 1§76; Vange et al., 1974; Yamamoto and Segel, 1966), (d) rever-
sible inhibition of uptake by sulfhydryl reagents (Holmern et al., 1974;
Marzluf, 1974; Smith, 1976; Vallee and Jeanjean, 1968b), and (e) dere-
pression of sulfate transport capacity during sulfur starvation (Deané
and 0'Brien, 1975; Jeanjean and Broda, 1977; Utkilen et al., 1976; Yama-
moto and Segel, 1966).

Several differences stand out, however. The K, for sulfate uptake
by P. halodurans 1is over 200 uM, about ten times the average for pre-
viously reported systems, probably reflecting the high sulfate  concentra-

‘tion (greater than 25 mM) of seawater. The sulfur-containing amino acids
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.cyst(e)fne and methionine and the peptide glutathione strongTy derepress
sulfate uptake, -in strict contrast to the other sulfate transport_systems
(Dreyfuss, 1964; Marzluf, 1970a; Yamamoto and Segel, 1966). Cells grown
on these compnunds as sole sources of sulfur have initial uptake rates up
to ten t1mes higher. than sulfate or thiosulfate-grown cells, and further
derepression is acheived by subsequent sulfur starvation. Since thiosul-
fate contains an oxidized sulfur atom which apparent]y undergoes reduc-
.tion in the same manner as suifate (Hodson et al., 1971; Leinweber and
Monty, 1963), it tan be cnncTuded that repression is due to some organic '
sulfur compound which is either a precursor to cysteine or whjch is not
‘directly related to sulfate reduction. This is supported by the observa-
tion that low molecular weight organic sulfur compounds (soluble in 10%
trichloroacteic acid but not precipitable with barium) rapidly disappear
during the first two hours of sulfur starvation, whereas inorganic sul-
fate remains at a constant, low level. The compound may be needed for
biosynthetic reactions other than those ut111z1ng cysteine or methionine,
perhaps the synthesis of an essential sulfate ester requiring an oxidized
form of sulfur. A rate-limiting reversal of the su]fate reduction pathway
to yield an oxidized product fis suggested'by the fact that the growth
rate on the organic sulfur compounds is only half that ach1eved with in-
organic sulfur sources. An analogous situation is the synthes1s of the
plant sulfolipid by Chlorella (Sinensky, 1977), which cannot be carried
out when the organism is grown on cysteine.

The genet1c analysis of the sulfate and thiosulfate transport system

of Sa]mone]la typh1nmr1um (Leinweber and Monty, 1963) and an increasing

amount of circumstantial evidence obtained from various studies of sul-
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fate transport éystems (Marzluf, 1970a; Roberts et al., 1963; Smith,
1976; Utkilen et al., 1976; Vange et al., 1974; Yamamoto and Segel, 1966)
strongly support the concept of a common carrier for the transport of the
two structurally similar sulfur compounds, and probably for the class of
XOZ analogs as well. The fact that su]fate reduetion mutants retain-
ing transport capacity will grow on thiosu]fote as the sole source of
sulfur in both Salmonella (Leinweber and Monty, 1963) and Chlorella (Hod-
son et aT., 1971), whereas sulfate transport mutants possessing reduction
capability will not is very convincing evidence.

The data presented in tﬁis chapter are in further supporf of the con-
cept of a dua]—substraté permease for sulfate and thiosulfate. The uptake
of both compounds by P. halodurans is affected by energy-dissipating
agents identically. Transport of the two structurally related anions is
competitively inhibited by the squate analogs chromate, selenate, and
molybdate in the same order of decreasing effectiveness and increasing
molecular weight. Above all, sulfate and thiosulfate are mutual competi-
tive inhibitors of uptake, with the half-saturation constant for thiosul-
fate uptake equal to its Ki' for inhibition of sulfate uptake. The up-
take of both compounds is coordinately regulated by low molecular weight
sulfur compounds, and the derepression patterns for sulfur starvation and
growth on organic sulfur sources are strikingly similar.

Apparent anomalies fn the relationship between inhibition constants
for the sulfate ana]ogs, the Km for sulfate transport versus the Ki'
for sulfate inhibition of thiosulfate transport, and the much lower Km
for thiosulfate tranéport are consistent with the model of active trans-

port originally proposed by Kaback and Barnes (1971). The model invokes a
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pore-type carrier in which the pore openfng_and transport process is con-
trolled by the reversible reduction of one or more disulfide bridges.
This model 1is " attractive with regard to the sulfate and thiosulfate
transport_data<for_g. halodurans for a number of reasons. The very low
Chemica1 reacti?ity of sulfate, emphasized by the requirement for sulfate
actiVatioﬂ with ATP before further metabolism, argues against a covalent
'1ntermediate during trénﬁport. The rapid inhibition of uptake by proton
gradient uncouplers and respiratory poisons favors an energy source other
than ATP itéelf, as in the Kaback and Barnes (1971)_mode1; although pro-
ton motive force generated by ATP hydrolysis wouid result in similar be—-
havior. Reversible sensitivity to pHMB indicates the involvement of a
sulfhydryl function proximal to the active center. In the absence of co—b
valent binding of sulfate, the steric hindrance of the large organo-mer-
curial compound could abolish uptake. A]ternati&ely,'the binding of the
ﬁompound to an essential disulfide bridge could disrupt the ability to
,maké the conformational changes necessary to tfansport thé substrate.

A free sulfhydry1 group near the active site or an accessible disul-
ffde linkage invo]yed in transport could explain the-higher affinity for
thiosulfate and the greater resistance of thiosu1fate uptake tovinhibi—l
tion by su]faté and its analogs. The sulfane moiety of thiosulfate is é
potent nucleophile and reacts readily with free sulfhydryl groups and di-
su]fides; thiosulfate can therefore bind covalently to such a site;vren—
dering the effectjve concentration higher for tfansport.FCovalently bound
thiosfoate could reduce accessibility to the site for competing anions.
This is not an equf]ibrium.prdcess regulated solely by diffusion and ex-
plains the gréater amount of inhibitor required to reduce thiosu1fate up-

take rates re1ative'to,that required to inhibit suilfate transport;
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A strong case for involvement of the reduced sulfur atom of thiosul-
fate is found in the qharacterization'of the sulfate binding protein of

Salmonella typhimuriunh which contains no sulfur amino acids (Pardee,

1966). The sulfate analogs chromate and selenate inhibit both binding and
transport (Dreyfuss and Pardee, 1965). Evén though_thiosu]fate is struc-
turaT]y related to sulfate, however, ft.is inéffective in ihhibiting sul-
fate binding, whereas it is a good inhibitor of transport (Pardee-etval.,
1966). |

The suifate transport system of.A.'1uteo—vio1aCeu§ is strikingly dif-

ferent ffom-that of another obligately aerobic marine bactefium, P. hglg}_
durans, yet the two possess several commoﬁ éharacteristjcs-which are in
contrast to previously reported sulfate permeases. Featufes common fo all
Systems iﬁcluqe competitive inhibition by the .su]fate ana16g§ CrOZ,
"SeOZ, and 'Mooz, a .strict dependehcel on energy coupling, and ap-
parent dérepression of sulfate tfansport capécity by sulfate starvation.
The Kp for sulfate uptake is about ten times higher for the two
~marine microorganisms than for. their terrestrial counterparts{ This is
not unexpected as the 25mM §Q1fate concentration of seawater should not
apply selection .pressure for a higher éffihity transport system. An qd—
ditional inffuence of the high sulfate concentration may be ref1e;ted‘ih
the close égkeément between maximum transport capacity and growth re-
qurements. A1though'increasing su]fafe concentration leads to increasing

initial uptake rates by A. luteo-violaceus  throughout a wide range of

~‘concentration, the uptake rate declines after a short period of time at
high concentrations. The same result is achieved in a differént manner by

P. halodurans, in which the uptake rate is linear with time at all sul-
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fate concentrations, but ceases to increase in response to increasing
su]fate‘ concentration after its quota for sulfur has been filled
Neither organism can be made to accumulate inorganic sulfate to more_than

the amount chara;teristic of exponential growth, unlike the uptake in'ex;

cess of growth requirements demonstrated by Penicillium chrysogenum

(Yamamoto.ahd'Segel, 1966), Salmonella typhimurium (Dreyfuss, 1964), or

AAnaéystis nidulans (Utkilen et al., 1976). This 1s.an especially valuable
feature if sulfate metabolism is to be considered,for'use as a toO]lfor
the measurement of marine microbial growth. " |
Regulatory processes for sulfate uptake by the makfne bacteria'are
unusual in that growth on methionine derepresses sulfate transport capa-
city effectively, contrary to results from other systems (Marzluf, 1970a;
Yamamoto and Segel, 1966). Repression by cyst(e)ine (Pardee et al., 1966;

Yamamoto and Sege], 1966) and glutathione (Yamamoto and Segel, 1966) is

found for Ai;luteo—vio1acéus, but not for P. halodurans . Since the free

su]fate-pool'is véry small in both harine‘bacteria, it éeems 1ikely that
a precursor to cysteine (e.g. APS) is acting as the représsor in P. halo-
durans whereas cysteine itself may bé respohsib]e for kepkessidn and/or

- feedback inhibition in A. luteo-violaceus. A. Juteo-violaceus-like organ-

isms have been isolated frequently from surfaces such as Sargassum weed;'
" fish slime and squid tentacles, where its potent pfotease may release
.sufficient quantities of cysteine for growth, wHeréas P. halodurans is
found free—]iving in eétuaries (A. Rosenberg, Ph. D. Thesis, University.
of New Hambshire, 1977) where sulfate is most 1likely its only sulfur

. source.
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The most unusual feature of the A. luteo-violaceus sulfate transport
system is.the limited effect of,thiosulfate on sulfate transport and lack
of growth on this compound. Although structurally similar to sulfate,
thiosulfate possésses a reduced sulfur atbm in p1a§e'of one of the four
eqdiyaient oxygen atoms of su]fafe. This sﬁbstitﬁtion imparts a consider-
ably greatef nucleophilic character to thiosulfate, which readi]y-reacts
with free su]fhydry] groups and disu]fide bridges. Whén thiosulfate and
sulfate are pregent in equimolar amounts, su]fate upfaké is inhibited at1
least 50 % (Bradfield et ai.,- 1970; Marzluf, 1970a; Pardee et al.,
- 1966; Utkilen et al., 1976; Vange et al., 1974) and ofteh much more
: (Dreyfuss, 1964; Roberts and Marluf, 1971). When tested,Athese Suifate‘
transport systems are also sensitive to bHMB, with rapid and nearly com-
plete blockage of'uptake (Marzluf, 1974; Vallee and Jeahjean, 1968b).'Thé
action of‘the'sulfhydry]'reagent and the freduent preference for thiosul-
fate.in-transpbrt nggest that the reduced sﬁifur.moiety of thio§u1fate
is an important component in fhe.mechanism of its transport. In A. luteo-
vio]éceué, however, a 50-fold excess of thiosulfate re]ati?e,to sulfate
is required to achieve slightly more than 50 % inhibition of sulfate
~ uptake. In addition, the su]fhydry1 reagent pHMB exerts only slight

influence on sulfate transport.

‘- Certain differences' in the ”su]fate transport systems of 'fhe two
marine baCteri& re]aﬁive to their terrestfiaT counterparts may ref]ect.
the high sulfate ‘concentration characteristic of their habitat and are of
interest from an efo1ogica] point of viéwf The small éndogenous inorganic

.501fate pool of the two orgénisms.and the low rate of its métabo]%Sm dur-

ing sulfur starvation indicate that this pool .is either inaccessible or,
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- more ]ike]y, maintained at a threshold 1e§e1 in mariné bacteria. In con-
trast, endogenous sulfate pools are rapidly metébo]ized during suifur
starvation of fungi (Yamamoto and Segel, 1966) and plants (Leggett and
Epstein, 1956; Smith, 1975). The constant availability of sulfate in thé‘A
‘marine.environmeht would not be expected to select for sulfate pooling
abi]itieé. Thé resultant absence of detectable luxury uptake of sulfate
indicates that sulfate uptake may be a useful tool for the measﬁrement of'
mérine microbial gkowth. Such work has already beeﬁ éttempted in fresh-
water ecosystems (Jordan and Peterson, 1978; Monheimer, 1974). The simil-
arity of the sulfate and thiosulfate uptake systems in P. ha]oduréns and
otﬁer organisms suggests caution, however, in the interpretation of sul-
fate uptake studies near anaerobic water masses or other'soufces of re-
duced sulfur compounds such as coastal wetlands and lakes where the hypo-
]imnion becomes anaerobic (Jassby, 1975). In such habitats thiosulfate, a
‘relatively stable compound in agueous media and a major product of abio-
tic sulfide oxfdation, could compete for sulfate uptake and metabolism,
leading to a seriqus underestimate of rates oflsulfur métabo1ism. The
- concept of actually using thiosulfate at high concentration to outcompete
sulfate for metabolism and hence reduce the large isotope dilution bar-
rier in seawater was appealing until the_su]fate transport system of A.

luteo-violaceus was investigated.

The sharp contrast of the sulfate transport system of A. luteo-viola-

* ceus to that of P. halodurans and other microorganisms with respect to

thiosulfate uptake and inhibition of sulfate transport, response to pHMB,
and repression of sulfate transport by growth oh,organic sulfur sources

indicates a substantia]iy different mechanism of sulfate transport in




-123-
this bacterium. The peculiar nature of the syétem is emphasized by the
results of'a thiosulfate utilization sUrvey:of marine bacterial isolates'
obtained in the vicinity of the Puerto Rico Trench. on R/V Oceanus Cruise
#40: of 12'.isolates with distinct]y different-’coiony morphoiogy on

solid media, on]ylg;_luteo-vioiaceus did not grow as well on thiosulfate

as on sulfate ‘as the sole source of sulfur. The failure of this organism
to utilize thiosulfate is not eefficient in itself fe discount fhe pos-
sibiiity of wusing thiosu]fatebas a meane of measuring.merine bacterial
protein synthesis as euggested in the intrdduction.‘However, other  pos-
sible artifacts, such ae the incoreoration of the. reduced atom of
thiosQ]fate into cysteinebby animals (Schneider and Westley, 1963) have
Ted me to investigate high sensitivity methods for the direct meaeurement

of sulfate incorporation into microbial protein.
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CHAPTER 4.

SULFUR METABOLISM, PROTEIN SYNTHESIS, AND GROWTH IN MARINE BACTERIA




-125-

INTRODUCTION

.Studfe§ of microbial physiology in the 1aborat6ry have demonstrated
that bacterial metabolism and growth cén be uncdup]ed from one - another
under a variety of culture conditions. The synthesfs of major biochemical
components of bacteria, e.g. protein, ribonucleic acid, deoxyribohuc]eic
acid, lipid, polymeric carbohydrate, and Tow mo]ecuTar weight compounds
may proceed at very different rates depending on the availability of
speéific nutrients or in response to physical and chemical stresses. Per-
’tinent»examp1es include the differential rates of synthesis of protein,
RNA*, and DNA during the transition phase of diau*ic growth (Neidhardt
and Magasanik;.1960) and in synchronized growth (Asato, 1979), and thé
preferential 5ynthesis of carbohydrate reserves during nutrient 1imited
grthh of bacteria (Antoiné and Tepper, 1969; Dawes and Senior, 1973;
Herbert, 1961; Sirevag and Ormerod, 1977; Slepecky and Law, 1961) aﬁd
algae (Hobson and Pariser, 1971; Lehman and Wober, 1976).

The attainment of balanced growth, when all combonents of biomass and
rates of energy-yielding processes increase identically (Herbert, 1961)
is often difficult to achieve without rigorously controlled culture con-
ditions sﬁch as‘those obtained with a chemostat. Bacteria in natural hab-
itats are'ﬁn11ke1y to be exposed to conditions constant enodgh to main-

tain‘(orvéVen enter) balanced growth'(Jannasch,‘1974). Therefore, a

* Abbreviations used: RNA, ribonucleic acid; DNA, deoxyribonucleic acid;
TCA, trichloroacetic acid; L.M.W., low molecular weight.
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thorough understanding of the manifestations of unbalanced growth is nec-
essary for the interpretation of microbial mefaboiism'studies in nature.

The measurement of a single rate process gives only a limited amount
of information about the state of groﬁth with either pure cultures or
natural populations. It is through the comparison of several rates dif-
fering in their sensitivity to uncoupling of growth and metabolism that
imbalances may be detected. Preferabiy a central metabolic rate such as'
protein or nucleic acid synthesis should be used in conjunction with an
indicator of uncoupling, e.g. total carbon metabolism and fhe distribu;
tion:of carbon in major macromolecular components. Changes in the ratios
of such rates over time indicate the preferential synthesis of compounds
suggestive of specific types of imbalance.

No quantitative measurement of short-term microbial growth in natural
aquatic habitats currently exists. This fs largely due to thé complex and
undefined nature 6f dissolved organic compounds in aquatic ecosystems and
the extreme breadth of metabolic capabilities of the bacteria found 1h
any water samp]e.‘It is generally understood that the measurement of min-
era]izafion of individual organic carbon compdunds cannot accurately rep-
resent tHe.cumulative'metabo1ism of diverse assemblages of microorgah—
isms. For this reaéon; some ecologists have turned to the measurement of
‘ sulfate uptake by-natura] plankton communities in freshwater écosystems.
It wés believed that sulfate uptake by whole cells might provide a
measure of total bacterial heterotrophy if (1) sulfate is the only sulfur
source, and (2)'a predictable relationship exists between sulfate uptake
and carbon métabo]ism. The first assumption 15; in principle;'correct,

but there»is’no'a priori reason why carbon and sulfur metabolism should
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be closely related. The wide distribution. of carbon in biological mo]é-
cules and its'importance in storage products often formed in quantity
.during unbalanced growth argue against an 1nvariant relationship between
cérbon and su]fuf méfabo]ism. ‘

Su]fdr is an essential element in prqtein; The su]fur—containing
 amino acid cysteine is ]afge]y responsible for the tertiary structufe and
stabilty of proteins tHrough involvement as disulfide Tlinkages. Addition-
“ally, cysteine residues at or near the active site of many enzymes are
importént in catalysis (Anfinsen, 1973; Jeanjean et al., 1975; Kaback and
Barnes, 1971; Ne]son et al., 1971). The other sulfur-containing amino
: dcid, methionine, is important in hydrophobic interactions with other
amino acfds and membranes. Of the major e]émehts of biomass in bacteria
(i.e. C, H, 0, N, P, and'S), sulfur has the most restricted distribution
in the biochémica]vsense. Except for traces of the sulfur-containing RNA
base 4—thi0hracf] (Carbon et al., 1965; Lipsett, 1965), organic sulfur s
| found only in low molecular weight soluble materials (amino acids, vita-
mins, and coenzymes) and protein (Datko et al., 1978a; Roberts et al.,
1963). Sulfur metabolism and protein synthesis must therefore be closely
' Ee]ated.

In turn, protein synthesis 1is expected to be. highly coupled to
growfh. Proteins provide the machinery for all biosynthetic processes of
ce]]é, and protein storage 55 evident only in some resting stagesvsuch as
p]ant seedsv(Elmore and ang, 1978). Protein is of considéréb]e tropho-
dynamic interest’a; well: the ultimate goal of fisheries modé11ing 1s(to»
aCcuféte]y-predict’the pkoduction of higher organismvprotein for human

consumption. A quantitative measurement of protein' synthesis would be




-128-
useful to the microbial physiologist, who must currently rely on relative
rates obtained from amino acid incorporation or insensitive chemical
assays. The ecosystem modei]er, on the other hand, could use protein syn-
thesis rates from natural habitats to predict potential biomass increases
at higher trophic levels.

Thé enzymology of sulfate reduction by microorganisms has been well
characterized; The work of Schiff and co-workers described the intermed-
fates and enzyme reaction conditions necessary for the formation of aden-
osine-5'-phosphosulfate (APS)(Goldschmidt et al., 1975) and its phosphor—
ylated derivative adenosine-3'-phospho-5'-phosphosulfate (PAPS) (Hodson et
al., 1968) from inorganic sulfate, the reduction of carrier-bound sulfite
to the level of su]fide (Abrams and Schiff, 1973), and demonstrated the
formation of cysteine (Schmidt et al., 1974). The differential reduction
of the su]fur—containihg intermediatés APS by plants and PAPS by bacteria
(Goldschmidt et al., 1975) is the major feature discriminating photosyn-
thetic and non-photosynthetic sulfate reduction pathways (Tsang and
Schiff, 1975). Others have analysed the mechanism of the cysteine synthe-
tase complex in detail (Becker et al., 1969; Hulanicka et al., 1979;
Kredich, 1971; Kredich and Tomkins, 1966), as well as the three step se-
quénce in the conversion of cysteine to mefhionine (Delaney et al., 1973;
Giovanelli et al., 1973; Rowbury and Woods, 1964a,b).

Surprisingly little work has been done on the relationship between
sulfur assimilation and microbial growthQ However, careful interpretation
of data on the flow of sulfur through'varfous intermediates support the
hypothesis that sulfur assimilation into protein may be a quantitative

indicator .of de novo protein synthesis. For example, Datko et al. (1978b)
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found that the sulfur amino acid content of Lemna remained in constant

proportion to the indicator amino acids of the protein hydrolysate during

growth ovér a rahge of sulfate concentrations, in spite of a high]y vari-
able content of LMW sulfur-containing intermediates. '

| Bearing in mind the impoftance of su]furfcontaining amind acids in
the maintenance(qf protein structure and function, a relatively constant.
proportion of su]fur—containing amino acids may be found in bulk p}otein.

" Variations in amino acid composition among individua].proteins will be
averéged out in most cases, since individual proteins rarely account for
a signifjcant amount of the total protein.

Numerous proteins have been purified and cdmp]ete]y sequenced. Inde-
pendent ana]yses_of the average compositfon and vafiabi]ity in individual.
amino acid composition of proteins have been computed by Reeck and Fisher
(1973) and Jukes et al. (1975), further supporting the theory that the
sulfur-containing amino acids constitute a re]atiVe]y constant proportion -
.of the tota1 amino acids in fhe total ce]]ﬁ]ar protein. In spite of the
high variance of the total sulfur amino acids'(cysteine:p1Qs methionine)
as a proportion of the total amino acids among  individual proteins (Holm—r
quist, 1978), both analyses (involving completely different data sets)
calculate the same mean value of 3.1 moles % of the total amino acids..
Summing all of fhe amino acid molecular weights in the appropriate pro-
portions (discarding 60 water molecules for peptide bond formation), the
61 amino acid "average protein" of Jukes et al. has a molecular weight of
-6698 Daltons. The weight % contribution of the elements is: C, 52.8; 0,
21.9; N, 17.1; H, 7.0; and S, 1.1, which provides a basis for comparison

with the results of growth studies.
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" The Ieck of detection of the sulfur-containing amino.acids_in sea-
uater.(Sche]1 1974 C. Lee and T. Mague, personal eommunications) and
the 11m1ted var1ety of other sulfur-containing compounds in microorgan-.
| isms (Busby and-Benson,.1973, Datko et;al., 1978a; Giovanelli et al.,
1973 Roberts et a] 1963) suggests thet‘sulfate may-be_thevon]y source |
of su]fur for open ocean ‘microorganisms. A predictab]e relationship_be; :
" tween sulfur incorporation into prote1n and bulk protein synthesis cou}d.
lead to; a 'quantitative assay for microbia] actiytty in natural assemQ
b]ages |

The work presented in this chapter 1s based on the detailed analys1s

of sulfur metabo]1snl in Escherichia coli pub]1shed by Roberts et al.

(1963) stimu1ated'by the application of a similar method to studies of

phytop]ankton growth (Morris et al. , 1974). ROberts and co-workers found df:.

.that sulfur is conf1ned to a very restr1cted group of compounds, predom—
“inantly the’sulfur—conta1n1ng ‘amino acids, and po1nted out that "sulfur
'metabolism tnerefore provides a relatively simple measure of protein syn-

thesis"_(p. 318). The1r exhaustive chromatograph1c separat1ons emphas1ze
the following pert]nent character1st1cs of sulfur metabo11sm in E. coli:

(1) - the amount" of sulfur per unit dry weight is variable over a 2—fo]d,'
rdnge, (2) qt least 95% ot the total cellular sulfur is contained in
the émino acids cysteine and methionine, (3) the L.M.W. organic sulfur
- pool contalns primarily g]utath1one, with traces of cyste1ne and virtu-
ally no_meth1on1ne, (4) hydro]ys1s of a]coho] soluble, hot TCA ‘soluble,
and residUal.protein fract1ons y1e1d only cysteine and methJon1ne,:(5)
: the res1due prote1n contalns twice as much meth1on1ne as - cyste1ne, and
(6) cyste1ne and to a 1esser extent meth1on1ne compete with su1fate for:

. -uptake and metabo]1sm.‘
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The thorough analysis of sulfur-containing compounds in the biochem-
jcal fractions published by Roberts et al. (1963) permitted me to place
an emphasis onAthe relationships among cell numbers, major biomass para-
meters, protein synthesis, and sulfur metabo]ism during normal and per-
turbed bacteria] growth. The fractionation procedufe used 1in thié_work_
(Chapter 2) has been modified from the method of Roberts et al. only in
the use of glass fiber filters as an added . pellet and site for the ad-
_sorption of precipitatéd macromolecules; the results are therefore
strictly cbmpakab1e to those described above. The use of glass fiber fil-
ters enables the fractionation of as few as 106 cells and is thereby
-app]icab]e'to the study of natural populations as well as pure cultures-
using any radidisotopic label.

- The potential ofvusing the measurement of su]fate incokporationvinto
bacterial protein as an assay for natural marine bacterial brotein syn-

thesis will be greater if the following hypotheses are proven correct:

(1) the protein content of bacteria on a per cell basis is
- a relatively conservative measure of cell growth (i.e.
has a low varijability), and

(2) the sulfur content of the bulk protein lies within a
 narrow range of variation such that nutritional and
environmental perturbations do not significantly affect
the calculation of protein synthes1s rates from sulfate -
incorporation into prote1n .
This chapter provides information on the flow of sulfur through major
biochemical components during growth of two marine bacteria under a var-

iety of conditions with specific emphasis on prOtejn syntheéis and cell

division. Additiona] analyses for particulate organié carbon and nitrogen
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and'14Cfg1utamate metabolism are made to illustrate the potential vari-

ability of cellular composition'aé a function of‘environmental perturba- -

tions of both physiological and ecological relevance.

~METHODS

Culture Medium and Inoculation: The RLC-water medium described in Chépter
_2[13 used for all experiments.'Medium is usually inoculated with lTate ex—
ponentiql or early stationary phase cells af a final density  of
1—52104cells/m1.IWashed cell suspensions in RLC-water afelused as inoc;
u}a‘wﬁen ne§essary'to avoid nutrient carry-over. Immediately after the
iaddition of radioisotope, zero 'time samples are removed for isotope
'b]dnks, and unlabeled samples for particulate organic carbon and nitrogen
are filtered as described in Chapter 2. The cultures are incubated at
‘roonvvtemperéture (20-23°C) on a gyrotary shaker (New Brunswick Scieh—

tific, Edison, NJ) at 250 RPM.

Multiple Iébtope Labeling: 14C and 355 emit s~ at nearly identic- -
al energies and are tedious to separate by dual labeling. Studies involv-

ing both isotopes are carried out in several flasks in the following man-

“ner. A large amount of culture medium is prepared, inoculated with cells . 3

'at_low density, and shaken for 10 minutes to evenly distribute the ce]]s._{' '

Three portions are . transferred into sterile flasks, one each receiving

8¢, 3%, or distilled water. Additions are kept to less than 1% of
‘the culture volume. The unlabeled flask provides material for CHN analyi-"'

‘sis, direct counts, and bulk protein.
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Sampling: Sampling for all parameters usually begins at the first sign of

6ce11s/m]). Whole cell uptake of radioisotope is deter-.

tubidity (5-6x10
mined at intervals on 1 ml samples filtered through Whatman GF/F filters
and'usuajly atcompanies fractionation samp]és,(Sml). All isotopé fiitra—
tions are washed three times with. 0.5M NaC]_énd make uée-of the punch
.funne] 'dgsckibed in Chapter 2. Whole. ;e]] uptake. fi]ters are placed
direét]y in Aduaso]} fraétiohation'samp]es ére'blaced iﬁ conical gkinder
tubes, wetted with 10 % TCA, and refrigerated .unti1“pro¢essing. A]i-
quots orbappropriate di]utions in 0.2 pm filtered RLC-water are.prepared
. for protein assay, direct and viable cell cohnts, acid volatile radio-
activity, and CHN ana]ysis'as described in Chapter 2.

Direct cOuﬁt and bulk protein samples are rodtinely taken from the
14C and 355 fTasks to ensure that equivalent growth occurs .1n all
cultures. In a typical experiment (P. ha]oddfans -batch gkowth; Figure
4-1), paired‘samp]es'from Qn]abe]ed and alternate 1ébe1éd flasks agreé
with an average error of 4.5% for direct éounts (n=10), 4.5% for
viable counts (n=10), and 2.8% for bulk protein (n=5).

Details of specific activity, medium composition, inoéﬂ]ation den-

sity, etc. are included in thé text for each experiment.

Calculations: The growth rate k (doublings/hour) for exponential increase

in diréct‘and viable cell counts, protein, or radioisotope metabo]ism is
calcu}ated by least-squares linear regression of (In x vs. t) and divi-
sion of the s1ppe by In 2. No correction factor for isotope discrimina-

~ tion is necessary for 35S assimilation (McCready et aT.;;1975), and no
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Such data are available for 14C—]abe]ed organic compounds sovno correc-
tion has been applied. Results for protein are usually either the avarage
of two samples assayed in duplicate (single fsbtope ekperiments) or one
sample each fkom the unlabeled and alternating labeled flasks (dual iso-
tope experimenté). Direct counts are either the resu]t’of single deter-
minations (single isotopevexperiments) or single sampTes from two flasks
as for protein (dua] label experiments). Ratios émong parameters are de-
termined using tHe actual ya]ues rather than .regression calculations.

Tables sho@%hg the distributfon of radioisotope among the major bio-
chemical fractions often include oniy representative sampling points to
illustrate trends. The complete data set for each e*periment os found in
the Appendix. | |

14

Radiochemicals: Cérrier—free 35SOZ - and UL-""C-glutamic acid

(>230mCi/mMole) are obtained from Amersham (Chicago, IL). Working solu-

tions in distilled water are sterilized by autoclaving.

Other Chemica]s:"Chloramphenicolb and reduced glutathione are purchased

from Sigma (St. Louis, -MO). Aquasol 1is produced by New England Nuclear

(Boston, MA). A1l other chemicals are reagent grade.

RESULTS

Batch Growth Physiology of P. halodurans

The rates of biosynthetic procesées during mid-exponential phase

growth of microorganisms in batch culture provide a basis for comparison
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with measurements made on perfurbed systems. In éddition, ratioé of the
rates and absolute va]ués of cell density, protein synthesis, respira-
tion, and carbon and sulfur metabolism are important ihdices of gerth
physiology. Therefore a comprehensive investigation of unperturbed batch
_ growth was made, with measurement of direct and viable cell counts, total

protein; metabo]ism of glutamate and sulfate, and particulate organic‘
carbon and nitrogéh. Although the work presented in this thesis is direc-
tedvtbwards an_uhderstandjng of the relationship between sulfur metabol-
ism and protein synthesis, the inclusion of carbon metabolism studies in
" the experiments described below provides data for compariéon With whole
cell microbial C:S uptake ratios previously feported (Monheimer, 1974;
Jordan and Peterson, 1978). Similar experiments were undertaken with P.

halodurans and A. luteo-violaceus.

‘Major biomass parameters for P. halodurans are shown in Figure 4-1;
acid volatile 14C values are very similar to total carbon incorporation
and have been drawn one log scale lower for visual c]ar1ty It is immedi—
ately apparent that balanced growth, defined as an 1dent1ca] rate of in-
crease in. a]] biomass and energetics parameters, is not obta1ned w1thA
~ this organ1sm in batch culture. Bulk protein and total sulfur assimila-
tion increase at rates substant1a11y greater than the cell count during
the early exponential phase, whereas tota] carbon ass1m11at1onzand res-
pirétion are somewhat slower. These differences lead td a continuous in-
creése in the totai brotein and sulfur per cell during exponential
growth, with a decrease in the total carbon per cell of sma11ér'magni—
tude. As a result,'the cumﬁTative carbon to sulfur ratio-decreases from
an- initiatl méximum value of 175 (weight:weight) at 8 hours to.90 at 11

hours of growth.
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Figure 4-1. Growth, brotein synthesis, carbon and sulfur assimi]ation by

Pseudomonas halodurans during batch growth. An overnight culture in com-

plete medium contaihing 5mM glutamate and 1mM sulfate was inoculated into
1500m1 of fresh medium at a fina] density of about 1x104ce1ls/m1. After
shaking for 10 minutes, the culture was aseptically divided into three
portions: individual flasks received efther 35SOZ (final specific
activity 3 DPM/pMole), UL-l*C-glutamic acid (final specific activity 41
DPM/nMole), or distilled water. Aliquots were withdrawn at intervals for
total protein ((Q ), direct cell counts (W), acid volatile 14C (g,
shown x0.1 for clarity), tota] 14C‘bassimﬂated (B ), and total 355
assimi]ated (® ). Larger symbols for assimilated 14¢ ang 355 repre-

sent the sum of the biochemical fractions (Figure 4-2); smaller symbols

are filtered cells counted unprocessed.
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A.distinct break in carbon and sulfur aséfmj]afion and bulk protein
synthesis occurs at 11 hours, at least: one generation befOre eny change
in growth rate is detected in direct cell counts. This period of second-
ary exponential growth occurs at about ha]f.the initial growth rate and
continues for an additional two hours. Less than 1% of the sulfate had

“been ineorporated and only 20 % -of the glutamate had been metabolized
(1ncorporetion + respiration) at 11 hours. A ]ater'experiment_iﬁdicates
that the‘glutamate cencentration was not growth-limiting in this exper-

- iment. o

The distribution of carbon and sulfur in_majdr biochemical fractions

is shown 1in Figure 4-2. Protein is the dominant su1fur—contaihihg compoh—

ent, followed by Tlow molecular weight (L.M.W.) dfganic eu1fur compounds.

The sum of these two fractions accounts fof over 90;2 of the tota]l

celluiar sulfur. Alcoho]_soiuble sulfur is less then 5% ef the.tota1,

and_fs composed primarily of protein (Roberts et al., 1963;_Chepter 5),

.;and.may consist of more hydrophobic proteins such as those fodnd in mem-
branes. Hot TCA selub1e>su1fur is usué]]y found in low broportions (less
than 54 of the total 'S) and follows virtually identica]'trends to the
protein sulfur. Sulfur-containing RNA'sbecies have been identified in E.

ggli,(Carbon et al., 1965; Lipsett, 1965) and would. be found.in thi§e
ffactioh. Later experiments suggest that this fractionlalso_éontains acid

]abi]e protéin (Tab]e A-10; Chapter 5). Inorganic sulfate is virtually
absent (less than 1% of the total S), ahd‘no signifitant amount of sul- -
fur_is,found in the lipid fraction (not shown fbr this experiment).

Protein-S, hot TCA soluble-S, and.aleohol so]db]e;s fo]]ew the same
- pattern of incorporation with anlabrupt rate decrease-at 11 hours‘of in-

cubation.'In contrast, L.M.W. organic-S continues to increase at the in-
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Figure 4-2. Distribution of carbon and sulfur in major biochemical frac-
tions of P. halodurans during batch growth. Experimental details are
found in ngure 4-1. Symbols, both panels: total uptake, M ; residue
protein, @ ; L.M.W., A . soz panel: hot TCA soluble, A\ ; alcohol

soluble, O . Glutamate panel: lipid, O .
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itial rate for oVer-one more generation, indicating a minor. synthesis of
'precureors in excess of growth requirements during the onset of»the sta-
tionary phase. ' |

| The d1str1but1on of carbon in P. halodurans is qua]1tat1ve1y s1m11ar
" to that of su]fur,_w1th prote1n as the dominant component. Carbon is more
w1de1y d1str1buted among the. fractions, however. A substaot1a] amount of
carbon is found in lipids, but very little (less than 1%) in the alco- |
~hol soluble material. Hot TCA soluble carbon (not shown) decreased rapid-
ly as a % of—the total oarbon and was not related to‘growth. This com-
~plex fraction contalns both RNA and DNA as we11 as carbon storage po]y—.-
mers, and it is ‘therefore not surpr151ng that a large degree of var1ab11-‘
1ty is observed |

Prote1n carbon follows the same trend as prote1n su]fur, w1th a sharp
rate. break at 11 h0urs, Lipid carbon most closely resembles the direct
v'cell-count‘trend, as expected of a structural component more'c]ose1y re- .
lated to cell size than metabolic state. Cell size varieo 1ftt1e_in this
organism‘except.onderhextremes of salinity stress or sulfur starvation.
In strict contrast tolsulfur—]abeled cells, the synthesis of L.M.W. car-
bon eompounds oocurs at a rate faster thanlthe other‘parameters during
ear]y exponent1a1 growth then decreases by over 5—fo1d at 11 hours.

The d1str1but1on of carbon and sulfur as a % of the tota] assimil-
‘ated label for. 9 11, and 13 hours of growth is shown in Table 4-1. The
ent1re data set is found in the Appendix (Tables A-1 and A-2). L.M.W. -
“carbon reaches a maximum in the late exponent1a1 phase of growth ‘whereas
_L.M.w, organ1ctsu]fur increases towards the end of. the growth cycle. The

changes in the L.M.W. pools are reflected in the protein fractioh, which
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Table 4-1. Total Uptake of 32507 and 1%

4 C-Glutamate and Their
Distribution in Biochemical Fractions of Pseudomonas halodurans

During Batch Growth®

% of Total Radioactivity

Hours of  pMoles S  L.M.W. Alcohol-Ether Hot TCA  Residue

Incubation  per mi Organic Soluble Soluble Protein
35¢h=
50,

9 1245.1  13.8 2.7 5.1 78.4

11 7626.0 13.1 4.8 3.8 78.3

13 17,388.8 17.9 5.2 3.0 73.9

% of Total Radioactivity

Hours of nMoles C Alcohol Hot TCA Residue

Incubation per ml L.M.W. Soluble Lipid Soluble  Protein
14C—G]utamate

9 - 463.5 25.5 0 6.8 14.1  53.5

11 ~1945.9 30.5 0.4 7.7 8.8 52.7

13 3632.0 24.3 . 0.6 9.2 7.6 58.3

4pata from Figure 4-2.
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accodnts‘for a smaller proﬁortion of the total sulfur during the late ex-
ponential ﬁhase when protein carbon is reaching its maximum value. The
disfribution bf sulfur in the various fractions durihg unperturbed growth
provides a bésis for comparison with later experiments, as the proportion
of sulfur in the dﬁfferent components is often a more sensitive indicator
of stress than the total aMOunt of su]fur'assimi]ation.b |

.Raté constants (expressed as doublings pér . hour, k) were ca]cu]éted
for the_ two apparentiy exponential growth periods for all parameters
(Table 4-2). A small differeénce ih the colony forming unit (CFU) rate can

‘be attributed to decreasing numbers of‘dividing pairs (each pair forming
one CFU), which declined from an average proportion during exponential
growth of 9-154 to less than 2 at 14 hours, at which time the viable
count: direct count ratio was 0.996. A]though_ba]ahced growth was not ob-
tained, a striking similarity is observed between the rates determined
Y

for incorporation of sulfate into protein (1.33 hr™ and bulk protein

1) during the primary exponentiaﬁ phase. The in-
_1)

synthesis (1.35 hr~
crease in protein carbon is considerably less (1.02 hr . The same de-
gree of reduction fn.rates occurréd at 11 hours for bulk protein and pro-
tein-S, with similar secondary growth rates for protein-S (0.56 hr—l),
protein-C (0.54 hr'l), and bulk protein (0.52 hr’l). The dissimilar-
ity of the rates of bulk protein synthesis and incfease in cell numbers
emphasizes the c]osé relationship between sulfate incorporation into pro-
"tein and bulk protein synthesis. This can be moét clearly seen 1in the
calculation of ratios émong cel] numbers, bﬁTk p}otein, total gnd protein -

sulfur.
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A small but significant amount (5-10 %) of the total protein is
solubi]ized by the warm alcohol treatment, and affects the calculation of
the weight % bf S in the bulk protein; Since the amount of protein re-
covered in the protein residue is less than the total protein determined
on samples of the ce11 suspension, the calcuTated wEight Z S in proteih
will bé 1owef than the true value. However, a major aim of this work is
to apply measurement of sulfur incorporation into protein to natural bac-
terial populations in seawater. Due to the high Concentration of sulfate.
in seawater and-the attendant low sensitivity of the method, ft is un-
likely that alcohol soluble protein will be detectable by 1abe11nglw1th
sulfate. Therefore it is necessary to define an operational relationship
between sulfate assimilation into residue protein and total protejn Syn—
thesis as well as to find its abSo]ute value. The fractionation procedure
as’ descriﬁed in _Chapter 2 is quite useful with natural populations of
marine bacteria (Chabter 5) and leads to an emphasis on the residue pro-
't¢1n~S: total pr0tein ratio as an operational definition. In most cases,
the amount of protein in the fractionation residue is too small to be as-
sayed conveniently, but examples are shown in Table 4-3 and other experi-
ments where the assay of protein in the radio—]abe]ed residue permitted
calculation of the true weight % S in protein.

On a per cell basis, bulk protein increases throughout the primary
exponential growth phase to reach a maximum of over 50 ug/108cells”at'-
11 hours. The decline in the bulk protein synthesis rate at this time
leads to:a continuing decrease in bulk protein per cell to the end of the
.experimeht.vThis_trend is identical for total sulfur. However, when sul-
fur_incbkpofated into protein is normalized to either<bu]k_protein or

-residue_protein, the ratio is found to be constant throughout the'gkowth
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curVe; This’ indtcates a constant protein composition in terms of the
.weight % S during unperturbed growth, even though the total protein.per~
x ce]l ranged over three fold. |

This experiment. prov1des the first opportun1ty for pract1ca] applica-
tion of the fractionation procedure to studies of m1crob1a1 growth in -
th1s work. Although the data are drawn only for the period 8-14 hours in
F1gures 4-1 and 4 2, the exper1ment actua]ly went on we]] 1nto the sta-
t1onary phase (24 hours of incubation). However, at the 14 hour point, .a
new box of Reere}Angel 984H filters from a new 1ot'was‘opened for‘filtra-
tionuof the fractionation samples. -A separate dish'contained the filters
for whole cell 1sotope-Uptake, remaining from the old ]ot.'Atter frac-
»t1onat1on of the samp]es, it was c]ear that unusually low recovery based.
- on whole ce]] uptake was achieved for most samples after 13 5 hours, and_"
inspection of the new lot revea]ed a Tlarge proportion of apparent]y
cracked filters. Since the total protein is determined on the whole cell
. suspens1on by direct prec1p1tat1on, this resu]ted in artificia]]y Tow
.bwe1ght % sulfur in protein when determined as re$1due protein-S: total
“protein in all but the last two samples, when recovery was normal
(greater than 95%). In spite of this, the absolute value (residue pro-
tein;S:residue.protein) and the distributtonbof carbon and éu]fur in the
samples was normal (Tables 4-3, A-1, and'A—Z),jconfirming'the loss of
whole cells (as woujd'be expected of a_cracked‘fi]ter) rather than rup-
ture of ce]ts on the filter surface, which ‘would disproportionate]y‘af—
fect the L.M.W. .organic comoonent. A recovery factor could ‘be rationa1- '
ized under these c1rcumstances, but was not app11ed The company subse-

quent]y 1nvest1gated the1r inventory, found a 1arge proport1on of s1m11ar




. . —150_ .

Aboxes,:and discontinued the Tine in favor of the Whatman GF/F glass fiber
filter, which turned out to be better in many.respects:and~was'used'for.
‘most of the ‘work in this and the next chapter. | _ | |

Us1ng only the data from the period 8-14 hours, the coeff1c1ent of
variation around the mean for the operat1ona] va]ue of residue protein-S:
total protein is only 7.6% (0.77 # 0.06 weight %). Furthermore, the
mean value for the absolute weight % (residue protein—S:residue bro— _
tetn).is 0.94 + 0.09;_in good agreement with the value of 1.1% predic-
'ted by'the "average protein” (Jukes et a].,"1975; Reeck and Fisher, 1973).
The absolute weight % carben (residue5 protein—C:restdue' protein) was .
not determ1ned but must be higher than the residue prote1n C:total pro-
te1n ratio of 64.3 % 17.1%, supporting the hypothes1s that non—prote1n
- carbon is found in the res1due For comparison with other exper1ments, the
mean rat1os (with standard deviation and % var1at1on around the mean)
for_ pertinent pahameters are: C:S, 103.5 = 33.7.(32.54) CeN, 3 0+ 0.1
(29.4%); -and carbon lnetabelism (incorporation + resptratlon) 1ncorpora—

tion, 1.93 # 0.23 (12.0 %).

f A. luteo-violaceus

Batch Growth Physiology

A s1m11ar experlment performed with A]teromonas 1uteo v1o1aceus re-

vealed severa] important differences 1in the basic growth hab1ts of the»
itwo.m1croorgan1sms The data for who]e cell carbon and su]fur ass1m11a—
-tion, resp1rat1on, direct cell counts, and- bu]k prote1n synthes1s are;
shown in Figure 4- 3. V1ab1e ce]] counts were not made dur1ng this exper1-

ment. The most notab]e d1fference is the absence of a. break in. any b10— .
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Figure 4-3. Growth, protein synthesis, carbon and sulfur assimilation by

Alteromonas luteo-violaceus during batch growth. An overnight culture in

comp]efe mediumtﬁontaining 5mM glutamate and 500 uM sulfate was inocu-
Tated into 1500m1 of fresh medium at a final density of about
22105cells/m].'After shaking fok 10 minutes; fhe culture was aseptical- ;
1y divided into threé portions: individual flasks reéeived' ejther‘
435505 (final specific activity 4.5 DPM/pMole), —14C-glutam1c
acid (f1na] spec1f1c act1v1ty 55 DPM/nMo]e), or d1st111ed water. A]iquoté
wére withdrawn at intervals for total proteln (O), d1rect ce]] counts
("v ),. acid volatile 1% (0O ), total 14, assimilated ( M), and to-

14¢  and

ta] 355 ass1mﬂated (@ ). Larger symbols for assimilated
355 represent the sum of the b1ochem1ca1 fractions (Figure 4-4); sma]é

]er symbols are flltered cells counted unprocessed.




Per m! Culture: Ccrbon_(nMoles); Sulfur(pMoles);
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synthetic rate before the onset of the statfonary phase determined from
direct cell counts. Furthermore, all biosynthetié barameteks»increase at
h

similar rates (mean 0.49 * 0.07 hr "), although respiration is con-

: sidefab]y slower (0.39 hr—l). |
.Subcellular fractionation of the labeled cells demonstrates that the
-incokpofation patterns for carbon and sulfur are very similar to those
observed. for_gﬁ;haloduraﬁs (Figure 4-4). Protein is again the dominant
coﬁponent'for both e]eménts, followed by L.M.w.vmaterial. These two frac-
tions account for 90 % of the total cellular sulfur and 70 % of the-
total carbon. The rate of increase (hr'l) of alcohol soluble sulfur
‘(0.66) is fastef than thé direct count ratef(0.45), but is ba]ancedAby a

slightly slower rate of increase in the hot TCA sb]ublevfraction (0.42).

The hot TCA soluble carbon of A. luteo-violaceus follows growth well and

Aaccounts' for a substantial portion of the total c@rbon,v being only
' §1ight1y_less than the L.M.W. component: if has been drawn one 1og'sca1e-
 lower for-cjarify.. |
fhe'distribution of cafbon and sulfur for 12, 18, and 24 hours are -

'found in‘fab]e 4;4; the entire data set 1is appended in Tables A-3 and
_ A—4f Very small amounts of sulfur are found as either inorganic su]féte
or lipid material, as with P. halodurans. The beginning.of the stationary
phase is signalfed by an increase in thé’proportioﬁ of L.M.W. organic
sulfur and concommittant decrease -in the relative proportion in protein,
but no significant changes occur in the distribution of carbon.

‘Ba]anced;growth in batch culture is not obtained with A. luteo-viola-
gggg,'but'a‘muéh closer agreement among biosynthetic rates is obsefved
(Table 4—5).A1n_féct, the protein carbon and sulfur, L.M.W. carbon and

sulfur, hot TCA soluble carbon and sulfur, and,totaT carbon and sulfur
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Figure 4-4. Distribution of carbon and sulfur in major biochemical frac-

tions of A. Tuteo-violaceus during batch growth. Experimental details are

found in Figure 4-3. Symbols, both panels: total uptake, B ; residue
protein, § ; L.M.W., A ; hot TCA soluble, A\ (shown x0.1 for gluta-

mate). SOZ panel: alcohol soluble, O . Glutamate pane1:_h‘p1’d, O .
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Table 4-4. Total Uptake of 35502 and 14c-Glutamate and Their

_ Distribution in Major Biochemical Fractions of
Alteromonas luteo-violaceus During Batch- Growth?

% of Total Radioactivity

Hours of pMoles S = L.M.W, Alcohol-Ether Hot TCA Residue

“Incubation per ml Okganic . Soluble . Solub]e Protein
35¢n=

SO4 |

12 327.1 14.0 2.0 - 10.6 73.4

18 2801.2 14.2 3.0 6.8 76.0

24 . 11,485.6 19.6 7.0 4.8 68.6

%.of Total Radioactivity

“Hours of  nMoles C Alcohol _ Hot TCA Residue

Incubation = per ml L.M.W. Soluble Lipid Soluble Protein
. 14C—glutamate ,
12 85.5 17.2 2.0 9.0 - 18.7 - 53.1
18 ‘ 700.9 18.9 1.5 9.8 15.1 54.8
24 3181.0 19.3 2.0 11.1 19.2 48.4

%pata from Figufe 4-4.
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»Tabfe’4—5..Exponentia1 Rate Constants During Batch Growth of:
' - Alteromonas 1uteo-violaceusa

Parameter . . on k (hr_l) or
: Direﬁt counts A 11 0.45 0.9971
Bulk Protein | 10  0.52 -~ 0.9980
Whole Cell 3°s - 28 o 0.06 '0.9969
LMW Organic %S 9 | 0.51 ©0.9994
EtOH Soluble 3°S 9 0.66 0.9936
 Hot TCA Soluble 3°S 9 0.42 0.9991
. Pprotein 35 9 0.49 0.9988
~whole cell M4¢ 29 0.47 0.9963
mw e 10 0.52 0.9974
Lipid t4c . 100 0.50 0.9993
Hot TCA Soluble t4¢® 9 0.44 0.9986
Protein ¢ 10 0.49 0.9990
. Acid Volatile 14¢C 9 . 0.39 0.9985
Mean - (13 parameters) 0.49
"Standafd_Deviation A 4 0.07
C.V. () . - : - 13.5

4pata from Figures 4-3 and 4-4 in the text; linear regression of 1n y
vs. t for the period 12-21 hours. o I
b ’ :

12-20 hours only.
©14 hour point omitted.
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assimilation agree with one another within an error of 57. Most of the
observed variation is due to low respiratioh and high alcohol soluble

sulfur rates.

The similarity of“biosynthetic rates fpr A. luteo-violaceus results -
in. a.ArelativeJy constant »ce]]ular cOmpositidn, compi]ed‘ in Table 4-6.
Bulk protein and total aésimi]ated sulfur per cell remain constant
throughout exponential growth, but increase a little over 20 % in thé
_statjonary phase. The weight %Z sulfur in protein is likewise re]ative]y
constant for all samples. The operationé] weight 7 sulfur in protein
(residue protein-S:total prdtein) is considerably iower' for A. luteo-
"violaceﬁs than. for P. halodurans (0.66 vs. 0.77%),'but the true Qeight
% (residue’ prdtein-S:residue protein) is similar for the two bacteria
(1.02 vs. 0.98). Other peftinent ratios derived frbm Figures 4-3 and 4-4 |
include: :C:S l(weight:wéight), 90.0 * 8.9 (9.9%), C:N (weight:weight),'
4.49 *+ 0.92 (20.5%), and M/I, 2.88 + 0.42 (14.67). The C:S ratio is

slightly lower for A. luteo-violaceus, whereaé the C:N ratio and the‘

energetic cost of biosynthesis (M/1) are much highéF.A

In most cases, A. luteo-violaceus has a lower plating efficiency

(viable count:direct count about 0.7) than P. halodurans, which may be a
result of a protease which stimulates aufo]ysjs of cultures during sta-
tionafy phases. The strong proteolytic aéti?ity increases the error as-
.sotiated,with‘most measurements made with this oréanism;»and has severe
effects on thé subcellular distribution of sulfur in'some cases.. This is
demonstrated in the end-point samples (4Q hoUrs of incubation) shown at
fhe bottom of Table A-3. Twoiﬁamp1es were takeng oﬁe fi]teredfin the us-
ual way but stored at.4°C dnfixed for two days. The other sample was

centrifuged, rinsed with basal salts, and fixed with 10 Z TCA. The re-
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frigeratéd sample shows a nearly 4-fold decreaseAin the prptein—S; a11.0f
which -appeared in_L.M.w. material. The centrifuged sample was similar,
but the extent of protein degradation was substantia]]y less. The shqrt
time reqdired to spin the cells down was appafent]y sufficient for some
proteolytic activity to manifest itself as the cells ceased biosynthetic -

reactions due to anaerobiosis. .

Carbon Limited Growth of P. halodurans

Carbon and energy sources are often thought to be major growth-1imit-
ing factors for bacteria in marine environments due to the naturally low
concentrations of labile dissolved organic compoundé in seawater. During

14C-]abe]ed bacterial protein ‘destined for use. as

the bfeparation of
amphipod bait (Jannasch ét a].,11980) the opportunity arose to investi-
gate the effect of carbon depletion from the medium on the residue pro-
tein-S: total protein ratio. In order to obtain the highest yield of
radio-labeled protein from 14C—glutamate, a high Specific activity
medium is required, from which all of the glutamate carbon can be re-
MOvedul An additional flask 1labeled with 35502 permits the compari-
son qf carbon and sulfur metabolism during this pertinent.form of nutri-
tionai stress. B |

.Figure 4-5 shows total, L.M.W., and protein-$ as Awe]] as direct
coUnts and bulk protein for thfee points in exponential Qfowth and sever-
: al hours 6f a"§tationary phase 1induced by carbon Tlimitation. At 9.5

hours, the‘_total carbon metabolized was 4.70mM (as carbon), equal to

93.9% of<the total available glutamate. Since the L.M.W. organic su]fdrﬂj




Figure 4-5. Growth; protein synthesis, and the total uptake and distribu-~
tion of sulfur in major biochemical fractions of P. halodurans during a
carbon-limited stationary phase. An oVernight culture in complete medium
containing 1mM glutamate and 250 uM sulfate was inoculated jnto 1500m1 of
fresh medium at a final density of about 2x106ce11s/m]. After shaking
for 10 minutes, the culture was aseptically divided into three portions:
individual f]asksA received either 35502 (final specific activity

14

5 DPM/pMole), UL-"*c-glutamic acid (final specific activity 285

DPM/nMole), or distilled water.




-162-

20,000 -

| Whole Cells

/
/ Protein S

___A_A_‘—A—A—A

/// LMW Orgomc S

Direct Counts
/ v v v v—v—v—v

/'/ Bulk Protein

‘_-éloooo-'

ol

5 2 5000+

3

S5 @ 2000

2 & 1000~

5 © 5004

n =

§E 200-

=Y _

22 100

5 2 50 -

i

> 3

28 20-

O :

S o 10 —

=5 O

O A 97
e

|

3

LENE B B B T T T T T 7 ]

5‘ 7 9 113 15 I7
Incubahon Tlme(Hours)




-163-
and the protein sulfur together constitute over 90 Z of the total sul-
fur, only these fractions will be shown in this and subsequent experi-
'menté. The comp]éte fractionation data set is appénded in Tables A-5 and
. A-6.

It fs again observed that all sulfur-containing fractions and bulk
profein synthesis decline in rate about 1-1.5 generations before the very
abrupt cessation of cell division. Protein sulfur is the dominant su]fbr—
containing fraction, and the distribution of both carbon and sulfur in
the major biochemical fractions is similar to that for normal batch
growth; The number.of dividing pairs of cells observed during the direct
counts -dec]ined' continuOusiy from 11z at 3.5 _hours of incubation to
.0 % at 9.5 hours.

~ The most épparent feature of carbon limitation is the absolute lack
of effect on ahy of the measured parameters. The total sulfur and the
bulk protein per cell are much lower than the values for normal batch
growth, but remain quite stable during more than 7 hours of the carboh—
- limited statiohaky phase (Table 4-7). In contrast, the weight % sulfur,
.both opekationa] and true ratios, are very similar to the va1des reported
in the previous experiment, and also show no influence of carbon limita-
tion. Additionally, the C:S ratio (101.5 # 76.7) and the C:N ratio (3.06
-+ 0.20) are;in agreement with the unpérturbed batch growth experiment.
The M/I ratio (2.39 + 0.28) is 24%Z higher, possibly Eef]ecting contin-
' ued respiration to meet basal energy requirements at the expense of endo-
~genous carbon compounds. |

The results qf this experiment verify that carbon timitation was not
responsible fdrv.the cessation of growth 1in the normal batch Cu]tufe,
‘since‘the direCtkéounts increase exponentié]]y at the normal growth rate

(about lAhr—l) until nearly all the glutamate is exhausted.
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Effects of Chloramphenicol on Growth, Protein Synthesis,'and‘Squur;

Metabolism of P. halodurans andﬁﬂ;'luteo-vio1aceus with a Note on

Biosynthesis During Lag Phase Growth’

- The high percentage of the total ce]]u]ar sulfur in protein indicates
that'fhis is the'major sink for reduced sulfur. Aerpt terminatioh of‘
proteih synthesis»through'the action of an external agent-(e.g. anfibi—
otic protein synthesis inhibitors) can provide information both on the
‘incorporation of sulfur into protein and on the regu]afiqn of L.M.w.lor—_‘
ganic sulfur pools. Chlorahphenicol (CAP) acts on,fhe bacterial 50s ribo-
somal subunit terminating prote1n cha1n elongation. As a bactefioétatic
protein synthes1s 1nh1b1tor with 11tt1e effect on other cel]u]ar proces— _
ses, CAP is an ideal agent for such an. 1nvest1gat1on _

The use of an inoculum prev1ously 1abe]ed w1th 3550‘ to equ11— _
'ibriumb provides information on events during the 1ag phase of growth |
resu]ting from diiution of a stationary phase culture into fresh medium
in addition to e]ucidatibn of the effects of CAP on growth,‘protein syn-
'thesis, 'nd sulfur metabolism in.fg_ ha]odurans Duhing' the' ffrst two.:
hours of 1ncubat1on, no 1ncrease in v1ab1e or d1rect ce11 counts is ob-»
served, but protein synthes1s and sulfate 1ncorporatlon ]npo¢a11 frac- -
fions fndicate impendjng Qfowth (Figure'4-6) 'Bu1k prdtein'ianeases by

60 % and total su]fur by 90 % dur1ng the lag phase SUTfOr'incorpor4

~ation and bu]k prote1n synthes1s then proceed at the exponent1a1 rateu |

character1st1c<of growth in th1s med1um, and increases in ce]] counts

begin shortly thereafter,
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Figure 4—6,-Effects of chloramphenicol on growth, protein synthesis, and
total uptake and distribution of sulfur in major biochemica]_fractions'of
P. halodurans. Cells were groWn in. complete medium coﬁtainiﬁg lomM glut-
amate and lme~$u1fate with 3550: present (finali-specific activity
9 DPM/pMo]e)lfor 10 generations to obtain jsotopfc equilibrium. Shortly
after the onset of thevstationary phase, fresh medium of the same compo-

7ce]ls/ml.. Sam-

_sition was inoculated to a final density of about 1x10
ples were withdraﬁn for direct and viable cell counts, total protein, and
fractionation into major biochemical components. At 245 minutes,.the ﬁu]—
ture was. divided into two portions, one receiving CAP (25 ug/ml final
concentration) and the other an equal amount of distilled water as a pTa+

cebo; samples were taken for the. same parameters for an additional 8

hours. Open symbols: CAP-treated; closed symbols: control culture.
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The cohtfbl culture, grown -in medium containing twice the amount of
glutamate used in the medium for the batch growth experiment (Figure
4-1), closely resembles ba]anced growth for the period from 3-5 hours.
Table 4-8 indicates tHe doubling times for the measuredlparameters and
the correlation coefficieﬁts'of the regressions ‘used to determine them.
' The.discrepancies among rates determined for bulk protein, direct counts,
and sulfate incorporation into all fractions are mﬁch 1ess,vpronounc¢d
than.in experimeﬁts using‘]ower substrate concentrations, and ‘the pool
size of the L.M.W. component. is essentia]Ty constant for this period.
However, the break in bulk protein synthesis rate characteristic of P.
halodurans is observed, and the bu]k protein and‘prqtein sulfur per cell
are constant for on]y about one generation.

The culture was split in the mid- exponential phase and one portion
was treated.with ch1oramphenic01 (25 ug/m1 final concentration). An iden-
tical set of samples was takenrfrom each f]ask.at appropriate intervals.
The data in Figuré 4-6 reveal that an extreme1y:rapid efféct is exerted
specifically on bulk protein synthesis and incorporatibn of suifate into
protein. Incorporation of_su]fate fnto L.M.W. organit sulfur compounds
does not respond in the_same fashion. In fact the initial uptake of su}—
fate into this fraction is higher for CAP-treated cells tﬁan in the con-
trol culture. These‘effecté are also manifest in the distribution of sul-
fur between the protein and L.M,w. fractions. Tab]é 4-9 presents the pro-
portion of the total S in the various fractibns for the point just prior
~to CAP addition and for both control and CAP-treated cultures at 1 and 4
hours of incubation; the entire data set is appended in Table A-7. The

proportion of the total sulfur in L.M.W. compounds doubles during the
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Table 4-8. Exponential Rate Constants for Batch Growth of

Pseudomonas halodurans: Control Culture for Chloramphenicol
' Inhibited Growth®

Parameter '. n 'k(hr"l) r Interval (min.)
Direct Counts 5 0.91 - 0.9970  180-425
Bulk Protein 7 1.06  0.9992 120-305
Whole ce11 3°s 15 0.91  0.9971  120-305
LMW organic 3°S - 7 0.93 ©  0.9986 120-305
Protein 3°S 7 0.94  0.9888 120-305
Mean | 0.95

Standard- Deviation 0.06

C.V. (%) 6.6

2pata from Figure 4-6.
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Table 4-9. Total Uptake of 3550Z and its Distribution in Biochemical

Fractions of Pseudomonas halodurans: Effects of Ch]oramphénico]a '

% of Total Radioactivity

Minutes of pMoles S  L.M.W.  Alcohol-Ether  Hot TCA  Residue
Incubation per ml  Organic  Soluble Soluble Protein

Batch Culture

240 4484.2 '14.8 24.0 4.3 56.9
+ P]aéebo '
305 9672.7 14.8 14.1 2.5 68.6
485 19,136.0 - 16.4 . 13.0 2.6 68.0
+Chloramphenicol
305 6363.0 23.8 17.2 3.6 55.4
485 7562.6 31.9 16.5 2.9 48.7

4pata from Figure 4-6. At 245 minutes the culture was split into two
portions, one receiving CAP (25 ug/ml final concentration) and the
other an equal amount of distilled water as a placebo.
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course'of-CAP treatment, with a concommiftant ded]iné in residue protein
sulfur. The amount of su]fur in the:a1coho1-ether soluble fraction is un-
“usually high in th1s experiment, both in control and CAP-treated cul-
tures, but is probably due to a slightly d1fferent pH of the extraction
so]ut1on (Chapter 2)
| It was not practical to take samp]es for d1rect counts and bulk pro-
tein at the exact time of CAP addition, but the. onset of 1nh1b1t1on may
be deduced from the 1ntersect1on of the line describing the mean va]ue of
the CAP-treated bulk protein and residue protein-S w1th the regress1on
line delineating the same parameters in the control culture. The ]1nev
'drawn for the mean value of residue prbte{n—s in the CAP-treated cuiture
intercepts the regress1on l1ine for the contro] cu]ture at 2 minutues af-
ter CAP add1t1on- The effects of CAP on bulk protein synthes1s a]so take
place 2 minutes after addition. In contrast, the colony form1ng unit
average intercepts its control at 24 minutes, suggesting that cells near
to division are compétent to complete the pnocess. The fdct that the CFU
remains constant verifies the reversib]e, bacteridstatic-nature-of this
antibiotic..

The data for tnevL.M.w. organic su]fur component shown in Figure 4—6-'
and Table 4-9 demonstrate a-rapid initia]vpooling in thié fraction. A
much clearer view of the phenomenon may be obta1ned by compar1ng the size
of the L. M W. organic sulfur poo1 of contro] and CAP- treated cultures onb
. a per ce]] bas1s,‘as shown in Figure 4-7. The L. M W. organ1c su]fur con—
tent of P. ha]odurans in the control culture remains re]at1ve1y constant. 3

dur1ng the exponent1a1 growth phase, but addition of: CAP resu]ts in a

]1near 1ncrease in poo1 size to a va]ue over tw1ce that of the contro]




Figure 4-7. Effects of chloramphenicol on the L.M.W. organic sulfur pool

in P. ha]odurans.‘Experimentai details in Figure 4-6. Cell density was
taken from the regression line through the direct cell count data when no
actual count was made. The arrow indicates the time of CAP addition. Open

symbols: CAP-treated; closed symbols: control culture.




_]"73_

5000 -
4000 -

5 3000 -

LMW Organic S (p_Moles/'|080e.|lls‘).

N

O

O

O
I

1000 -

A
A
ya
! A/
A/
J/
/
/A A 4
A 5 A_‘.Aﬁ‘
AN
A
\A
| [ I ' [ T
| 3 4 5 6 I

~ Incubation Time (Hours)




. -174-
cells before’any'reéu]ation of synthesis becomes manifest. The synthesis
of the L.M.W. organic sulfur compounds is usua11y well coupled to cellu-
lar requirements for prote1n synthes1s, but the termination of their
ut1]1zat1on requires either several generation times or, more 11ke]y, the
attainment of a certain 1ntrace]]u1ar concentrat1on to stimulate regula-
tory processes
If only who]e cell uptake data had been taken, the ‘action of CAP

wou]d have appeared to be rapid but incomplete (Figure 4-8); during the
treatment period a net increase in total ce]]u]ar su]fur of 682 occur-
red in CAP—treated cells. This represents on]y 797 1nh1b1t1on re]at1ve
to the control culture. The reason for the continued uptake of su]fate
is, however, clear when samples from the control and CAP-treated cultures
‘are fractionated into the major biochemical components.

~The ratios of protein and totat sulfur per cell for the control cul-
ture are similar to the previous experiments. CAP has ﬁO'effect on the
opérationa] re]ationship between residue protein-S qnd total protein
.(Table[4—10)§ Fluctuations in bulk protein per cell are}prevented by CAP
treatment, but the total sulfur per cell inCreases as a result of the in—.
hibition of protein synthesis. The whole‘ce11*uptake of'su1fate has thus
been uncoupled from growth, which demdnstrates that the use of whole cell
su]tate uptake ,15 not necessarily an accurate indtcator of‘ bacterial

growth.

The response of A. 1uteo v1o]aceus to ch]oramphen1co] is str1k1ng]y
:different from that of P. halodurans ‘and ver1f1es the presence of a
“powerful extracellular proteolytic activity associated with this micro-

organism. Figure 4—9-shows‘that the_addition'of'CAP to a. mid-exponential -
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Figure 4-8. Effect of chloramphenicol on total sulfate .uptake by B#_ha]o—
durans. Experimenta] details in Figure 4-6. At the arrow, CAP (25 ng/ml
final concentration) was added to one half of the culture. Open symbols

indicate CAP-treated cells, closed symbols are from the control culture.
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phasé cuTtufe results not only in rapid blockage of protéin synthesis but
aléo.in‘cell'auto]ysis and protein hydrolysis. During the first 30 min-
utes'of CAPbtreatment residue protein sulfur and bulk protein remain con-
stant, whereas a rapid incorporation-of_su]fate’into L.M.W. organic com-
pounds occurs, és observed for.g;_ha]odurans.ABy 60 minutes of CAP treat-
ment, however, all components had begun to decline, and the viable counts-
had dropped to less than 5x105ce]1s/m1. Auto]ysis is indicated by a
decrease in direct cell counts and an increase in the viscosity of the
culture medium, but cannot explain the loss of bulk protein from the cul-
tufe because the analysis of proteih is. carried out on TCAprecipitab1é
méteriaT in: the cell suspension rather fhan on fi]ter—retainabTe.mater—
- ial. The percentége oflthe total su]fur‘incorporated into protein femains
, high'throughouf CAP freatment-(Table 4-11 and appended Table A-8); thé
loss of su]fur—ﬁontaining compoUnd§ is qnifbrm among the fractions. This
| *imp]jcafes an extracellular protease, sihceiintrace]lular pereo]yt1c ac—
tivity would be éxpected to alter the relative distribution of sulfur in
févor of L.M.w. organic-su]fur components. TheAsd1fur'distributiOn at 15
and 60 minutes of CAP treatment are 1denfica1,_a]though the tota1 sulfur
s ovef 30 Z less by 60 minutes. After this time, the amount of L.M.W.
organic sulfur declines to less than one-third of the value af 15 minutes
and half that Qf the control culture. | | | |

Pecu]iar.patterns'of sulfyr metabolism in A. luteo-violaceus are ob-

served during the lag’ phase resulting from inoculation with a_stationary
phase culture. It was shown in the batch growth experiment (c.f. Table
4-3) that the proportion of Su]fur in LMW, 6rganic compounds increases

~during the statiohary phase. In this experiment, the phenomenon is-Quite
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Figure 4-9. Effects of chloramphenicol on growth, protein synthesis, and
total uptake and distribution of sulfur in major biochemical fractions of

A. luteo-violaceus. Cells were grown in complete medium containing 10mM

g]utamaté and 100 pM sulfate with '3SSOZ “present (final specific
activity 10 DPM/pMole) for 10 generations to obtain isotopic equilibrium.
Shortly after tHe onset of the stationary phase, fresh medium of the same
composifion' was inoculated to a final density of about 9x106cé115/m1.
Samples. were withdrawn for‘direct and viable cell counts, total protein,
and fractionation into major biochemical components. At 460 minutes, the
culture was divided into two portions, one receiving CAP (25 ug/ml final
concentration) and the other_ah equal émount of distilled water as a
placebo; samples were taken for the same parameters for an additional 8

hours. Open symbols: CAP-treated; closed symbols: control culture.
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Table 4-11. Total Uptake of 3550= and its Distribution in-Biochemical

4

Fractions of Alteromonas luteo-violaceus: Effects of Ch]oramphenicola

%Z of Total Radioactivity

Minutes of pMoles S L.M.W.  Alcohol-Ether  Hot TCA  Residue

| Inéubation_ per ml 'Organic Soluble ' So]ub1e Protein
_ Batch Culture

450  2505.4 . 11.7 3.3 4.7 80.2

- +Placebo

475 12845.6 11.5 2.7 5.3 80.5

520 3827.5 12.5 5.2 4.5 77.8

700 8770.7 14.5 9.3 3.3 72.9

- - A +Chloramphenico]l | .

475  3055.3 17.8 3.1 5.0 74.2

520 2127.1  17.2 4.3 5.3 73.3

700 - 751.7 5.7 9.2 8.8 76.3

-3pata from Figure 4-9.
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pronounced: neér1y 30 %2 of the total sulfur was comprised of L.M.W. or-
ganic material at inoculation. Both bu]k'protein synthesis and incorporé-
tion of sulfur into protein begin immediately, but there is no increase
in the amount of L.M.W. organic materié]. The use of previously pooled
precursors results in an increase in total su]fdr at a rate only 60 %
of the 1ncorporatfon of sulfur into protein'fof the first two genera-
tions. Initial synthetic reactions>take-p1ace partly at the e*pense 6f
endogenous pools. The smaller amount of total sulfate uptake relative to
sulfur incorporation into protein observed here is in:the opposite sense
to the uncoupling found with P. halodurans in the previous experiment,
when _cellu]ar sulfate uptake rates during CAP inhibition were greater
than sulfur incorporation into protein. After 4.5 hours of 1ncubation,
all measured parameters attained a state of exponential increase, with
very simi]ar.growth'rates for each of the parameters to the end of the
experiment (Table 4-12). | |

The ratios of bulk protein and total su]fur per cell and residue pro-
tein-S:total protein are found in Table 4- 13. After 4.5 hours the control
culture reached a constant composition, although a large degree of varia-
bility exists. Less.error than expected is associated with autolysis and
protein degradation in the CAP-treated culture; the bulk protein and to-
ta1.su]fur pér cell are not substantially different, indicating that the
rates of degradation of whole cells and their protein component are very
similar. Total and proteih sulfur decline at rates faster than bQIk.pro—
tein, however, and the mean weight % S -in protein (protein-S:total pro-
tein) for the CAP-treated culture, 0.60,‘is less than the mean for all

control data, 0.74. In this_experiment the weight % sulfur in protein
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~ Table 4-12. Exponentia] Rate Constants for Batch Grthh of
-Alteromonas luteo-violaceus: Control Culture for Chloramphenicol
Inhibition Experiment®

Parameter ' . n k (hr:T; r interval'(Minutes)

Direct counts 10 0.50  0.9958 " 90 - 700

Bulk Protein ’13 0.47 0.9994 0 - 700

Whole Cel1 35 25 0.42 0.9908 270 - 700

LMW Organic 3°s 10 0.41 0.9878 . 270 - 700

Protein S°S 12 0.40 . 0.9976 90 - 700

Mean o : 0.44 _ : |
" Standard Deviation 0.04 ' ~
CCLV. () | 9.8

qpata from Figuré 4-9.
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by the opefational definition decreased cdntinuous]y throughout the ex-
perlnent, over a range of nearly 2-fold. This is accompanied by a rate of
sulfate 1ncoporat1on into alcohul soluble mater1a1 at a rate nearly twice
that of the other .components (0.85 hr 1).

The aUtoTySis of cef]s and rapid protein degradation 1ntroducé a sér-
1ous artifact 1nto the measurement of biomass parameters in A luteo-
violaceus. The cells become increasingly more fragile and suscept1o]e to:
filtration rupture as they approach stationary phases as emphasized in
this experiment. Therafore the relationship befween residue protein-S
trdppeq on filters and bulk protein precipitated directiy out of the cul- -
ture medium_may be fn error. In this context it is noteworthy that the‘
waight _%S determined as residue protein-S:total brotein fs’on]y 50-

60 g of ‘the trﬁe weignt & S determined on the residue protein (Table -
4-6), whareas it is greater than 85% for P. halodurans (Tables 4-3 and
4-7) indicating a much higher recovery of brotein.in the residue for P.

halodurans.

Effects of Sulfur Starvation on Sulfur Distribution in A. luteo-

* violaceus and P. halodurans

It was shown in Chapter 3 that the increase in sulfate uptake rate
‘during _su]fur _starvat1on is mirrored by a decrease in the size of the
L.M.W. organic sulfur pool for both Dacteria. If the residue protein-S:
total protein re]ationship is constant, fhe material lost from the L.M.W.
pdol should appear in the protein fraction in proportion to the amount of

new protein synthesized. Sulfur starvation may provide a means of varying:
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the residue protein-S:total protein ratio and demonstrate potential vari-
ability of protein compoéition with respect to sulfur. The microorganisms
in this study are unlikely to have ever experienced su]fur_starVation,
hence much information on thé regulation and accessibilty of L.M.W. or-
ganic sulfur pools may be gained.

The distribution of cellular sulfur, bulk protein, and direct cell

counts is shown for A. luteo-violaceus in Figure 4-10. A decrease of
6% in L.M.W. pool material occurs during the first hour of sulfur
starvation, and a corresponding increase in protein sulfur begins after 5

minutes, reaching a maximum at 30 minutes of sulfur starvation. There is

an initial decrease in the free sulfate pool of small magnitude, but this

pool is so small initially that its utilization is insignificant in the
overall sulfur budget. Frdm 2-5 hours of sulfur starvation, all para-
meters remain constant, after which cellular autolysis begins. An unfor—
tunate 1055 of total cellular sulfur of about 5% during the first 10
minutes obscurs interpretation of some events duking fhis early period.
It is not known whether this material is excreted or a result of poor
reﬁovery. .

Table 4-14 shdws' the sulfur distribution for se]écted poinfs (see
also appended Table A-9), with the distribution before harvesting for
cbmparison. Virtualiy no change occurs as a result of washing the cells,
~but withinASIminutes of resuspension in su]fuerree medium significant
movement of label from L.M.W. organié sulfur to protein sulfur components
can be seen. The lipid fraction contains very little sulfur, and changes

in the other fractions are undetectable.




Figure 4-10. Metabolism of endogenous sulfur-containing pools during

sulfur starvation of Alteromonas luteo-violaceus. Cells were grown in

complete medium contéining 10mM g]ucose_ and 100 uM sulfate, with
35SOZ at a specific activity of 11 DPM/pMole. After more than ten
generations in this medium, late éxponentia] phase cells were harvested
by centrifugation, washed with basal salts, and resuspended in complete
medium minus sulfate. Samp]és were taken for direct and viable cell

counts, total protein, and distribution of 355 in major _biochemica]

fractions.
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Table 4-14. Total Uptake of 3550; and its Distribution in Biochemical

Fractions of Alteromonas luteo-violaceus During Sulfur Starv_ationa

% of Total Radioactivity

Minutes of

Sulfur  pMoles S - L.M.W. Alcohol ~ Hot TCA Residue
‘Starvation per ml SOZ. Organic Soluble Lipid Soluble Prqtein
Batch®  24,018.5 3.2 17.9 3.0 0.9 - 4.9 70.1

0 19,880.5 3.8  18.1 3.4 0.8 4.8 69.1

10 18,612.6 3.2 13.4 2.5 0.7 5.9  74.3

30  18,741.0 2.7 . 8.7 1.6 0.6 5.8  80.7

60 18,169.3 3.0 6.2 1.0 0.4 6.1  83.3

180 18,292.9 3.1 4.1 0.8 0.4 5.8  85.9

qpata from Figure 4-10.

bSamp]e of the culture prior to harvesting'and resuspension in
sulfur-free medium. _
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Direct counts remained constant over the course of the experiment,
but bulk protein increased_during‘the first two hours to a plateau 34%
higher than at the beginning of smlfur starvation, leading to an increase
in the bulk protein per cell which is two-fold greater than the increase
in residue ﬁrotein—S (Table 4-15). Viable éounts (not shown) remain con-
stant for the first 2 hours (viable:direct count ratio = 0.65), then be-
‘gin a steady decline coincident with the time at which the L.M.W. organic
~sulfur pool reaches a. minimum and all apparent sulfur metabp]ism has
ceased. The total sulfur per cell remains constant after the initial
loss, but the residue protein-S:total protein ratio decreases nearly

20 % during the 6 hour period.

The initial response of Pseudomonas halodurans to sulfur starvation

is very similar to that of Alteromonas luteo-violaceus. However, the in-

itial size of the L.M.W. organic sulfur pool is smaller (12.6 vs. 18.1%
‘of the total Su]fur at 0 time) and the rate of its utilization is slower,
decreasing by only 43% in the first hour, after which it decreases in a
linear fashion to the eﬁd of the experiment. Figure 4-11 shows that the
total sulfur and residue protein shlfur remain constant within experi-
mental error. The inorganic sulfate pool, initially only about 1% of
the total sulfur, remains constant for the first hour, then drops by
about 30 % to a.leVel which is_unchanged for the duration of sulfur
starvation. Direct cell counts do not increase, bdt bulk protein increas-
es for 2 houkS'to.a p]ateau,zthén 1ncreéses again after 7 hours of sulfur
starvétion to a'1éve1 50 % above the initial protein concenfration. The

average viable:direct cell count was 0.88.




~-193-

*BliL] UOLIRAURYS 0 YILM UOSLLRAWOD JU0J WNLPOW 334
-4ng|ns ul uolsuddsnsad pue BuiLlsaadey 94043Q UDNR] SBM BuN3[ND By3 40 3| dwes ¥ “OT-p ounbird woul eyeQ,

£°8 8L 8°€1 (%) “A°D
90°0 v°8 L°1 *ass
1,70 2'801 [ARAY uespy
€9°0 1°601 8°€T 8°9vv G 0vs 8°0L woﬁxeﬁ.m 9
69°0 2 eIl 9°¢T ¥°98v 1°689 €70 .onme.m g
69°0 87001 1°¢1 17069 9°/8S 80/ woﬁxmm.m 14
0,°0 0°S11 G°el 9°€0S 6°989 0°69 woﬁxoﬁam €
69°0 8°¢11 G el 1°96% 6°469 9°1L woﬁxom.m e
G.°0 G°€01 6°11 €°48Y 9°¢289 6°v9 monmm.m T
£8°0 07021 0°01 G 0vv R AVAR®) 6°¢G moﬁXﬁm.m 0 |
69°0 0°56 L°6 1°0vS 1°0L¢ £°8, woﬁxﬂﬁ.m yoyeg
%ing ( bu ) ( b1 ) ( bu ) ( bu ) ( 61 ) SL13) uoLjeauess
S uiol04d S lejol ute304d S uLa3loud S Lejol uLa3oud 4ng|ns
40 S4noH
S 9 3ubLom S|1®2.01 +od 84N Nnd W 4ad

8

e

uoL3eALRlS ungnS butung

SN3JR | OLA-091N| SPUOWOUDI|Y U0} ma_:m:o_umﬁmx ANn4 NS pue ,chpogm ‘asquinN | 19) °GTI-p aiqel




-194-

Figure 4-11. Metabolism of endogenods sulfur-containing pools during

sulfur starvation of Pseudomonas halodurans. Cells were grown in com-

plete medium containing 10mM glucose vand 100 M su]fate,' with
35802 at a specific activity of 19 DPM/pMole. After ‘more than
ten generations in this medium, late. exponential phase cells were
harvested by centrifugation, washed with basal sq]ts, and resuspended
in complete medium minus sulfate. Samples were taken for direct and

viable cell counts, total protein, and distribution of 355 in major

biochemical fractions.
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There is no change in the proportion of sulfur in either the alcohol-
“ether or hot TCA soluble fractions (Table 4-16) for the first 3 hours. As

with A. luteo-violaceus, metabolic events are confined to the L.M.W. or-

- ganic and protein sulfur fractions. The loss of small mo]ecules is re-
flected in an increase in the proportion of sulfur in protein, but the
error involved in fractionation obscurred possible increases in the ab-
sqlute amount of sulfur in the protein fraction. |

A potential artifact of the fractionation procedure is observed in
the distribution of sulfur at 480 minutes (Table 4-16). At the time of
this experiment, it was only possible to fractionate 16 samp]es in a day,

and hence the samples from 300-600 minutes were refrigerated, fixed in

10 % TCA. The processing of these samples 12 days later revealed that

prolonged, mild a;id hydrolysis shifts sulfur from protein , and to a
lesser extent alcohol sd]ub]e material, to the hot TCA soluble fraction.
Thus it 1is important to process samples which have been fixed with TCA
rapidly, or freeze the filters unfixed for later manipulation. It will be

shown in a Tlater experiment (Chapter 5) that a portion of the bulk

protein also is found in the hot TCA soluble fraction under certain ‘

circumstances.

A substantial amount of protein is produced by P. halodurans during

sulfur starvation. It is apparent that much of this protein is impover-

ished in sulfur, and demonstrates that the protein-S:total protein ratio

is not constant under sulfur starvation stress. Using a mean protein-S:
total protein ratio of 0.8 (Tables 4-3, 7, and 10), the 6.9 ug of protein
produced during the experiment would require about 1700 pMoles of sulfur,

almost three times the amount available in the L.M.W. organic sulfur pool
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Table 4-16. Total Uptake of 35SOZ and its Distribution in Biochemical
Fractions of Pseudomonas halodurans During Sulfur Starvation®

% of Total Radioactivity

Minutes of _
Sulfur pMoles S L.M.W. Alcohol-Ether Hot TCA Residue
Starvation per ml SOZ " QOrganic Soluble | Soluble Protein
Batch 6904 .4 0.9 13.3 5.8 8.6 71.4
0 5337.7 0.9 12.6 5.8 9.1 71.5
10 5198.3 1.2 11.3 4.7 8.9 73.9
30 5280.8 1.2 9.2 5.6 9.8 74.3
60 5035.7 0.9 7.6 7.3 10.4 73.8
180v 5184.2 0.5 5.5 9.4 9.3 75.3
480 5293.2 0.6 4.0 _ 4.8 20.1 70.5

qpata from Figure 4-11. A sample of the culture (Batch) was taken
before harvesting and resuspension in sulfur-free medium for com-
parison with the 0 starvation time sample.

bSamp]es from 300-600 minutes were fractionated 12 days after the
experiment, all previous samples Being done the second day. During
this period they were stored at 4°C in 10 %z TCA.
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and 3.5 times the amount actually metabolized. As a result, the pro-
tein-S:total protein ratio decreases throughout the 10 hour period, shown

in Table 4-17. In contrast, the pfotein synthesized by A. Tuteo-violaceus

in the previous experiment‘requires oh]y 14% more sulfur than is évai]—
able (using 0.7 weight % S 1in protein; Tables 4-6 and 13), and the
weight Z S in protein does not change more than can be accounted for by
the initial Tloss of total sulfur. The potential varibility of protein
composition with respect to sulfur content is therefore much higher in P.
haloqurans. The results of this experiment are not pertinent to the hypo—
thesi§ that the residue protein-S:total protein is constant enough to use
as.a'measure of microbial protein synthesis in seawater because sulfate
is never absent in marine habitats, However, the experimentbdemonstrates

that the composition of protein can be regulated by nutritional stresses.

Short Term Sulfate Incorporation Patterns in Sulfur-Starved

Alteromonas luteo-violaceus

The de novo synthesis of bulk protein by A. luteo-violaceus during

sulfur starvation and the retention of viability until L.M.W. organic
sulfur pools are exhausted raises quesfions about the recovery of the or-
ganism from sulfur starvafion énd »the filling of previously. depleted
L.M.W. organic suifur pools. Additionally, inorganic sulfate has not been
observed as an important component of the total ce11u]ar sulfur under any
condftions, and it is of value to know whether sulfate uptake can exceed
metaboTic demands for sulfur. To answer these questions, a culture of A.

luteo-violaceus was washed in RLC-water and resuspended in complete med-
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ium minus sulfur. After two hours of sulfur starvation, 35SOZ was
added and the distribution of sulfur in the major fractiéns énalyzed.
Figure 4-12 shows a one hour lag in}growth determined by direct counts,
during which time L.M.W. organic sulfur compounds dominate the newly
transported sulfur. A substantial amount of sulfate is incorporated into
protein within.s minutes, although it 1is a small percent of the total.
Bulk protein synthesis also begins rapidly but regquires 30 minutes to
reach its maximum rate.

Table 4-18 presents thé distribution data for representative points
(see also appended Table A-11) and demonstrates that inorganic sulfur can
comprise a significant proportion of the total sulfur. The initial high
proportion of__L.M.w. organic sulfur  declines rapidly, the difference
being recovered in the residue protein fraction, with very little activ-
ity in alcohol-ether or hqt TCA soluble material. By 30 minutes of incu-
bation with sulfate, the inorganic sulfate pool has returned to its nor-
mal level of about ZZ of the total sulfur. The L.M.W. organic énd pro-
tein f}actions are equivalent at 60 minutes.

In the sulfur starvation experiment with fh_]uteo—vio]aceus, the 0

time L.M.W. pool size was 677 pMoles S/105cells, of which 487 were
utilized during the first two hours. This deficit is recovered in
slightly over 10 minutes of incubation with sulfate. The pool size con-

tinues to increase to a maximum at 60 minutes of 1365 pMoles

S/108ce1ls, about twice the normal value, after which it abruptly de-

clines as a result of the burst of cell division (946 pMoles S/108ce1ls

at 90 minutes) and continues to decrease to the end of the experiment.
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Figure 4-12. Sulfate incorporation patterns by sulfur-starved Alteromonas

luteo-violaceus. Cells were grown in complete medium containing 10mM glu-

cose and 100 uM SOZ were harvested by centrifugation, washed with
RLCQwater, and resuspended in complete medium minus sulfur. After two
hours, 35SOZ (final concentration, 100 uM; specific activity 20
DPM/pMole) was added and samples removed for direct counts, total pro-
tein, and distribﬁtion of sulfur in major bijochemical fractions. The zero

time isotope adsorption blank has been subtracted.
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Table 4—18; Total Uptake of 3550= and its Distribution in Biochemical

4

Fractions of Alteromonas luteo-violaceus During Recovery from

Sulfur Starvation®

Minutes of pMoles S

% of Total Radioactivity

L.M.W. Alcohol-Ether Hot TCA Residue

Incubation per ml SOZ Organic Soluble Soluble Protein

5 1409.5 6.6 70.3 1.7 4.1  17.4

10 . 2531.4 4.2 66.4 2.0 4.3 23.1

30 6234.4 2.5 55.2 3.4 2.8 36.1

60 12,448.7 1.9 42.8 3.3 6.4 45,7

120 25,209.7 2.3 30.3 5.7 7.1 54.6
180 42,433.0

2.4 17.6 5.5 7.7 66.9

4Data from Figure 4-12.
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The synthesis of sulfur-deficient -protein during sulfur starvation
may continue_dﬁring.the early stages of recovery, but the rapid incorpor-
ation of sulfur into protein as the L.M.W. 6rganic pools are being re-
plenished suggests that this is not so. Ca]cufation of the residue pro-
tein-S:total protein ratio, based on thé difference between the sample
and the 0 time protein level shows thatvfﬁe normal weight % S is found
‘in the newly synthesized protein (Téb]e 4-19), but drops at very high

cell density at the end of the experiment.

Influence gf_su]faté concentration on growth and sulfur distribution

in Pseudomonas halodurans and Alteromonas luteo-violaceus

Previous expériments demonstrate that both bacteria in this study are
capable of synthesizing protein in excess of that predicted by the amount
of sulfur available in the L.M.W. ofganic sulfur pool. Since sulfur-
déficient protein is produced under the influence of sulfur starvation,
the concentration of sulfate in the medium may be an important component
in the regulation of protein content and composition. In addition, the
high Km for sulfate relative to other microorganisms raises the ques-
tion of their ability to grow at low sulfate concentrations. The sa]inify
requirehent for P. halodurans requires that even this estuarine bacterium
cannot be. éxposed to sulfate concentratfons less than 3mM (one-fifth
- seawater conceniration), but the results of growth at varying sulfate
concentrations méy explain some of the results of the sulfur starvation

study.
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Table 4-19. Protein-Sulfur:Total Pfotein Relationship for Newly
Synthesized Protein by Alteromonas luteo-violaceus During Recovery

from Sulfur Starvation®

Per ml Culture

Minutes of Bulk Protein New Proteinb Protein-S C
Incubation ( ng ) { ug ) ( ng) Weight %
0 85.3 £ 2.5 - - -
30 89.6 = 4.1 4.3 £+ 4.8 72.2 1.68
60 109.7 * 3.5 24.4 = 4.3 182.4 0.75
90 130.6 = 1.7 45.3 = 3.0 312.7 0.69
120 - 142.5 = 4.5 57.2 £ 5.1 441.5 0.77
150 - 173.3 £ 9.2 88.0 # 9.5 629.8 0.72
180 234.3 £ 5.0 149.0 £ 5.6 909.8 0.61
240 313.1 £ 9.9 227.8 = 10.2 1046.6 0.46
Mean 0.81
A1l data S.D. 0.39

C.V. (%) 49.0

Mean 0.67
60-240 minutes S.D. 0.12

C.V. (%) 17.4

qpata from Figure 4-12.
bSamp]e value minus O time protein.
“Based on newly synthesized protein.




-206-

A lag in growth is observed for cultures with sulfate concentrations
below 500 uM. Table 4—20,showsAan jnfluence of sulfate concentration on
both growth rate and sulfur content at 50 and 100 uM sulfate, whereas thé
culture containing 250 uM sulfate lags in growth but attains the normal
growth rate. The growth rate deterhined by direct counts agrees well with
that from 355 incorporation. All cultures exhibit increasing sulfur

7ceHs/m] followed by a steady de-

content per cell until about 5x10
crease characteristic of P. halodurans.

There is much less variability in the distribution of sulfur as a
function of external sulfate concentrafion. Table 4-21 shows that only
the 50 uM sulfate concentration affected the proportion of sulfur in the
major biochemical fractions, having a reduced amount of L.M.W. organic S
at either cell density. Samp]ihg at low cell densities eliminated any
problem arising from medium dep]etionvresulting from sulfate assimilation
(less than 8 at 50 uM), but even at the high cell density, where over
50 of the sulfate has been incorporated at 50 uM, the same trends are
apparent; The early stationary phase decrease in residue protein-S as a
percent of the total sulfur and concommittant increase in the proportion
of L.M.N.iorganic-compounds usually observed with P. halodurans occurs at
all sulfate concentrations to the same extent. The alcohol soluble sulfur
increased by two-fold for all cultures at higher density for unknown
reasons. | | |

The influence of external sulfate concentration on the total cellular

sulfur is reflected well in the sulfur content of the protein in P. halo-

durans. Table 4-22 presents calculations of the weight %Z sulfur in pro-

tein for both protein-S:total protein and protein-S:residue protein. As
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Table 4-20. Growth Rate and Squur.Coﬁtent of Pseudomonas halodurans

Grown at Varying Sulfate Concentrations?

Added Direct Counts 353 Incorporation
Sulfate k Hours to k Hours to pMoles S
(wM) (hrl ) 1x107/m1 (nel) 3000 pM S/m1 per 108¢cells
50 0.36 33.7 0.33  39.8 9060 + 1113
100 0.68 20.9 - 0.64 23.6 9808 + 1646
250 0.96 15.2 0.95 16.4 14,483 *+ 3274
500 0.94 - 13.2 0.98 14.3 13,902 + 729
1000 0.94 12.8 0.95 13.8 14,938 = 760
2000 0.94 ~  13.0 0.99 14.0 14,217 + 3535

Complete medium containing 10mM glutamate and 0.5 uCi 35507/m1 but
without added sulfur was inoculated with P. halodurans at
2x10%cells/ml final density. Aliquots were withdrawn into sterile
flasks and supplemented with 50, 100, 250, 500, 1000, or 2000 uM
sulfate (final concentration). Direct counts and whole cell 35S
uptake were determined at intervals; at about 2-6x107cells/ml and
2-4x108cel1s/m1 samples were taken for bulk protein and 35S
distribution. Growth rate is determined using the least-squares
linear regression of In x vs. t; time to reach 1x107ce115/m1 or
3000 pMoles S/ml is interpolated from the regression line.

bCa]cu]ated‘using déta up to 1x108cells/ml, after which the sulfur
content per cell drops sharply.
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Table 4-21. Total Uptake of 35502 and its Distribution in Biochemical

Fractions of Pseudomonas halodurans Grown at Varying

Sulfate Concentrations

% of Total Radioactivity

 Added
Sulfate pMoles S " L.M.W. Alcohol-Ether  Hot TCA Residue
( uM) _per,m] vSOZ Organic Soluble Soluble Protein
 lLate EXponentiaT Cells ( <6x107cells/m1 )

50 3785.3 . 1.6 8.5 4.9 4.8 80.3
100 5298.8 1.3 14.2 4.5 4.2 75.7
250 4499.1 1.2 12.0 4.6 4.3 77.8
500 3989.6 1.4  11.8 2.8 4.8 79.3

1000 4906.7 1.6 11.5 3.8 7.3 75.7
2000 3481.8 0.0 12.4 1.5 5.1 81.0
Early Stationary Cells ( >2x108ce11s/m] )

50 27,218.2 1.4 14.8 , 11.3 3.2 69.2
100 20,908.9 1.0  18.9 10.1 3.5  66.6
250 17,473.7 1.2 19.3 9.4 3.7 66.4
500 21,183.1 1.0 18.4 9.1 3.9 67.6

1000 22,903.2 1.9  16.3 8.8 3.3 69.7
2000 - 18,155.7 2.3 18.5 10.0 3.7 65.5

dExperimental details in Table 4-20.
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with the total cellular sulfur, the weight % S in protein is dependent
on the sulfate concentration up to 500 uM. The mean and standard devia-
tion of the weight Z S in protein are not app1icable; they are shown to
compare with the vafiabi]ity‘observed in cultures at a sing]e conéentra—
tion in other experiments. The similarity in variation around the mean
for bulk protein and total sulfur on a per cell basis indicates that the
two parameters are well related. The values for the weight % § at the
higher sulfate concentrations are in good agreement with previous

experiments.
The same medium was used for the concurrent study of sulfate concen-

tration effects on the growth and sulfur metabolism of Alteromonas luteo-

violaceus. Since this organism grows well at low sulfate concentrations
(it was responsible for the development of RLC-water; see Chapter 2), the
émounts of added sulfate were 20, 50, 100, 250, 500, and 1000 uM final
concentration. The procedures were identical to the previous experiment,
except that the first samples for protein and sulfur distribution were
taken in the late exponential phase (about 1x1080e]]s/m1) due to the

lower protein and total sulfur per cell in gg_luteo—violaceus}

Sulfur-limited growth does not occur at the concentrations used in
this experiment. The mean growth rate (hr—l) of all cultures is
0.47 * 0.03 by direct counts‘and 0.43 £ 0.02 by 355 incorporation, with
'no variation relative to the sulfate concentration and ﬁo lag in either
~parameter. There is a direct relationship between the total cellular sul-
fur 1and the external sulfate concentration: in pMoles S/iOgcells, the
values fbr the respective concentrations are 1930 + 178 (20 uM), 2676 * 49
(50 uM), 3056 % 473 (100 wM), 3151 * 207 (250 wM), 3879 % 371 (500 uM),

and 4284 + 1017 (1mM).
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The distribution of sulfur obeys exactly the same pattern in A.

luteo-violaceus as found for P. halodurans (Table 4-23). A slight de-

crease in the proportion of L.M;w. organic sulfur is observed at the low-
est sulfate concentration at‘the Tower cell density, the rest being iden-
tical within experimental error. The higher cell density again reveals an
inérease‘jn the alcohol soluble sulfur and ‘L.M.W. organic fractions at
the expense of protein, but fhe 20 uM sulfate concentration is indistin-
guishable from the others.

The same pattern of sulfate concentration effect on the residue pro-
tein sulfur:total and residue protein ratios is followed by A. Tluteo-
vio]aceus.'In_keeping with its ability to grow well ét low sulfate con-
centrations, the external sulfate concentration at which the maximum sul-
fur content in protein is found is 250 yM, with significant reduction in
_ protein-$S bé]ow 100 uM. The weight %2 S 1in the residue-protein is 20 %
less than that of P. halodurans, as shown in Table 4-24. The residue bro-
tein-S:total protein ratio consistently decreases at higher cell density.
This is an artifact due to the fragility of these cells in the stationary
phase with loss or rupture of cells during filtration, since the recovery
of 5ml fractionation samples is an average of 78 relative to untreated
Im1 filters whereas the recovery of exponential phase cells in this ex-
periment fs greater than 95%. The residue protein-S:residue protein ra-
tio is independent of recovery and is valid in any caée. The variable re-

covery of A. luteo-violaceus by filtration in later stages of growth has

been a problem throughout the course of this work.
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Tab1e 4—23. Total Uptake of 35SOZ and its Distribution in Biochemical

Fractions of Alteromonas luteo-violaceus Grown at Varying
Sulfate Concentrationsa

% of Total Radioactivity

Added
Sulfate . pMoles S L.M.W. Alcohol-Ether Hot TCA Residue
( uM) per ml SOZ Organic Soluble Soluble Protein
_ Late Exponential Cells ( <2x108ce1]s/m1 )
20 2027.3 2.8 9.7 3.6 5.2 78.8
50 2949.5 3.3 11.6 3.7 4.8 76.6
100 2386.2 2.9 11.9 2.7 4.6 77.9
250 6452.0 2.9  13.5 4.7 4.1 74.8
500 5578.8 2.9 13.5 5.4 3.9 74.2
1000 4471.0 4.2 12.4 3.6 4.3 75.5
Early Stationary Cells ( >2x10$ce1]s/m1 )
20 11,880.4 2.1  19.0 8.7 2.9 67.3
50 13,461.3 1.9  22.6 7.7 3.6 64.2
100 12,454.7 2.8 17.6 8.1 3.7 67.9
250 17,085.6 3.4  23.9 8.6 3.1 61.0
500  14,661.3 3.2 20.0 8.4 3.6 64.8
1000  15,291.3 3.3 21.4 9.3 3.5 62.6

’aComplete medium containing 10mM glutamate and 0.5 uCi 3550Z/m1 but
without added sulfur was inoculated with A. luteo-violaceus at
2x10%cel1s/ml final density. Aliquots were withdrawn into sterile

. flasks and supplemented with 20, 50, 100, 250, 500, or 1000 uM

sulfate (final concentration). Direct counts and whole cell 355

uptake were determined at intervals; at about 1x108cells/m1 and

2-4x108ce11s/m1 samples were taken for bulk protein and 355

distribution. : | B
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Influence of the Carbon and Energy Source for Growth on the Protein

Content and Composition of Pseudomonas halodurans, with a Note Concerning

Nitrogen Limitation

In the natural environment, microorganisms are exposed to a large arQ
ray of dissolved organic carbon compounds which may be used for grthh
and energy requirements. It is therefore pertihent to determihe the in-
fluence of the growth substrate on the sulfur content of protein if the
measurement of protein sulfur is to be uséd as an assay of protein syn-~
thesis in marine ecosystems. Ten substrates were used, of which 8 suppor-
ted growth of the organism; lactose and mannose were ineffective. Samples
were taken for whole cell 355 to determine the growth rate, and samples
were filtered for fractionation and prepared for bulk protein analysis.
The distribution of sulfur during growth on acetate, citrate, ethanol,
fructose, glucose, glutamate, lactate, and pyruvate were identical within
experimental error (see appended Table A-12). The growth rates ranged

from 0.44-1.03 hr-l.

"Table 4-25 reveals no consistent influence of
either growth substrate or cell density on the residue protein-S:total
protein relationship, the mean value (0.92 %) being similar to previous
values and having a small coefficient of variation (6.1%).

A surprising result of the growth of P. halodurans on yarious carbon
and energy sources is that the ‘final bulk protein content of all cultures
were strikingly similar (23.1 = 1.4 ug/ml culture), as were the final

values for total sulfur (296.6 * 9.4 ng S/ml culture). Routine culture of

P. halodurans is carried out in medium containing 500 wM ammonia and 10mM
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“glutamate, with an effective nitrogen concentration of 10.5 mM. Using a
protein-N content of 174 by weight (Jukes et al., 1975), the final pro-
te1n in the low nitrogen cu]tures conta1ns almost 60 % of the added am-
monia-N. Since nitrogen is an important component of nucleic acids and
L.M.W. compounds, it is ]1ke1y_that the second sample of cultures grown
with 500 uM available N had reached a nitrogen-limited stationary phase.
For example, particulate nitrogen analyses from the batch culture expefi~
ment indicate the utilization of 640 uM N at a cell density 'of
2x108ce115/m1. A later experiment using glucose as the.carbon and en-
ergy source verified that nitrogen limits the amount of protein produc-
tion at 500 uM N, although the cell numberé attain nearly fhe normal sta-
fionary ‘phase density, leading to markedly decreased protein per cell

(data not shown). Thus neither the carbon and energy source nor nitrogen

limitation affect the residue protein-S:total protein ratio in P. halo-

durans, an important consideration for natural population studies.

Effects of Low Concentrations of Compounds Containing Reduced Sulfur

on Sulfate Incorporation by Pseudomonas halodurans

A consideration in the use of sulfate incorporation into protefn as a
measurement of marinevmicrobia] proteiﬁ synthesis is the possible effect
of other sulfur-containing compounds (e.g. cysteine, methionine, gluta-
thione, and thiosulfate). Sulfate must be reduced before ertering into
the protein biosynthetic pathway, and preferential utilization of natur-
ally-occurring sulfur compounds would lower apparent sulfur incorporation

. measured with sulfate. It is therefore desirable to know at what concen-
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tration L.M.W. brgénic sulfur compounds affect the incorporation'of sul-
fate sulfur into prote1n

P. halodurans was grown - in complete medium conta1n1ng 1mM sulfate
supplemented with low concentrations of cystine (1 and 4.5 uM, equal to 2
and 9 uM S respective]y), methionine (1 and 10 wM), glutathione (1 and 10
M), thiosuifate (1 and 10 uM), and a control without added sulfur. At
the Tow cell déﬁéity sampling point less than 10 uM sulfate is assimila-
ted, éo if the reduced sulfur compounds are utilized preferentially to
sulfate an effect should be discernable evén at 1 uM levels of added sul-
fur. This is not.the most sensitive approach, butvit is amenable to use
as a bioassay.for'L.M.w..organic sulfur compounds in natural éeawater
sampies. |

The distributioh of sQ]fur in the major biochemical fractions is
shown -in Table 4-26. There is no effect of-the‘éupplements on the growth
rate. At low cell density methionine and cystine clearly affect the
amount of sulfate-$ appearing in L.M.W. organic pools and residue pro-
tein—S. Methionihe.causes a redistribution of sulfur from residue pro-
tein=S to the'L.M.w.‘drganic—S fraction, and the effect is proportional
to the concentration of added sulfur. In contrast, cystine apparently
suppresses 1ncorporat1on of su]fate into the L.M.W. organic-S pool, thus
increasing the proportion of sulfate-S in residue protein. Thiosulfate
and glutathione are without appreciable effect at these concentrations.

The higher cell density samples exhibit the same pattern of effect
with cystine énd methionine, but onTy at the higher Teve] of added sul-

fur. Glutathione and thiosulfate remain ineffective.




-219-

Table 4-26. Total Uptake of °SO7 and its Distribution in Biochemical
Fractions of Pseudomonas halodurans: Effects of Organic Sulfur

Sources on Sulfate Incbf*porationa

% of Total Radioactivity

Added S  pMoles S ' L.M.W.  Alcohol-Ether Mot TCA  Residue
(uM) per m]b Organic Soluble Soluble Protein

Low Density (V{1x108ce1ls/m1)
~ Sulfate (Control)

4399.0  11.9 . 5.9 3.7 78.5
Thiosd]fate
2 4380.0  12.1 5.0 3. 79.0
20 3733.4 11.4 3.1 4.3 . 81.2
Methionine
1 6860.1 16.1 | 7.8 - 3.3 72.8
10 2718.3 35.9 4.2 2.8 57.1
Cystine
1 6286.4 9.6 7.9 3.7 78.8
4.5 5573.6 8.4 5.8 3.5 82.4
Glutathione
1 5710.0 13.2 5.6 3.6 77.7

10 8676.0 - 15.3 5.4 3.1 76.2
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Table 4-26. (Continued)

% of Total Radioactivity

Added S pMoles 'S L.MJW. Alcohol-Ether ~ Hot TCA . Residue
b ,

( uM ) per m1°  .Organic So]db]e ~ Soluble Protein
" High Density ( >1x108ce]15/m1)
- Sulfate (Control) . : ,
10,586.6 18.0 9.1 - - 3.4 "~ 69.5
- 18,715.4 18.4 10.7 3.1 . 67.7
_ Thiosulfate
2 16,562,2 _ 19.1 9.6 2.9 68.5
20 15,175.3 18.6 9.4 - 2.8 69.2
- Methionine -
1 17,949.9: -19.2 9.8 2.6 . 68.3
10 . 12,676.1 26.4 8.9 2.5 .62.3
‘ Cystine .

1 © 16,668.7 17.4 10.7 ‘ 2.8 69.1
4.5 13,382;8" 13.9 10.0 2.9 73.2
Glutathione
1 17,192.0 18.7 10.1 . 2.8 68.5
10 18,935.5 18.4 9.6 2.7 69.3

q0ne liter of complete medium containing 10mM glutamate and 1mM 35502
(specific activity 2 DPM/pMo]é) was inoculated with late exponential
phase cells at a final density of about 3x10%cells/ml and shaken for
10 minutes. Aliquots were transferred into sterile flasks and sup-
plemented with filter-sterilized sulfur sources at the indicated
centrations, and samples were taken at ihterva]s'for direct counts.
During the mid to late exponential phase and again in the early sta-
tionary phase of growth samples were prepared for bulk protein anal--
ysis and biochemical fractionation as described.

bDerived frpm sulfate.
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'The observed differences in the distribution of sulfur in the methio-
nine and cystine-sqpp]emented cu]turés'is amplified by analysis of the
~ sulfate-sulfur content of the bulk and residue protein. Table 4-27 em-
'phasizes the‘effect of methidnine on su]fate.incorporétion; at the 10 uM
concentratién over two-thirds of the. residue protein}sulfur is derived
from methionine early in growth, and the impact remains, although damped,
~at the highef-cell density. A proportiona] feduction in the residue pro-
tein-S:residue protein ratio is observed. The lower concentration of
methionine exerts-a barely detectable efféct, but based oh the mean resi-
due protein-S:bulk protein ratio for the controls (0.75%), the apparent
sulfur dep]efion based bn sulfate incorpokation of 5;6%'15 in agreement
with the 5.7% loss ‘of sulfate-S from the residue protein fraction to
the L.M.W. organic-S pool. At the higher mgthionine concentration the
residue protéin—S:bu]k protein ratio is more sensitive to methionfne
replacement of sulfate than the sulfur distribution becausé of decreased

total sulfate uptake.
The cystinefmediated'dep]etion of residue protein-S derived from sul-
fate decreases. with cell density. at the Tow concehtratjon, indicating

substantial utilization. The effect of cystine at 1 uM is more pronounced

in the dep]etion of residue protein-S than in the distribution of sul-

fate-S, and is greater than the effect of methionine.at the samelconcen—
tration. However, the higher'concéntration-has a similar effect at both
Tow and high éé]] densities which suggests that the_cyétine concéntfation
has not been seriously altered. Based bﬁ'the residue protein—S:residue
protein ratio, the apparent su]faté—S depletion of the methionine and

cystine residues at high cell density indicate the intorporation of
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110 z of the methfonine at 1 yM and 522 at 10 uM, compared to 97%
of the cystine at 1 uM but only 3% at 4.5 uM;_Thus methienine is more
effective fhan cystine 'in replacing sulfate in protein synthesis, but
h1gher concentrat1ons are required to 1n1t1ate an effect

. Glutathione is without effect on any lneasured parameter at e1ther
concentration or sampling density. The effect of thiosulfate is more dif-
ficult to 1nterpret, as there is a greater reduct1on of sulfate-derived
sulfur in res1due prote1n at the Tlower concentrat1on at both sampling
densities.

Abp]ication_ of sulfate incorporation into pfoteih as a rnethbd for
measuring bacterial growth requires that there be little lag in the in-
corporation of sulfate 1nto prote1n due to the equ111brat1on of rad1osu]—
fate with endogenous pools (c. f Kar1l, 1979). If a substant1a1 amount of
equilibration takes place, there will be a delay in the incorporation’ of
the 1abe] into residue protein which can be measured using 1sotope uptake
kinetics. Equatibn 4-1 is derived from Appendix 1 of Roberts et al.
(1963) and describes the theoretical whole cell upfake.curve of radioiso-
tope by a CUltufe iﬁ balanced growth which is growing exponentially at k

doublings et

R Noy

Total Uptake = p—os (et 102 )

[EqUation 4-1]

R is the rate constant per cell (DPM/cell/hour) and Nj is the num-
ber of cells/ml at to, the time of isotope addition. The semi-log

plot of uptake vs. time is convex with the slope decreasing until it




reaches the slope defined by the doubling time k. TheAdegree of gurvature
is directly related'to k, andlcan be used to determine the growth rate of
eipqnentia]]y—grohing pure cultures (Taylor and Jénnasch,‘1976). ‘
'Equi1jbration of .precursoh' boo]s with exogenous .radiolabeled sub-
sfrate wi]i result in a shift of the incorporation “curve towards the
right (increasing 1ncubatjon time) and decrease_the apparent growth rate
detehmined by the curvature until equi]jbrimn is reached. In addition,
the distribution of radiolabel in the biochemicai fracfions will reveal a

larger proportioh of metabolite in precursor boo]s relative‘to that found

in equilibrium-labeled cells. An example of this phenomenon is found in

Figure 4-12 and Table 4-18.
Addition of labeled sulfate to exponentially growing eultures of P.

halodurahs and A. luteo-violaceus results -in total’ uptake and residue

pfotein :inqorpOkafion patterns c]oeely resembling those_'modeled from
: Equatiqn 4-1 (Figure 4-13). The cuhves'for_isotepe uptéke.are fit by eye,
| with bu]k pkdtein and direct counts inc]uded”for'comparison (fit by lin-
ear regre551on) | | |

Note the character1st1c break in the rate of prote1n synthesis for P.

,haTodurans two hours before'the decrease in growth'rate determ1ned by

cell counts. This does not occur .in A. 1uteo v101aceus bulk prote1n and

ce]] couhts increased exponent1a1]y during the ent1re exper1ment The

zero time values for prote1n are ca]cu]ated from the regre551on line -

rather than the;abso]ute va]ues because of var1ab1e~recovery.at 1ow pro—

tein ‘concentrations. To maintain consistency, zero: time: cell density -is

determined-similar1y.
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Figure 4-13. Direct counts, bulk proteih, and 35504 uptake' and in-

corporation kinetics for exponentially growing cultures of Pseudomonas

halodurans and Alteromonas luteo-violaceus. Complete medium cohtaining

10mM glutamate and 1mM sulfate was inoculated with the appropriate organ-

4

jsm at about 2x10'cells/ml. When the <cell density was near

1x107cel1s /m1, 353();

4xlO6DPM/m1 (P. halodurans) or 3x10%0PM/m1 (A. luteo-violaceus) and

was  added to a final  activity of

aliquots sampled for radioisotope uptake at short intervals.
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It is apparent that the incorporation of sulfate into residue protein
is extremely rapid in both battebia, demonstrated by the high proportion
of the whole Ee]] sulfur residing in that fraction from the outset of the.
experiment. Table 4-28 1lists the distfibution of 355 fn the subcellular
fractions of bofh microokgahismé for 5 képresentative time points. Both
complete data sets are appended in Tables A-13 (P. halodurans) and A-14

(A. luteo-violaceus). In P. halodurans over 674 of the total newly-in-

corporated S is incorporated into residue protein in 5 minutes. After 15
"minutes of incubation (about 0.25 generation), the proportion of sulfur
in residue protein, 74;3%, is only 3%. less than thé maximum propor-
tion obtained in this experiment and probably lies within.experimental
error of that value. The proportion.of_L.M.w. organic 355 is maximal at
the first point (5 minutes) as expected, rapidly decreasing dufing the
. first :15 minutes, then declining s]owiy to a minimum value at 105
minutes. Twovhours after isotope addition, the abrupt decrease in the
rate of bulk protein synthesis usually Qbserved with P. halodurans Tleads
to a decrease in the proportion of residue protein-35S with
concommittant increase in the size of the L.M.W. organic—3551pool. The

355 increases throughout the experiment,

vpropOrtion of alcohol soluble-
whereas hot TCA so]ub]e—35$ closely mimics the incorporation of 355
into the protein residue.

A very similar incorporation pattern is observed in A. lg}ggixiglg;
gggé, The growth rate and protein content per cell are about ha]f that of

P. halodurans,- however, and the early data are subject to more variabil-

ity~dquto tow uptake relative to the zero time blank. Nonetheless, more




Table 4-28. Total Uptake of 355
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07 and its Distribution in Biochemical

Fractions of Pseudomonas halodurans and Alteromonas luteo-violaceus:
Short-Term Isotope Uptake Kinetics of Exponentially-Growing Cells?

% of Total Radioactivity

Minutes of pMoles S L.M.W. Alcohol-Ether Hot TCA Residue
Incubation  per ml Organic Soluble Soluble Protein
Pseudomonas halodurans

5 79.2 28.8 0.9 3.2 67.2
15 . 258.3 21.4 1.1 3.2 74.3
30 559.5 19.7 1.2 3.2 75.8

120 3904.6 16.2 5.0 3.0 75.8
480' 16,310.9 21.0 13.4 1.9 63.7
Alteromonas luteo-violaceus

5 6.9 0 0 49.3 50.7
15 26.8 25.4 1.5 10.1 63.1
30 62.6 25.1 1.0 4.2 69.8

120 365.5 19.9 2.7 .6 71.8
480 6042.2 16.8 6.5 .6 73.1

qata from Figure 4-13.
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than 50 % of the 355

is found 1in residue protein in 5 minutes. An ab-
normally 1arge amount of 355 is contained in hot TCA soluble material
at 5 and 15 minutes but is probably an ertifact. After about 0.25 genera-
tions (30 hinutes); the proporfion of 355 in residue proteinvis within

64 of the maximum obeerved in this experiment. As with P. halodurans,

the L.M.W. organic—355 pool of A. luteo-violaceus diminishes in rela-

tive importance with time.
The data for who]e cell and residue prote1n-35S from these experi-
ments are modeled by Equation 4-1 in Figure 4-14. The graphs for P. halo-

durans and A. luteo-violaceus are fitted different]y to emphasize differ-

ent concepts as follows: for P. halodurans the constant RN0/k1n2_is de—

termined for whole cell sulfate uptake by solving Equation 4-1 for R

(pMoles S/108ce]1s/hour) knowing N, (8.25 x 106 cells/ml) and the k
0 .

for cell division (1.03/hour) using the first data point (5 minutes; 79.2

pMoles S/ml). The resultant R (11,182 pMoles S/108ce11s/hour) is enter=

ed into the equation and expected values for total uptake calculated with

increasihg time (t). The expected uptake curve is drawn with a 20 % en-

velope of error for.k, and the dataeare then added. The observed data are

within 10 % of the calculated value for the first 150 minutes, after.

which the sulfate uptake rate decreases due to the chaﬁge in protein syn-
thesis rate .at 2 hours.
The curve for P. halodurans res1due prote1n—355 is generated in the

same way using the k determined for bulk prote1n, 1.29/h0ur. The 1ncor—

poration of 355 into the proteih residue is'slight1y faster than pre-

dicted from Equation 4-1 initially, but falls under the predicted curve
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Figure 4-14. Predicted and obServed whole cell sulfate uptake and in-
corporation into protein using data ffbm Figure 4-13. Predicted rates
were calculated as described in thé text; a 20 % envelope of error for
the influence of growth rate is shown. The following values of k, calcu-
lated from the data in Figure 4—13,:Qere used: E;_ha1odurans, 1.03/hour

(whole cells) and 1.29/hour (protein); A. Tluteo-violaceus, 0.48/hour

(whole cells) and 0.57/hour (protein).
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by 114 at 105 minutes, just before the break in the rate of protein
synthesis. o

Alteromonas Tuteo-violaceus provides éh opportunity to test the ap-

p]icabi1{ty of kinetic ana1y$ié to the determination-of growth rate as
wefl'as pool equi]ibkation time. A]thodéh the growth fate determined- for
direct counts (0.48/hour) is less than that for bulk protein (0.57/Hour),
there is no deviation from exponentia]ity(for nearly 8-hours of gfowth.
In this case the best fit of all the data from 5 minutes to 8 hours is
determined in the following manner: using the appropriate k and the zero
time direct cél] count determined by extrapolation (1‘39X107ce1]s/m1),
the value of R is calculated for each time point. The mean R (898 * 138
pMoies S/108ce115/hour. .for whole cell S; 577 % 84‘ pMoles
S/108cells/hour for residue protein .S) .1s then used to calculate the

predicted uptake or incorporation rate.

The uptake of su]fate'intobwho]e cells of Alteromonas luteo-violaceus °

is mbde]ed'qhite well by the equation for the first 4 hours of growth
(about 2 generations), after which the effects of the faQter'k for bulk
protein synthesis Have a noticeable effect. Early Uptake data for this
bacterium contain a ]afger degfee of error than forvg;_ha]bduransvbecause
of the Tower growth'rate and cell quota for sulfur, and the R value for
whole cell uptake is jnf]uehced by the differenfia] rafes of profein syn;:
thesis and cell growth, yet the observed data are well Qifhih 20% of
the model for all points after425 minuteé.»TheAagreementldf the fesidue
protein—355 data with the expected values _generated frbm the growth

rate determined for protein is better, most data falling within 10 % of
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the model for the entire expérimenté] beriod; The eXpected curve lies
above the data for the first 25 minutes, és with the whole cell thake
pTot, indicating that the protein component (which dominates the whole
cell uptake) does require some time to reach equilibrium with precursor
pools. The distribution of 355 is- in agreement, both suggésting an
equilibration tihe of less than 0.25 generatiohs,b

The results of these experiments are in marked contrast to those of a
simi]ar experiment performed with su]fur-starved.ce11s (Figure 4-12 and
Table 4-18) in which the assimilation of 39507 into L.M.W. organic
sulfur pools dominated metabolism for an extended pefiod of time. The

present evidence supports the concept of a partitioning of L.M.W. organic

sulfur component such that sulfur requirements: for protein synthesis are

satisfied by exogenous sulfate rather than the small endogenous sulfur

reservoir. The lack of a dynamic equilibrium between. metabolites of exo-
genous sulfate and endogenous L.M.W. organic sulfur compounds is suppor-

ted by the inability to model the L.M.W. organic sulfur fraction with

Equation 4-1. The expected curve overestimates the amount of observed

355 in the fraction at growth rate constants as low as 0.001/hour, and

a linear plot of the L.M.W. organic 35¢ vs. time shows 1ittle or no up-

ward curvature for at least 45 minutes (not shown).
 DISCUSSION

The distribution of sulfur in exponentia]]y—groWing cultures of

Pseudomonas halodurans and Alteromonas ]uteo—vibiaceus_is quite similar

to that obSeryed for E. coli (Roberts et al., 1963}, but the distkibution_
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of carbon 1is s]iéht]y different (Table- 4-29). Over 90 % of the total
cellular sulfur is found in L.M.W. organic and proteih fractions, and
generally less than 2% of the total sulfur is found in 1lipid compon-
ents. The distribution of both sulfur and carbon remain essentially con-
stant throughout exponential growth, but approach to the stationary phase
is often foreshadowed by changes in the relative amount of L.M.W.. com-
pounds. At this time, a relative increase of L.M.W. organic sulfur is

characteristic of both organisms. The effect is more pronounced 1in A.

luteo-violaceus but this may be due to enhanced susceptibility to its
protease. Protein synthesis and cell division occur at similar rates for

A. 1uteo~vio]aceu§ throughout fhe growth cycle, but "in P. halodurans the

rates of protein synthesis and jncreasé in cell numbers are divergent. A
continuous increase in cellular protein during ear]y exponential growth
followed by an abrupt decline more than one generation before cell
~divison rates begin to slow results in a high degree of variability in
the protein per cell. In spite of this, incorporation of carbon and sul-
fur into protein parallels bulk protein synthesis for both organiéms.

Virtually all of the sulfur metabolism in A;_lutéo—violaceus and P.

halodurans 1is concerned with the production and utilization of protein
precursors. This fact is clearly demonstrated by the results of protein
synthesis inhibition by ch]okamphenico] in P. halodurans. This bacteriof
static protein synthesis inhibitor‘produceé an absolute cessation of both
bulk protein synthesis and incorpofation of - sulfur into residue prdtein
virtually -instantaneocusly. The elimination of product formation results
in a dramatic increase in the size of the L.M.W. organic sulfur pool

which proceeds at a Tinear rate until thé pool size is more than doubled.




Table 4-29. Comparison of Carbon and Su]fdr Distribution in Major
Biochemical Fractions of Pseudomonas halodurans, Alteromonas
luteo-violaceus, and Escherichia coli?

% of Total Radioactivity

_ Alcohol Hot TCA Residue

Organism L.M.W. Soluble - Lipid Soluble Protein
Sulfur

P. halodurans 14.2 4.1 1.7 8.6 71.4

‘A. luteo-violaceus 21.1 3.0 0.9 4.9 70.1

E. coli ' 22.3 14.2 0.4 2.8 62.7
_ Carbon

P. halodurans 30.5 0.4 7.7 8.8 52.7

A. luteo-violaceus 18.9 1.5 9.8 15.1 54.8

E. coli ' 8.2 8.5 15.6 17.8 49.9

aSulfur data: E. coli, Roberts et al. (1963); P. halodurans, Table
4-16; A. luteo-violaceus, Table 4-14. Carbon data: E. coli, as

sulfur; P. halodurans, Table 4-1; A. luteo-violaceus, Table 4-4.
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The same pattern of events occurs in- A. luteo-violaceus during the first

few minutes of CAP treétment, before auto1ysis.begins.

When thelproduction of-precursor is brevented by sulfur starvation, a
rapid drainage of L.M.W. organic sulfur pools 1is qccompanied by a corres-
ponding increase in bulk profein. When the pool size reaches a minimum
value, the rate of protein synthesis declines éharp]y. In A. luteo-viola-
ceus, bulk protein synthesis stops completely when the L.M.W. organic
sulfur pool is drained.AA threshho]d concentration exists below which the
organism cannot further deplete thé pool: the remaining material may be
primarily vitamins (thiamine and biotin) and co-enzymes (lipoic acid)
which are not readily éccessib]e for use in protein synthesis.‘Protein
synthesis continues at a slower raté after the initial rapid pool drain-
age in E;_halodurans. The L.M.W. orgénic sd]fur pool does not reach a
minimum but decreases linearly at a low rate. The result is the produc-
tion of prdtein deficient in sulfur during.sulfur starvation.

An investigation of thé effects of sulfate concentration on the
growth and sulfur distribution of Lemna reveal that changes in the exter-
nal sulfate concentration are reflected in the amount of intracellular
sulfate and glutathione, with no effect on the sulfur content of protein
(Datko et al., 1978b). In contrast, the contentration of sulfate in the
medium exerts a strong effect on the sulfur content of fesidue protein in
both marine bacteria, and additionally inf]UenceS the total cellular

sulfur and protein content of both P. halodurans and A. luteo-violaceus.

The increased cellular sulfur is mainly due to the change in the sulfur
content of protein, however, with a similar proportion of sulfur in the

major biochemical fractions at all but the lowest sulfate concentration.
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Fluctuations in the relative proportion and absolute amount of L.M.W.
organic sulfur can be as large as 2-fold, even 1in unperturbed batch
growth. Most changes are due to swe]]ing of the L.M.W. organic sulfur
pool during sfationary,phases. In terms of-the tota1'amino acid comple-
ment of the L.M.W. pool, howevér, the influence of su]furcontaining com—
pounds is insignificant. The small contribution of L.M.w; organic sulfur
compounds 1is qualitatively demonstrated in Figures 4-2 and 4-4; the rate
of carbon 1ncorporat16n into L.M.W. material decreases susbtantia]]y at
least one generatibn before reduction in the synthesis of L.M.W. organic
sulfur compounds. Carbon—containfng compounds of many:kinds contribdte to
the L.M.W. pool, however, so quantitative amino acid analysis is neces-
sary. Témpest et-a1. (1970) and Tindall et al. (1977) found that sulfur-
containing amino acids constitute less than 1 mole % of the total free
amino écid poo1 in microorganisms. Amino acid analysis of boiling water

soluble extracts of P. halodurans and A. luteo-violaceus demonstrates

that the organisms in this study also have very sma]} S-amino acid pools
(Chapter 3, S. Henrichs Ph. D. Thesis, Woods Hole Oteanbgraphic Institu-
tion, 1980). No cysteine or its degradation products can be found by gas

11

chromatography of derivatized extracts from 10 _ce]]s ~of either bac-

terium, and traces of methionine (<1.5 moles % of the total amino

acids) are observed only in A. luteo-violaceus.

Inorganic.sulfate, an‘important component of L.M.w..poo]s in terrest-
rial microorganisms (Segel and Johnsdn, 1961) and‘p]énts (Hart and Fil-
ner, 1969), is not found in quantities >2¢ of the tbtal L.M.w. sulfur

in the marine bacteria. The one exception is during the recovery of A.

luteo-violaceus from sulfur stakvation (Table 4-18),.when inorganic sul-
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fate initia]iy attéins levels of over 6% of the total sulfur. As the
precursor pools depleted by sulfur starvation are replenished, the pro-
portion of sulfur in both inorganic sulfate and L.M.W. organic—S com-
pounds declines rapidly.

The small size of the L.M.W. organic sulfur pool and the negligible
contribution of inorganic sulfate to the total cellular sulfur pérmit ex—
tremely rapid incorporation of 35502 into residue protein. The ap-
parently slow equilibration of the L.M.W. organic sulfur pool with exo- -
genous 35SOZ suggests that much of the sulfur amino acid require-
ment for protein synthesis can be satisfied by direct reduction of sul-
fate rather than utilization of pre-existing precuréors. Studies of the

molecular organization of the cysteine synthetase system (Kredich et al.,

- 1969) support this concept. They found that a single, multimeric complex

1n}Sa]mone11a typhimurium performed both O-acetylation of serine and sul-
furylation of the prbduct O-acetylserine with S= -to yie]d cysteine.
Likewise, the reduction of APS to the level of sulfide occurs in a single
6 electron step while bound to a L.M.W. protein carrier (Abrams and
Schiff, 1973; Schmidt et al., 1974); the authors suggest that the entire
sulfate reduction pathway occurs while enzyme-bound. The.fast reaction .
kinetics of such systems due to increased substrate concentrations resul-
ting from proximity to »reattion centers while enzyme—bouhd allows the
maintenance of small precursor poo1s. Further reactions ofvcysteine dur-
ing methionine biosynthesis may be similarly co-ordinated, since the.in—
termediates homocysteine and 'cystéthionine are also found Vat very low
concentration (Giovanelli et al., 1973). The slowly equilibrating L.M.W.

component may be primari]y glutathione, which is well known as a sulfur
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reserve in bacteria (Apontoweil and Berends, 1975; Datko et al., 1978a;
Fahey et al., 1978). Glutathione may serve as an emergehcy sulfur source
and oxidation-reduction buffer without substantial involvement as a
source of cysteine for amino acid biosynthesis,‘since if derepresses com-
ponents of the cystejne biosynthetic pathway effectively (Kredich, 1971).

The measurement of sulfate incorporation into the protein residue
therefore represents de novo protein synthesis within e small degree of

error .in growingvcells containing a ndrma]'comp]ement of sulfur in the

L.M.W. pool. This is especially valuable because it eliminates problems

arising from di]ution of Tlabel by large endogenous pools df profein pre-
cursors and'permité the direct interpretation of sulfate incorporation
studies in mixed natural popd]ations.

The specificity of the incorporation of su]fuf into residue protein
for protein synthesis is emphasized by the good fit of incorporation data
to the model derived from e]eﬁentary considerations of 1isotope uptake
kinetics (Figure 4-14).. Although the rate of protein synthesis is often
up to 25% higher than the increase in direct counts, the incorporatiqn
of sulfur into fhe protein residue is very accurately predicted by the
model when the growth rate constant determined by protein assay (rather

than by direct cell counts) is used in Equdtiqni4-1.'Surprising]y, the

whole cell sulfate uptake data is nearly as well fit to the model when

the lower growth rate determined by direct ce11 counts is used. The data

for Alteromonas luteo—violaceus further demonstrate that the growth rate

can be determined accurately (afterAincubation with 35 for >1.5 gener-

ationé);fOrdan exponentially growing culture without know]edge'df the in-

itial cell density or the subétrate concentration. The degree of curva- _
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ture of the semi-logarithmic plot of uptake or incorporation vs. time is
strictly dependent on the growth rate. The initial cell density and sub-
strate concentration only affect the rate constant; tnerefore the plot
can be compared with a series of curves generated with Equation 4-1 using
a range of growth rates, and the best fit among them gives a good
approximation to the growth rate.

The competition for sulfate incorporation into protein by methionine
and cystine can pose a problem in the interpretation of protein synthesis
measurements when the organic compounds are present at moderate levels
(~1uM). Methionine.is especially effective at replacing sulfate-sulfur in
protein -in Bi_halbdurans, with characteristics identical to those obser-
ved for‘gi_ggli (Roberts et al., 1963). The replacement is manifest by
redistribution of the assimilated sulfate in favor of the L.M.W. organic
sulfur pool, with a concommittant reduction in residue protein-S. Cystine
is much less effective in replacing sulfate, and the response is in the
opposite sense to that for methionine; the redistribution of sulfate is
in favor of the protein fraction, decreasing the contribution of sulfate
to the L.M.W. pool. The failure to detect sulfur-containing amino acids
in seawater (Schell, 1974; Williams et al., 1976), even 1in coastal
waters, is reassuring, but bioassay of seawater samples using sulfate in-
corporation into residue protein with a bacterium of known protein sulfur
conéent and high sensitivity to replacement of sulfate is warranted.

The results of the investigation of the flow of sulfur through major
biochemical fractions relative to cell growth and protein synthesis
strongly support the applicability of sulfur incorporation studies to

marine bacteria in natural habitats. The only factor. found to cause a
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significant alteration in the sulfur content of the bulk protein in

Pseudomonas halodurans or Alteromonas luteo-violaceus is variation in the

~external su]fate'concentration (Tables 4-15, 17, 22, and 24). This vari-
~able is not encountered in seawater except in zones of high dissimilatory
sulfate reduction.such as marshes and énoxié basins; the sulfate concen-
tration of aerobic seawater, 25mM, is over 40-fold in éxcess of concen-
trations found to affect the sulfur content of protein in marine bacter-
ia. Figure 4-15 shows the relationship between sulfate incorporation into
residﬁe protein and bulk protein-in P. halodurans for all experiments

with sulfate concentrations >500 uM. Although nitrogen-limited cultures

have values above the regression line, the controls for the-experiment'

also have unusually high residue protein:bulk protein ratios, reflecting
a small degree of variabi]ity in the measurement. The residue protein:
bulk protein ratio does not describe the true sulfur content of protein
because some protein and protein-S aré solubilized by alcohol and hot
TCA. This ratio-is an operational one, i.e. the measurement which can be

made with natural populations. The relationship between residue protein-$S

and bulk protein is similar for Alteromonas luteo-violaceus (Figure

'4—16), but problems encountered with protease activity in stationary

phases prevented measurement of the ratio over as wide a set of

conditions as those used with P. halodurans.

The work in this chapter emphasizes the relative ﬁohstancy of the

residue protein-S:total prdtein ratio because of its poténtia] applica-
tion to the measurement of protein synthesis in natural marine bacterial
.popU]ations. During the course of the study, other parameters indicative

of nutritional status were measured as well to determine the variability
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Figure 4-15. Residue protein sulfur:bulk protein relationship for

Pseudomonas halodurans. Data are shown for all cultures with sulfate

concentrations >500 uM. Symbols: Unperturbed batch growth, @ ; nitrogen

limited cultures, 425;_ch1oramphenicol inhibited culture, [J .
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Figure 4—16.' Residue protein sulfur:bulk protein relationship for

Alteromonas luteo-violaceus. Data are shown for all cultures with

sulfate concentrations >100 uM.
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of cellular compositidn as a function of environmental conditions. The

14C and 355 assimila-

concurrent measurement of cell counts, protein,
tion, and particulate organic carbon and nitrogen permits the calculation
of a number of ratios relevant to interpretation of microbial growth

studies.

Variability in cellular composition is summarized in Tables 4-30 (P.

halodurans) and 4-31 (A. luteo-violaceus). Particulate organic carbon and

nitrogen, a measurement commonly made in phytoplankton studies, exhibited

a. 20-fold range of values in both organisms, with standakd deviations

nearly equal to or greater than the mean. The variation is predictable:
most is a result of sulfur starvation and indicates storage of carbon
‘reserves. It is well known that nitrogen limitation leads to the accumu-
lation of carboh reserve polymers in bacteria (Dawes and Senior, 1973;
Herbert, 1961; Slepecky and Law, 1961) and algae (Lehman and Wober,
1976). Starvation‘for sulfur results in even greater glycogen storage in
baﬁteria'(Antoine and Tepper, 1969). Accumulation of carbon and nitrogen

“is also observed for both P. halodurans and A. luteo-violaceus during the

stationary phase if carbon and energy sources are abundant.

Increasing cellular carbon is frequently accompanied by more slowly

., rising particulate nitrogen. During unperturbed and sulfurlimited sta-
tionary phases the C:N ratio therefore increases, but to a smaller extent

than' cellular carbon. Much of the nitrogen assimilation can be ascribed

to requirements for protein synthesis in sulfurlimited cultures, but

amino acid pooling may be important in other stationary phases.
The protein content of P. halodurans f1Ucfuafes considérab]y, ranging

over 2-fold duting unperturbed éxponential growth. This'charactekistic is
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Table 4-30. Variability of Bulk Parameters in P. halodurans
Normalized to Cell Numbers?

ug/108cells n X S.D. C.V.(z) = Range
pocP 28 18.8 15.9 84.7 3.6-62.4
poN? 28 5.4 5.7 104.1 0.9-23.2
Protein 162 23.8 1.6 48.7 3.6-66.0
Total 1% 23 31.5 16.1 51.3 12.3-63.7
Total 595 110 0.293 0.129  44.2  0.104-0.606
C:N (wt:wt)P 28 3.8 0.8 19.9 2.7-5.1
C:S (wt:wt)© 79 97 56 57.7 45-429

dCombined data from all experiments.

bparticulate organic carbon (POC) and particulate organic nitrogen
(PON) determined by Perkin-Elmer CHN analysis.

cRadioisotope uptake data.
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Table 4-31. Variability of Bulk Parameters in A;_1uteo—Vio1aceus

Normalized to Cell Numbers?

ug/108cells n X 5.D. C.V. (%) Range
pocP 21 19.3 20.2 104.7 3.4-71.5
PN’ 21 4.9 4.4 91.4 1.1-15.4

' Protein 79 12.9 4.9 37.8 4.2-28.9
Total 1%¢ 23 8.1 2.4 29.1 3.6-14.3
Total %5 80 0.106 0.032  29.6  0.048-0.209
C:N (wtawt)? 21 3.8 0.8 21.0 2.8-6.0
C:S (wt:wt)© 46 89 8 9.2 73-112

dCombined data from all experiments.
bParticu]ate organic carbon (POC) and particulate organic nitrogen

(PON) determined by Perkin-Elmer CHN analysis.

CRadioisotope uptake data.
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not shared by Alteromonas luteo-violaceus. The highly variable protein

content of P. halodurans is emphasized by the >18-fold range of values,

compared to <7-fold in A. luteo-violaceus, but the coefficient of varia-

tion (C.V.) is much less than for either particulate carbon or nitrogen.

Total 14

C data were only obtained during unperturbed batch growth
experiments and should not be compared with the other data; they deline-
ate the relatively high degree of variability during normal growth. In a
chemostat, of course, this indication of great sehsitivity to small en-
vironmental changes would not be observed.

The variation in total cellular sulfur is very similar to that for
total protein. The sijght]y Tower C.V. is a result of sulfur limitation
experiments in which synthesis of sulfur-deficient protein occurred. Ex-
cluding these data, the agreement in the C.V. for total protein and sul-
fur confirm the close relationship between protein synthesis and whole
cell sulfate uptake. However, there is still substéntia] variability due
to the variations in L.M.W. pool size and divergent rates of cell divi-
sion and protein synthesis. Therefore whole cell sulfate upfake is not a
god measurement of growth in terms of cell numbers.

Whole cell sulfate uptake has been used in freshwater ecosystems in
the hope of finding a method for estimating bacterial carbon production
for inclusion in carbon budgets (Campbell and Baker, 1978; Jassby, 1975;
Jordan and Peterson, 1978; Monheimer, 1974b). However, laboratory studies
demonstrated a 65-fold range in C:S uptake ratios (Monheimer, 1978b),
preventing unambiguous interpretation of carbon assimilation values de-
rived from sulfate uptake studies (Monheimer, 1978a). Indeed, the C:S

ratio for P. halodurans (Table 4-30) spans the range of purportedly con-
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stant C:S ratios of 50:1 (Jassby, 1975) to 500:1 (Monheimer, 1974b)
| during exponential growfh. A much smal]ef range is observed for A. luteo-
violaceus because lce]l growth and protein synthesis are more tightly
coupled. The mean C:S ratios are similar, and agree with the mean of 107
determined by Jordan and Peterson (1978) for 5 freshwater bacteria grown
in chemostats. It is clear that non-ideal growth must be taken into ac-
count before applying a mean value derived from steady state growth to a
bacterial assemb]agé in a variable environment.

The physiology of bacteria growing in variable environments precludes
the use of a simple relationship between whole cell carbon and sulfur
metabo]ism. If protein synthesis can be accepted as a useful index of
bacterial growth, a more readily interpreted relationship becomes appar-
ent. The parameters from Tables 4-30 and 31 are normalized to protein in

Tables 4-32.(gl halodurans) and 33 (A. luteo-violaceus). The variability

of total cellular sulfur per unit protein is the smallest of the three
major elements of biomass studied (14C data are again for exponential
growth only). A large array of nonprotein carbon and nitrogen compounds
in bacteria is indicated by the great variability of these é]ements with
respect to protein. |

Sulfur incorporation into protein is an excellent indicator of pro-
tein synthesis under all the conditions described in this chapter. Sever-
al’useful relationships exist, depending on the desired application. For
]abofatory studies of protein synthesis in pure cultures, a simple and
reliable method is the cold TCA-insoluble 355:tota1 protein ratio. De-
termination of the ratio for each bacterium would provide a sensitive

method for the routine measurement of protein synthesis, providing a
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Table 4-32. Variability of Bulk Parameters in P. halodurans

Normalized to Proteina

Weight %0 n X S.D. C.V.(2)

Range

POC 24 9% 87 91.1 22466
PON 26 37 66 178.5 6-324
Total 14c 26 124 46 36.9 79-280
Total °°s 95 1.20 0.20 16.2 0.78-1.73
TCA- '
LA b 135 95 1.00 0.12 12.4 0.74-1.26
Protein S°S 99 0.83 0.13 15.6 - 0.55-1.13
Protein S°sd 80 0.86 0.12 14.3 0.64-1.13
Protein L3¢ 18 58.0 9.2 15.8 49.2-79.9
Protein 3°S/ |
Residue Protein® 60 1.07 0.17 15.6 0.80-1.45
Protein 14C/

48.9-88.3

Residue Protein® 15 61.2 13.7 22.5

qcombined data from all experiments.

b(ug/ug total protein) x 100.

“Perkin-Elmer CHN analysis data.

dData for cultures grown with <500 uM sulfate removed.

“Normalized to the amount of protein found in the residue from the

fractionation procedure for cultures with >500 uM sulfate.
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Table 4-32. Variability of Bulk Parameters in A. luteo-violaceus

Normalized to Protein

a

Weight %b

n X S.D. C.V.(%) Range
POC 20 83 40 47.6 46-226
~ PON 20 23 13 59.8 13-75
" Total e 14 82 14 17.2 62-110
Total 3%s 59 0.94 0.24  25.4 0.53-1.65
TCA- |
T 1355 59 0.78 0.14 18.1 0.48-1.20
Protein 3°5 59 0.69 0.13 18.5 0.43-1.09
Protein 3°sd 45 0.72 0.11 15.9 0.57-1.09
Protein ¢ 14 46.4 3.3 7.1 40.6-53.5
‘Protein 35S/ e ,
Residue Protein— 10 0.92 0.15 15.9 0.75-1.20
Protein 14C/ o
Residue Protein 6 68.6 2.6 3.8 65.6-72.1

dcombined data from all experiments.

b Lg/ug total protein) x 100.

Cperkin-Elmer CHN analysis data.

d

Data for cultures grown with <100 puM sulfate removed.

®Normalized to the amount of protein found in the residue from the
fractionation procedure for cultures grown with >100 uM sulfate.
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higher degree of resolution than is available using bulk protein assays
yet retaining quantitative rather than qualitative features. Studies of
field populations require further separation into residue protein 355
because of high blanks associated with the amount of isotope necessary to
detect bacterial activity in seawater (Chapter 5) but little or no added
variation is introduced by the procedure. There is, therefore, a working
measurement amenable to use in seawater which is gquantitative.

Finally, the data obtained in this study are in excellent agreemént
with the model protein of Jukes et al. (1975), which indicates a sulfur
content of 1.1% in protein. The true weight % S in protein, i.e. the

residue protein-S:residue protein ratio, is 1.07 for P. halodurans and

0.92 for A. luteo-violaceus. Since the model protein composition fis

derived from numerous sources from all kingdoms, the agreement of the
sulfur content of protein for the two bacteria examined strongly suggests
that the re]ationship described above will be valid for natural assem-

blages of marine bacteria.
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- CHAPTER 5
APPLICATION OF SUBCELLULAR FRACTIONATION TECHNIQUES TO THE STUDY
SULFUR, PHOSPHORUS, NITROGEN, AND ORGANIC CARBON METABOLISM

BY NATURAL MARINE BACTERIAL POPULATIONS
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INTROBDUCTION

Studies of marine bacterial actfvity have concentrated on mineraliza-
tion rates and turnover times of organic compounds (Azam and Holm-Hansen,
1973; Dietz et é]., 1977; Hodson and Azam, 1977; Jannasch and Wirsen,
1973; LaRock et al., 1979; Sieburth, 1976; Wright and Hobbie, 1966). Un-
fortunately, the results of heterotrophic activity measurements are usu-
ally qualitative and not comparable among sampling regions or times. The
concentration of some substrates, especially amino acids and giucose, can
be measured in conjunttibn with uptake experiments (Vaccaro et al., 1968;
Williams et al., 1976) and demonstrate that the bacterial assimilation of
organic compounds can provide a significant source of particulate carbon
for higher organisms in coastal waters. A method for the estimation of
bacterial growth rates in unsupplemented seaWater by a chemostat dilution
technique (Jannasch, 1967) and the measurement of microbial ribonucleic
acia (RNA) synthesis (Karl, 197§) have been successfully applied to nat-
ural populations. Co-ordinated efforts to quantitatively ascertain the
bacterial contribution to marine food webs are still too few to provide a
comprehensive understanding of bacterial growth in the oceans.

Recent observations suggest that bacteria may provide an adequate nu-
tritional source for the reproductive growth of marine animals (Karl et
al., 1980). In the open ocean, animals capable of fi]ter—feeding on par-
ticles in the bacterial size rénge (0.2-2 um) have been repeatedly ob-
served, often in large numbefs (Harbison and McAlister, 1979; Wiebe et

al., 1979), and knowledge of the potential transfer of.microbial biomass
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to these animals wou]d‘be a useful contribution to the understanding of
marine food web dynamics.

Estimation of total bacterial population growth using organic tracers
of metabolic activity is impractical because of the large variety of met-
abolizable organic compounds present in seawater (see Chapter 1). It is
virtually impossible to determine the concentrations and uptake rates of
more than a select few of the carbon and energy sources available to mar-
fne bacteria. The absence of a "universal organic substraﬁe" which is
takeh up by all bacteria at a rate proportional to biomass production
precludes the quantitative use of organic compounds as tracers of microf
bio]ogical production.

Surprisingly 1little attention has been directed towards the use of
inorganic compounds for. bacteria] growth measurement. Bacteria require
sulfur, nitrogen, and phdsphorus in proportions sfmi]ar to phytoplankton,
and the same sources of these elements are available to them. In addi-
tion, each of the major inorganic nutrient elements S, N, and P are con-
tained in restricted classes of biological molecules relative to carbon.
Total uptake of these elements and their patterns of incorporation into
major biochemical compdnents of microbial cells (i.e. protein, RNA, DNA,
and 1ipid) may therefore provide information on the rates of biosynthetic
processes central to reproductive growth .

No attempts have been made to measure sulfate metabolism by marine
bacteria, in part due to the large isotope dilution barrier posed by the
nearly 30mM sulfate concentration. A sulfate uptake method used in fresh-
water (Jassby, 1975; Jordan and Peterson; 1978; Monheimer, 1974a) met

with frustration due to the lack of correlation between sulfate uptake
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and bacterial carbon production (Monheimer, 1978b).‘Consideration of the
physﬁo]ogy of unbalanced bacterial growth with respect to carbon and sul-
fur metabolism argdes against a close correlation between whole cell car-
bon and sulfur aséimi]ation (Chapters 1 and 4). Indeed, the range of C:S
ratios obtained with a single marine bacterium, P. halodurans, spans the
entire range of purportedly constant values for this ratio (Table 4-30).
However, sulfate incorporation into protein has been shown to be a very
good measure of protein synthésis, an important component of reproductive
microbial growth. Sulfur incorporation_into protein may therefore provide
a specific measurement of total microbial protein synthesis, a valuable
index for both biomass production and food web trophodynamics studies.

Results obtained by the measurement of sulfate incorporation into
protein may be supported by simultaneous determination of nitrogen and
phosphorus assimilation. The substantial proportion of nitrogen in nucle-
ic acids, proteins, and precursors to these macromolecules suggests that

nitrogen metabolism is also closely related to reproductive growth. Phos-

phorus is an essential component of nucleic acids and structural lipids

‘and can be stored as polyphosphates, but is virtually absent in protein.

The specific incoporation pattern of phosphate into RNA, DNA, phospho-
lipids, and polyphosphates can therefore comp]ement sulfur and nitrogen
assimilation measurements, providing further data on specific aspects of
microbial growth and metabolism.

Most of the world ocean inhabited by bacteria lies below the euphotic
zone where mineralization and mixing with deep water provide an adequate
supply of inorganic nutrients. In such an environment the uptake and in-

corporation of inorganic compounds is likely to be directly proportional
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to growth, and often fulfill the requirements of a quantitative rate

measurement of microbial growth in the field, i.e.:

(1) the substrate concentration must be measurable;

(2) the addition of labeled tracer must not alter the ambient
concentration of substrate significantly nor affect the
chemistry of the sample; '

(3) there must be no competing compounds which interfere with
the uptake of the tracer -or replace it in metabolic pro-
cesses; :

(4) the substrate of choice must not be taken up or metabolised
to a significant extent by non-microbial components of the
sample;

(5) the substrate of choice must be taken up and metabolised by
all actively growing members of the microbial community;

(6) the uptake or incorporation of the substrate must be inter-
pretable in terms of microbial growth under the range of
conditions likely to be found in the natural environment.

The measurement of su]fafe incorporation into protein satisfies each
of the above-mentioned requirements. As previously discussed (Chapter 1),
the high sulfate concentration of seawater can be readily measured and
ensures that sulfur is never Timiting microbial growth in marine environ-
ments. The concentration of dissolved sulfur-containing amino acids in
seawater is in the undetectable to low nanomolar range, indicating that
sqlfate js the only significant source of sulfur for bacterial protein
synthesis. While reductive assimilation of sulfate into protein is re-
stricted to microorganisms, it appears to be universal among them, there-
by functionally differentiating the entire microbial community from pro-
tozoa and higher animals. Additionally, the pool size of sulfur-contain-

ing protein precursors is extremely small in bacteria, minimizing compli-
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cations arising from label dilution by large endogenous pools.

The results of studiés on bacterial suifate incorporation into pro-
tein (Cﬁapter_4) establish a uséfu] relationship between sulfur metabol-
ism and bacterial growth for two marine bacteria. The application of a
method found useful for pure cultures of individual Orgénisms to natural,

mixed populations requires that the generalized relationship be applic-

able within narrow limits of variation to all microorganisms encountered.

If so, the sixth and final requirement for a quantitative measurement ap-
plicable to natural marine microbial populations will be fulifilled.

Tnis chapter presents work relevant to the application of sulfate in-
corporation into protein as a measurement of bacterial protein synthesis
in unenriched natural populations. Thres major 1nvestigati0ns wara con-
ducted as fol]ows?

First, the applicability of the residue protein-S:total protein ratio
to naturaT populations was verified using a series of enrichments of nat-
ural populations with analysis of the protein-S:tota] protein ratio. Ad-
ditionally, isolates lobtained. from similar enrichments were tested in
pure culture for the same parameter, as were bacteria representative of
chemoautotrophic and anaerobic modes of metabolism.

Second, sulfate incorporation into protein and glucose metabolism
were measured simultaneously in a highly eutrophic marine system in order
to work out field methodo]ogy without pressing the limit of sensitivity.

Third, the rates of sulfate incorporation into protein by natural
marine bacterial populations in the western North Atlantic Ocean were de-
termined. for stations representing waters of the Continental Shelf, Con-

tinental Slope, and Sargasso Sea. Simultaneous uptake measurements for
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phosphate, ammonia, acetate, glucose, and glutamate were made in an ef-
fort to compare the rates of a number of metabolic and biosynthetic pro-
cesses. Pertinent standing crop analyses were also made to allow the

greatest degree of comparison among stations.
MATERIALS AND METHODS

Natural Population Enrichments: Enrichments of Sargasso Sea water were

made on R/V Oceanus cruise numbers 69 (September, 1979) and 75 (November,
1979) in the immediate vicinity of 37°28.7'N, 64°03.4'W. The location is
a standard station for the deployment of microbiological samplers and is
located by pinger. Samples taken from below the euphotic zone (usually
about 500m) with EtOH-washed Niskin bottles were prefiltered through
28 um mesh Nitex net to remove particles and dispensed 1into sterile
flasks. Inorganic nutrients (Chapter 2) and organic carbon compounds were
added as concentrated stock solutions which had been sterilized by auto-
claving or filtration through 0.2 ym filters as appropriate. Isolation of
pure cultures was accomplished by spreading dilutions of the enrichments‘
on seawater medium containing inorganic nutrients and the growth sub-
strate, solidified by 1.5 %agar‘(Difco). Colonies were picked, restreaked
several times, and the iso]ates.maintained on slants of the same medium.
The isolates obtained on R/V Oceanus cruise# 75 were screened for nu-
tritional capability to select apparently different bacteria. Seawater
plates containing about 25 individual carbon compounds were streaked with
suspensions of the isolates, and 1liquid cultures using ethanol as the

growth substrate were inoculated. An additional test was made for the
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utilization of nitrate as the sole source of nitrogen. Based on colony
morpHo]ogy; visual observation, and the ability tq.grow on the various
carbon and energy sources, 11 of the 70'is01ates were determined to be

different.

Determination .of the Residue Protein-S:Bulk Protein Ratio for Natural

Bacterial Populations: The enrichment series made on R/V Oceanus cruise

4
" into protein. The experimental details are found in the text. Samples

# 69 was labeled with '3550 for measurement of sulfate incoporation

fixed with 10% TCA were centrifuged and the pellet rinsed twice with 10%

TCA, then one of each pair was fractionated as described in Chapter 2._

The entiré_brotein residue was counted. The second pellet was dissolved
in Q.lN NaOH and assayed fof protein (Bradford, 1976). The average error
for duplicate assays was 2.6% The sulfate concentration was calculated
from the chlorinity determined on a BUch]er—Cot]ove cH]oridometer
(Buchler Instruments, Fort Lee, N.J.) using a sulfate:chloride ratio of

0.14 (Rosenbauer et al., 1979), giving a value of 22.64 + 0.10mM (n=3).

Time-Course Measurement of Uptake by Natural Populations During R/V

“Oceanus Cruise #84: Uptake rates of isotopically-labeled su]féte, phos-

phate, ammonia, glucose, acetate, and glutamate were determined at three

stations on a transect from Woods Hole to the Sargasso Sea. Details of

date, position, water column depth, etc. are found in the text. The fol-

lowing general procedures. were adopted: 45-50 liter samples were collec—

ted from below the euphotic zone with EtOH-washed Niskin bottles and pre-

filtered through a 28 um mesh Nitex net into a large carboy which had
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been rinsed three times with the sample. Samples for uptake rate measure-
ment of organic carbon compounds (3 liters), sulfate (3 liters), and
phosphate (1.5 liters) were dispensed into sterilized aspirator bottles
with magnetic stirring bars and plugged with sterile cotton stoppers. A
10 Titer sample was dispensed into a carboy for ammonia uptake. The sam-

14

ples were inoculated with 0,25m1»UL- C-labeled acetate, glutamate, or

glucose (50 wCi/ml; final activity about 10,000 DPM/m1); 0.3ml carrier-

free 35SOZ (200mCi/ml;  final specific  activity about 0.6
DPM/pMole); 1ml carrier-free 32
15

POZ

(95 atom %; 10 uM final enrichment) as

(final activity about 25,000

+
NH4

appropriate. Acetate and phosphate uptake were not measured at the Conti-

DPM/m1); or 1.5ml

nental Shelf Station. Specific sampling methods are described below. ATl
filtrations involving radioisotopes made use of the punch funnel de-‘
scribeu in Chapter 2 and were rinsed three times with 10ml unlabeled sam-
ple. The filtered samples were fumed for 10 seconds over 12N HC1 to stop
metabolic activity and frozen at -20°C until processing. Continental shelf

ana slope samples were incubated at 15°C, Sargasso Sea samples at 18°C.

| Sulfate: Isotope was added with stirring and two 125ml1 samples were 1m-‘
mediately withdrawn and filtered through Whatman GF/F filters for O tihe
jsotope adsorption blanks. Two one-ml samples were diluted 1:10 with dis-
tilled water for determination of radioactivity. Ten 125m1 samples were
drawn into sterile prescription bottles for long term incubation and nu-
trient enrichment experiments. One bottle each received (with respective
final concentrations): NHZ (50 uM), POZ (4 uM), complete inor-
ganic nutrient mix (one-tenth strength; Eppley et al., 1967), or chloram-

phenicol (20 wg/ml), and all were sealed with serum stoppers. After brief
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stirring, samples were filtered from the aspirator bottle (hereafter cal-
led "Flask") in duplicate until the 30 hour point (24 hours at the shelf
station). At this time, one of two samples each were filtered from the
flask and prescription bott]es»as well as the bottles containing the sup-
plements described above. The flasks were washed and prepared for the

next station. All later samples were taken from bottles.

Phosphate: The procedures for phosphate are the same as those for sulfate
except that samples were taken at shorter intervals and no bottles were
fi}]edf DupTicate samples were not taken because of the Timited amount of
sample and the necessity of more closely spaced sampling points. A1l sam-
ples were 1ncubated in the flask. One-ml samples were added to 10ml Aqua-

sol for radioactivity determination.

Ammonia: One-liter samples Were filtered immediately after isotope addi-
tion _and at the same intervals as phosphate. Duplicate and enrichment
samples were not taken. Filters were rinsed with unlabeled seawater, the
funnel removed, and the edge rinsed again to removellabe1 trapped in the

filter matrix.

Organic Compounds: Inoculation of the flask with radio-isotope and dis-

tribution into bottles for long term incubation and enrichment experi-
ments was perforiied as described for sulfate.  In addition to the 105-
115m1 filtered samples, samples were taken for acid-volatile radiocactiv-

ity (1 ml) and respiration by the wick method (10ml1) as described in

Chapter 2. The retention of Tlabeled cells by the GF/F filters was moni-
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tored by filtration of a 10m1 aliquot through a 0.2 um Nucleopore nitro-
cellulose membrane filter, which was placed directly 1in Aquasol for
counting. Isotope addition inceased the ambient substrate concentrations

as follows: acetate, <10nM; glucose and glutamate, <2nM.

Other Samples: While dispensing the sample into flasks for the isotope

uptake studies, an aliquot was filtered through a sterile 0.2 um membrane
fi]ter for nutrient analysis using an all-glass filtering flask. Portions
were dispensed into sterile prescription bottles and frozén at —ZO;C.
From the bulk seawater sample, one prescription bottle was filled and
brought to 0.5 glutaraldehyde for direct counts. The remainder of the
sample was filtered through combusted GF/F filters in portfons up to 5
liters for analysis of particulate organic carbon ana nitrogen, protein,
and carbohydrate by methods described in Chapter 2. Particulate samples

were frozen in combusted glass tubes with foil caps.

Biochemical Fractionation: Samples for sulfate, phosphate, and organic

carbon uptake were fractionated according to the procedure described in
Chapter 2. For phosphate and organic carbon labels, the additional step
for extraction of RNA was incorporated. Duplicate samples for sulfate
were fractionated on differént days, as were several pairs of the organic
carbon filters. All phosphate fractionations were done together. Data are
expressed as the difference between the samp]e radioacivity in each frac-
tion and the corresponding 0 time blank va]ue for the fract1on Samples
in Aquasol were counted in a Beckman LS- 100C liquid sc1nt11]at1on counter
to a statistical error of 1 %or 50 minutes, whichever came first. Samples

for sulfate 1ncorporat1on into protein were counted for up to 100 minutes.
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15 N Analysis: Samples labeled with 15N were analyzed by atomic emmis—
1 15

sion spectrometry using a Jasco Model NIA- N. analyzer (Japan Spec-
troscopic Ltd., Tokyo) through the courtesy of David Lean. Zero time en-

richments were subtracted from the data for each station.

Other Mefhods: CHN analysis was performed by Phil Clarner on a Perkin-El-

mer Model 240 CHN analyzer. Nat Corwin determined NHZ,

NO§+NOE, and POZ on the frozen samples by the methods of

Strickland and Parsons (1965). Sulfate was determined as described pre-
viously. Direct counts by epifluorescence microscopy (Daley and Hobbie,

1975) were determined on samples fixed with 0.5% glutaraldehyde.

32pg= (as orthophosphoric acid), carrier-

4
free 35SOZ (as the sodium . salt), and UL—14C—g1utamate

Isotopes: Carrier-free

(>225mCi/mMole) were obtained from Amersham (Chicago, 1IL). UL-14C—glu—
cose (>230mCi/mMole) and acetate (as the sodium salt, >45mCi/mMole) wére
purshased °~ from New England Nuclear (Boston, MA). (15NH4)2304
(filter-sterilized in distilled water at a concentration of 1lmg N/ml) was
obtained from BioRad Laboratories (Richmond, CA). Solutions containing
ethanol were evaporated to dryness and reconstituted in distilled water.
The addition of the mildly acid solutions for phosphate and glutamate was

without effect on the sample pH.

Cultures: Nitrosococcus oceanus was provided by Stan Watson and grown in

RLC-water containing 20mM NH4C1. The pH'was maintained near 7.5-8.0 by
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addition of sterile K2C03. Desulfovibrio salexigens was grown by

Craig Taylor in a modified RLC-water medium supplemented with Ca-lactate
(10mM) as described in Taylor et al. (MS in preparation). Mixed cultures
of fermentative bacteria were grown in liquid enrichment cultures of RLC-
water as described (Chapter 3, Susan Henrichs Ph. D. Thesis, Woods Hole

Oceanographic Institution, 1980).
RESULTS

survey Qf_the Sulfur Content of Protein in Marine Bacteria

Enrichment of Sargasso Sea water_with a variety of individual carbon
and energy sources was performed in order to ascertain the protein-sul-
fur:total protein relationship for organisms responding to different
growth substrates. Subsamples of the mixed cultures to which radiosulfate
had been added were ana]yzed for total protein and fractionated for the
analysis of residue protein sulfur; a summary of the results is presented
fn Table 5-1. The average weight per cent sulfur in protein, 0.94 0.13,
is similar to those obtained for P. halodurans (0.86 * 0.12) and A.

luteo-violaceus (0.72 = 0.11), as is the coefficient of variation for the

22 samples of mixed populations. Streaking of the cultures on solid medi-
um gave rise to numerous colony morphologies in most flasks, indicating -
that the residue protein-S:bulk protein ratio was not dominated by pro-
tein from single species.

To further verify the applicability of the protein-S analysis to natq—

ral populations and increase the accuracy of the mean value to be used
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Table 5-1. Sulfur Content of Protein in Marine Bacteria: Results of
Enrichments of Sargasso Sea Water with Organic Carbon Compounds

During R/V Oceanus Cruise # 692

ug/m1 Culture

Low Density High Density Weight % s¢

b Protein Bulg Protein Bulk _

Substrate Sulfur  Protein Sulfur Protein Low High

Mannitol 0.11 13.6 0.18 21.0 0.82 0.85
Glucose 0.11 13.7 0.18 21.8 0.82 0.84
Sucrose - - 0.17 21.0 - 0.82
Mannose 0.04 5.1 0.19 21.9 0.87 0.85
8§—-Gluconolactone 0.10 11.4 0.19 20.3 0.85 0.92
Lactate 0.16 18.7 0.19 19.7 0.86 0.97
. Glutamate 0.17 19.3 0.60 64.7 0.85 0.92
Glycerol 0.20 18.6 0.22 18.4 1.07 1.21
Succinate 0.14 14.4 0.23 19.0 1.00 1.20
Pyruvate 0.19 19.6 0.20 17.6  0.95 1.15
Citrate 0.17 18.6 0.18 16.3 0.91 1.14
Glucosamine - - 0.17 20.4 - 0.83

Overall Mean (n=22) 0.94

Standard Deviation 0.13

Coefficient of Variation (%) 13.1

q5eawater from 500m was dispensed into sterile 125m1 flasks in 100m1
aliquots and supplemented with lml sterile substrate solution, inor-
35507 (final activity, 10 wCi/ml; 0.8
DPM/pMole). The flasks were shaken at 250 RPM at 21-25°C. Shortly
after the appearance of turbidity, duplicate 25ml samples were
brought to 10% TCA (final concentration) and refrigerated until
processing. A similarly fixed pair of 20ml1 samples was taken when
the culture had ceased further visible growth. The determination of

ganic nutrients, and 0.1lml

bulk protein and protein-

5S was carried out by the methods

described in Chapter 2. Samples fixed at zero time were used for

jsotope blanks and were subtracted from the sample data.

b

turbidity appearance.

( ug protein-S/ ug bulk protein ) x 100.

ted in the order of

A1l substrates present at 10mM final concentration except for man-
nitol, present at 5mM. Substrates are 1lis
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for conversion of protein-S measurement to protein synthesis rates, iso-
1atés from a later enrichment series (R/V Oceanus cruise #75) were grown
in pure culture and the cell number; sulfur, and protein relationships
determined under compiete]y defined conditions (Table 5-2). These para-

meters were also measured for an anaerobic sulfate-reducing bacterium,

Desulfovibrio salexigens; a marine nitrifying bacterium, Nitrosococcus

oceanus; and four mixed populations of fermenters enriched from a mud
sample from the Pettaquamscutt River estuary (Kingston, RI) during co-
operative experiments with other laboratories at Woods Hole. The results
of these analyses are presented in Table 5-3. The great degree of varia-
bility in the subcellular distribution of sulfur among‘ the isolates
(Table 5-4) is notable in view of the similarity of the sulfur content of
the isolated protein.

The mean, standard deviation, and coefficient of variation for all
determinations (using the mean value for pure cultures with more than one

determination; e.g. Pseudomonas halodurans) of the actual weighty S in

protein ([residue protein-S/residue protein] x 100) and the operational

weight 4 S ([residuevprotein-S/bulk protein] x 100) are:

Actual weight% S (n=13): 1.09 = 0.14 (13.1%)
Operational weight % S (n=41): 0.93 # 0.14 (15.1%)

The averages contain data from autotrophic, heterotrophic,'fementative,
and sulfate-reducing bacteria. In spite of the wide variety of nutrition—
a]»characteristics represented, the relationship of residue protein-S to
total protein is similar enough that the mean value can be used in esti-
mating the total protein synthesis of natural marine microbial communi-

ties.
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Table 5-3. Sulfur Content of Protein in Nitrosococcus oceanus,
 Desufovibrio salexigens, and Four Mixed Populations of Fermenters
Enriched from a Mud Sample from the Pettaquamscutt River Estuarya-

Protein'Weight% S

Protein-S Protein-S
Organism ) Bulk  Residue
Nitrosococcus'oceanus (n=1) 0.78 1.31
Desulfovibrio salexigens (n=15) - 1.10° ~1.00
Fermentative Bacteria ’
‘Glucose - 0.83 -
Galactose ' - 0.83 - o -
Fructose j 1.14 -
Mannitol : -~ 0.86 , -

3. oceanus was grown in RLC-water medium containing 20mM NHqC1, 1mM
33505 (ImM final concentration; 2 DPM/pMole), and 0.1% phenol red.
-The pH was adjusted as necessary with 0.1M KoC03. Cells were harves-
ted by centrifugation, washed twice with RLC-water, and resuspended
in RLC-water. Duplicate aliquots were fractionated or assayed for
bulk protein as described. D. salexigens was grown in an RLC-water
medium modified for use with sulfate-reducing bacteria. Experimental
details are found in Taylor et al. (MS in preparation). Fermenters
were enriched from frozen sediments as described in Chapter 3 of

S. Henrichsi.Ph.D. Thesis (Woods Hole Oceanogkaphic Institution,
1980). 39504 was present at a specific activity of 2 DPM/pMole.

bBased on interpolated values for bulk protein.
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Table 5-4. Distribution of 3550= in Biochemical Fractions of

4
Marine Bacteria in Pure Cu]turea

% of Total Radioactivity

L.M.W. Alcohol Hot TCA Residue
Organism SOZ Organic Soluble Lipid Soluble Protein
N. oceanus 2.0 19.4 8.3 4.3 13.4 52.6
D. salexigens n® 5.1 0.9 3.4 5.4  85.2
P. halodurans 0.9 13.3 4.1 1.7 8.6 71.4
A. Tluteo-violaceus 3.2 17.9 3.0 =~ 0.9 4.9 70.1
Unidentified Isolates: R/V Oceanus Cruise # 75

0.8 15.7 13.7 1.3 4.9 63.6

3.4 15.7 7.5 1.9 11.8 59.7

26 3.0 19.5 16.1 1.6 7.2 52.6

34 6.4 31.0 10.8 1.4 8.5 62.3
35¢ 1.4  29.8 10.8 1.0 4.2 52.8

44 1.8 19.0 6.3 1.9 8.5 62.3

46 2.3 14.8 2.8 2.0 10.0 68.1

50 5.6 44.8 6.7 0.8 5.9 36.2

54 0.2 22.0 14.3 2.3 5.7 55.4

63 9.0 13.3 9.5 1.8 9.4 57.1

65 1.5 16.8 14.5 2.2 3.5 61.5

' R/V Oceanus Cruise # 40 -

30 0.6 7.9 19.3 2.3 7.9 62.0

31 2.1 16.5 15.3 1.2 7.2 57.8
Mean 2.6 19.0 9.6 1.9 7.5 60.6
Standard Deviation 2.4 9.2 5.3 0.9 2.7 10.4
C.V. (%) 92.3 48.8 55.4 47.3 36.2 17.1

aExperimenta] details in Table 5-2.
bNone detected.

CC]ose]y resembles A. luteo-violaceus.
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 Sulfate Incorporation in a Eutrophic Marine System

The first field trial of this method was conducted in a highly eu-
trophic natural seawater system, a holding tank for the estuarine killi-

fish, Fundulus heteroclitus. This environment offered two advantages for

initial attempts to measure natural population protein synthesis rates.

First, the environment of the Fundulus is estuarine, hence the holding

tank was kept at half-strength seawater. The reduced sulfate concentra-
tion (14mM) is almost 100 times the concentration at which sulfate Tlimit-
ation occurs in marine algae (Lewin and Busby, 1967) but gives a two-fold
greater sensitivity to the sulfate incorporation measurement. Second, the
use of high food value fish feed combined with the excretion of organic
and inorganic compounds by the fish results in an environment high]y con-
ducive to healthy bacterial growth. This was verified by the observation
of a high cell density (4.4x106ce11s/m1) of 1large, curved rod-shaped
bacteria about 2x5 um. Incoming seawater flushed the tank about three
times per day, providing a semi-continuous culture regime; it was hoped
that the sporadic input of nutrieﬁts from feeding and fish excretion
would allow continued bacterial growth after removal of a sample from the
system before the crash usually associated with sample withdrawl from a
chemostat (Herbert, 1961; Jordan and Peterson, 1978; Karl, 1979).

The time course of sulfate incorporation into protein by the bacter-
ial population in the fish tank is characterized by a rapid incorporation
rate during the first hour followed by an extended plateau (Figure 5-1).

The protein sulfur remains constant from 2-8 hours, but a doubling of
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Figure 5-1. Time course of sulfur assimilation by natural bacteria]
populations in a brackish water fish tank. A two 1liter sample from a
well-aerated ha]f;strength seawater (chlorinity=9.97 o/oo) holding tank
for Fundulus was rapidly fi]téred through 28 um INitex net to remove
coarse paftic]es. A one liter portion was poured into a‘1arge syringe
made from a chromatography column (6x38cm; Bellco Glass Co.) fitted with
a polycarbonate end cap and piston with rubber O-rings. Carrier-free
35SOZ (final specific activity, 2 DPM/pMole) was added and mixed
by inversion qf the syringe. Subsamples were removed through a Luer-lock
fitting in the end cap after flushing about 5ml of the sample through the
port. Duplicate 50m1 samples were filtered through Whatman GF/F filters
at 0, 1, 2, 3, 4, 8, and 12 hours and processed as described in Chapter

2. The initial cell density was 4.4x106/m1, and the sample and

incubation temperature was 22°C.
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protein su]fur,occurs’during the next 4 hours. The assimilation 6f sul-
fate into L.M.W. okganic material reaches a plateau during the first hour
at about 20% of the tota]tsu1fur.taken up, and increases betwéen 8-12
hours as well, but to a more Timited extent. | |

The total uptake of glucose and its transformatidn to"CO2 and- acid-
volatile compounds do not give any indication of the second growth phase
between 8-12 hours of 1ncubation (Figure 5-2). Glucose assimilation in-
creases during the first three hours to a plateau which remains unchanged

for - the duration of the experiment. CO2 production and transformation

of glucose into acid-volatile material continue to increase for one hour

after the cessation of incorporation of glucose into cell material. Acid-

volatile fadioadtivity reaches a maximum at 4 hours, but CO2 is contin-
uously produced at a slow rate. '

There is a great discrepancy between the respiration data obtained by
the two methods described in Chapter 2, although the.two methods agree
well for respiration by a pure culture of an obligately aerobic bacter-
jum. The traditional wick méthbd indicates a maximum utilization (incor-
poration + respiration) of 63.5% of the tota] glucose (Tab]e_5-5), com—
pared to 83.4-93.4% for acid-volatile radioactivity.. It is not clear at
this time what acid-volatile materials other than C0, are being pro-
duced. It is 1ikely that glucose is being transformed into some combounds
which are .not readi]y_assihi]ab]e, since .whole cell g]uCose uptake teré
14

minates at 4 hours, at which time twice as much

(total metabo]ﬁsm, 93.4% of the added label) relative to the amount re-

covered by the wick method (total metabolism, 59.5%). The M/I ratio for

acid-volatile radioactivity (average 2.39) is similar to that for Tlow

C is acid-volatile
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Figure 5-2. Total assimilation of 14C-g]ucose by natural bacterial
populations in a brackish water‘ffsh tank, with respiration determined by
two different methoas. Sampling and incubation procedures are described

14C—g]ucose (250mCi/mMole) was added at a final

in Figure 5-1. UL-
activity of 3.7 uCi/liter, and 10ml samples were filtered for total
uptake (0.2 ym membrane filters) and fractionation into biochemical
components (GF/F filters). Additional samples were taken for respiration
by the wick method (5m1) and the acid-volatile method (2x0.5m1) as

described in Chapter 2. Open hexagons are the sum of the fractions;

closed hexagons are the activty of 0.2 ym filters counted unprocessed.
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concentrations of bacteria in natural waters, whereas the M/I ratio for
CO2 (avérage 1.77) is Tlower than expected. If the acid volatile method
is correct, the utilization of virtually all of the substrate explains
the absence of further glucose incorporation during the 8-12 hour period.

14C-—]abe]ed bacteria into major biochemical

Fractionation of the
components provides 1ndications of the secondary growth phase, even
though tofa] incorporation has ceased. Figure 5-3 shows a rapid increase
in all fractions during the first three hours, with prqtein as the major
end-product of glucose assimilation. The data on the distribution of

14C and '355- are appended in Table A-15. During the stationary period

14

(as determined by whole cell C), movement of 1label from the labile

low molecular weight (L.M.W.) pool into residue protein (and to a lesser

14c content of lipid,

extent- hot TCA soluble material) is evident. The
a more structurally-related fraction, remains constant during this time.
These data suggest that the glucose-assimilating portion of the popula-
tion also experienced a secondary g?owth.phase, during which time label
previously incorporated into precursor pools was chased into end products
by a new source of carbon and energy. In the confined‘system containing a
Targe amount of polymeric material (the fish food) it is possible that

the action of extracellular hydrolytic enzymes provided substrates for

the secondary growth'period.
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14C-g]ucose and its distribution in major

Figure 5-3. Total uptake of
biochemical fractions of bacteria from a brackish-water fish tank. Exper-
imental details in Figure 5-2. Open hexagons: sum of the activity in each

fraction. Closed hexagons: whole cell unprocessed controls.
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Subcellular Fractionation Reproducibility and Influence of the RNA

Extraction Procedure gg_Cafbon, Sulfur, and Protein Distribution in

Fractions of P. halodurans

Ribonucleic acid (RNA) is a major component of the total nucleic
acids in bacteria, and its synthesis and degradation are excellent indic-
ators of changing growth physiology (Herbert, 1961; Neidhardt and Maga-
sanik, 1960). Bacteria in natural habitats hay not be in a steady state
of growth; hence the measurement of carbon and phosphorus assimilation
into RNA may be a useful addition to the fractionation procedure used in
this study. It is, however, necessary to test the procedure with a known
system to aid interpretation. Cultures of P. halodurans labeled to equil-
ibrium lwith either 14C—glutamate or 35502 were washed in unla-
beled medium and resuspended at high density, and six samples each were
prepared for fractionation. Three were processed by the normal method,
and three were additionally extracted for RNA as described by Neidhardt
and Magasanik (1960; see also Chapter 2). In addition, each supernatant
fraction and the residue were assayed for protein. All six samples for
each label were treated identically for cold TCA soluble, alcohol solu-
ble, and Tlipid components as fhese treatments preceed the RNA extraction
step. The results of the isotope distribution are shown. in Table 5-6. The
sum of the fractioné of triplicates with and without RNA treatment agree
within an error of about 1%. RNA treatment causes a significant redistri-
bution of both 14C and 3%S. Almost 25% of the sulfur and 40% of the

carbon normally in the residue protein are shifted into the RNA and hot
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TCA soluble fractions. There is a 2.5-fold increase in the amount of sul-
fur in hot TCA soluble material after RNA extraction, but the hot TCA
soluble carbon increases by only 20%. There is a nearly equal distribu-
tion of carbon in the RNA and hot TCA soluble fractions, but only 4.5% of
the total sulfur is extracted with RNA (one third as much as the hot TCA
soluble sulfur). Thé amount of.carbon need not be strictly proportional
to DNA in the hot TCA soluble fraction, since this also contains cell
walls and carbohydrates which havé been hydrolyzed by hot acid.

The surprising redistribution of sulfur after RNA treatment 1is sup-
ported by protein ana]ysis (Table 5-7). No protein (i.e.
<0.2 ug/108ce115) is found in cold-TCA soluble, 1lipid, or RNA frac-
tions. In the absence of RNA treatment, protein is just at the 1limit of
detection of the micro modification of the protein assay (Chapter 2),
hence a large érﬁor is associated with the measurement. However, the RNA
extraction step results in a shift of protein into the hot TCA solubie
material from the residue protein. Some protein (6-8% is lost, based on
the sum of the protein from the vérious fractions with and without RNA
treatment. The weight % carbon and sulfur in the residue protein indicate
that a substantial amount of non-protein material in this fraction is ré-
leased by warm alkaline hydrolysis. The loss of protein sQ]fur and pro-
tein by assay are equivalent, resulting in a constant 0.98% S by weight
in the residue protein. On the other hand, carbon initially accounts for
over 85% of the protein, a value far in excess of the 52% expected from
either the Jukes protein (Chapter 4) or common sense. After RNA treat-
ment, the'weight % C iﬁ'the residue protein drops to a more reasonable

63%.
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Sulfur is not a constituent of DNA or éarbohydrate, but sulfur-con-
’ltaining. RNA bases have been reported (Carbon et al;, 1965; Lipsett,
1965). There is no information on the amount of the total cellular sulfur
which is contained in'RNA, but it must be small, since it only occurs in
tranfer RNA. Witﬁout RNA extration, both RNA and DNA are solubilized by
hot acid, and if it is assumed that no protein other than contaminants
from the residue exists in this fraction, the amount of.RNA sulfur in the
cells would account for the»hot TCA soluble radioactivity. This is llng
S/108ce1ls, and 9.3ng S are found fn the RNA fraction after treatment.
Furthermore, the absence of change in the weight,% S in the residue pro-
tein after one-fourth of the protein has been redistributed argues that
the sulfur-containing material found in the hot TCA soluble fraction af-
ter alkaline Hydro]ysis is purely protein.

The resolution of the redistribution of protein, carbon, and sulfur in
the majof fractions as a result of RNA extraction requires the identi-
fication of the compounds contained in eéch fraction; an analysis beyond
the scope of this work. The data in Tables 5-6 and 5-7 and the chemistry
of warm alkaline hydrolysis suggest that the RNA fraction contains only
RNA, whereas the hot TCA soluble fraction contains protein in addition to
DNA »and carbohydrates. The acid soluble protein may be ribonucleopro-
teins, frequent]y of.low mo]ecu]ariweight, which do not precipitate in
the absence of huc]eic acid polymers. Since virtually all the sulfur sol-
ubilized by RNA extraction resides in the hot TCA soluble material, it is
clear that quantitative reprecipitation from the warm KOH solution takes

place, further supporting the purity of the RNA fraction itself.
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Phosphorus is not a significant component of protein, so the RNA ex-
traction step should have little effect on its distribution except to
Separate RNA and DNA phosphorus. If the RNA fraction is pure, as suggest-
ed, the incorporation of carbon compounds into this fraction should be of
va1ue, even if some ambiguities exist in the interpretation of the hot
TCA and residue protein fractions. Therefore, the carbon and phosphorus
samples from R/V Oceanus cruise #84 were treated for RNA. Sulfate-labeled
samples were not treated for RNA to maintain consistency with previous
results, since all non-protein sulfur is apparently extracted by the nor-

mal procedure.

Aspects of Growth and Metabolism of Natural Marine Bacterial Populations

in the Western North Atlantic Ocean

In Ju]y,‘1980, a suite of time-course rate measurements was made on
R/V Oceanus cruise #84 to determine the sensitivity of ‘the measurement of
sulfate incorporation into protein by natural, unenriched microbial popu-
lations. To ensure that only bacteria were being measured, samples were
taken from well below the euphotic zone and prefiltered through 28 um
mesh Nitex net. It was felt that a comprehensive investigation of a num-
ber of related parameters at a few representative stations would be more
valuable than}a series of stations sampled in less detail for this ini-
‘tial application. In order to provide the fullest support for the sulfate
incorporation measurement, simultaneous analysis of phosphate and ammonia
uptake was made; as well as traditional uptake studies of three organic

carbon compounds in common use. Standing crop parameters were analyzed to
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provide background data on the chemical composition of the dissolved and

particulate components of the sample.

Sampling Locations; Physical, Chemical, and Standing Crop Analyses

The sampling stations, dates, and other pertinent information are
found in Table 5-8. For the remainder of this chapter, the stations will
be referred to a Shelf (taken at _the edge of the Continental Shelf),
Slope (taken about half-way across the Continental Slope), and Sargasso
Sea stations. These stations, represent three different water masses of
different chemistry and biology in an offshore transect from Woods Hole.

A1l nutrient and standing crop parameters were within the Timits of
detection of their representative assays. As expected, the highest con-
centrations of nutrients, bacterial cells, particulate organic carbon and
nitrogen, protéin, and carbohydrate were found at the Shelf station. The
S]opé station was intermediate in most parameters, and the Sargasso Sea
station had many of the characteristics associated with highly oligotro-
phic regions, i.e. low nutrient concentrations, bacterial cell densities,
and a high C:N weight ratio. Because of the depths sampled, nutrients
were abundant at all stations relative to the cell numbers, even though
the absolute values were low at the Saréasso Sea station.

Presentation of results of the time-course incubations will be made
in the fo]]owiﬁg'manner: (1) profiles for sulfate incorporation into pro-
tein and whole cell uptgke of ammonia, phosphate, and organic carbon com-
pounds will be presented to give an overview of the relative rates of in-

corporation of the major elements; (2) results of fractionation of
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Table 5-8. Physical, Chemical, and Standing Crop Data for
R/V Oceanus Cruise# 842

Continental Continental Sargasso
~ Parameter Units Shelf Slope Sea
Date 1980 27 Jduly 21 July 23 July
Latitude - 40°07.9'N 37°49.4'N 37929.3'N
Longitude - 68%41.2'W 64°41.9'W 63°54.1'W
Water Column Depth meters 175 2300 4900
Depth Sampled meters 150 250 250
Sample Temperature ¢ 11.5 11.3 18.4
Salinity o/o0 35.636 35.092 37.101
‘Phosphate uM 3.55 1.52 0.18
Nitrate + Nitrite uM 14.12 23.23 2.62
Ammonia uM 12.66 0.83 0.62
Particulates
Organic Carbon ug/1 35.1 31.3 23.5
Organic Nitrogen ug/1 3.7 2.1 1.6
C:N weight 9.5 14.9 14.7
Carbohydrate ug/1 5.7 1.4 - 3.7
Protein : ug/1 4.8 3.7 4.0
Direct Counts cells/mi 3.34x10°  Lost 1.63x10°

aSamp]es collected and processed as described in Materials and

Methods.
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32PO= and 14C--or-_ganic compoUnd labeled samp]és will be summar-

4
ized to point out specific metabolic patterns of.the populations at the
various stations with respect to specific nutrients; and (3) reépiration
of organic compounds, nutrient enrichment, ch]oramphenito], and contaiher

effects will be discussed to indicate possible limiting factors and ex-

perimental artifacts. A1l fractionation data are found in the Appendix.

Sulfate Incorporation Into Protein and Total Uptake of Ammonia.

The incorporatioh of sulfate into protein by bacteria] populations at
the three statith-is shown in Figure 5-4, accompanied by total uptake of
ammonia by whole cells. Detectable activity was exhibited at all sta-
tiohs, but ‘some peculiarities in the uptake/ihcorporation Iprofi]es are
apparent. A considerable 1agv period was observed at both cbntinenta1
sheif.and continental slope stations for both e]emenfs, followed by near-
ly exbonéntiallincreases in residue protein-sulfur and total ammonia up-
take. In contrast, the Sargasso Sea statidn showedAdeteﬁtab1e uptake im-
mediaté1y. Aithbugh the initial rates of assimilation were not in keéping
with expected decreasingAaétivity on an of f-shore transect, the absolute
magnitude of uptake did fit the-pattern; The continental slope and Sar-
gasso Sea stations, for which extended incubations were made,:givé-indic-
ations of growth cessation in the last (48 hour) sample, with 48 hour as-
similation values substantially hfgher in the.continenta1 slopé'station.
Since. much of thé data for the cdntinenta]bshelf sfation was taken in
- port, extended incubations could not be made, howevef,Athe end point (24

~ hour) assimilation data are higher than the same incubation time for the
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Figure 5-4. Incorporation of sulfate into residue protein and assimila-
tion of ammonia into whole cells of natural marine bacterial populations
in the Northwest At]antic Ocean. Sulfate incorporation measured for sam-
ples incubated in 3 Titer aspirator flasks (closed circles) and 125ml
prescription bottles (open circles). Su]furAdata are the average of dup-

licates; error bars are shown when larger than the symbol.
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continental slope station and show no éigns of decreasing uptake rate.
Total utilization of the ammonia available (before enrichment with 15N)
was 8% at both continental shelf and continental slope stations, and 5
at the Sargasso Sea station. Quantitative results will be discussed at
the end ofﬁthis-section, but the same trends fof.ammonia assimilation are
obeyed sjnce‘bcth dissolved ammonia and PON decrease on the off-shore
transect; _.

In this figure only, the zero time blanks have not been subtracted in
order to show the reproducibility of the blanks. Error bars for duplicate
sulfate samples are shown when larger than the symbol. Sampling for am-
monia assimilation was done at.more closely spaced intervals for detec-
tion of possib]e luxury uptake, but no evidence for this bhenomenon was
observed at‘any.station.’At 30 hours of incubation (continental.slope and
Sargasso Sea'statﬁens) or 24 hours (continental shelf station) sulfate
1ncorpokation was determined for both flask and bottle incubated samples
(closed and oeen symbols respectively), after which time bottle samples
were used. All ammonia ‘samples were incubated in the same 10 liter con-

tainer. The blanks are similar for all stations.

Total Uptake gf.Phosphate

The assimilation of phosphate is depicted in Figuke 5-5 for the con-
tinental slope and Sargasso Sea stations. The measurement was not made at
the‘continenta1'$he1f station. Note the semi-logarithmic plot; all sub-
sequent data wi]]vbe shown as semi-logarithmic plots because of the great

range of values during the 48 hour time-course incubations. Zero time
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Figure 5-5. Total assimilation of 32POZ by natural bacterial popu-
tations in the Northwest Atlantic Ocean. All samples for each station
were subsampled from a 1.5 liter aspirator flask. Data are the sum of ac—

tivities in the major‘biochemical fractions of Figure 5-7 and 5-8.
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blanks have been subtracted. Phosphate uptake follows a distinctly bi-
phasic and probably triphasic pattern at the continental slope station,
with a marked increase in uptake at 30 hours. The Sargasso Sea station,
on the other hand, exhibits a smooth exponential assimilation rate which
decays to a plateau at 24 hours. As with sulfate incorporation and am-
monia assimilation, the end points for phosphate are much higher at the
continental slope station. Total utilization of the ambient phosphate was

13 % for the continental slope and 22% for the Sargasso Sea stations.

Total Uptake of Acetate, Glucose, and Glutamate

Prior to discussion of the‘assimi1ation of organic carbon compounds,
two important controls must be presented which bear on the data for all
" uptake and fractionation results. The first of these controls concerns
the recovery of labeled cells by the glass fiber filters used for the
fractionations. The nominal pore size for the GF/F fi1tér is on the order
of 0.7 um, but recent literature indicates that a large proportion of
bacteria in natural waters are <Q.4 uyn (Ferguson and Rublee, 1976; Hoppe,
1976; Watson et al., 1977). Therefore, at each sampling point for the or-
ganic compounds duplicate samples were filtered for fractionation and a
third aliquot was filtered through a 0.2 um membrane filter, which may be
assumed to retain all the cells. A comparison of the sum of the radioac-
tivity in each of the biochemical fractions for each sample with its as-
sociated whole cell filter is found in Appendix Table B-1 for the three
stations. The overall recovery ([sum of fractions/whole cell filter]x100)

for all samples (n=66) was 95.8% with 7 out of 8 time-course sets having
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average recoveries between 90-106%, the only Tlower recovery being ob-
tained for glutamate uptake at the continental slope station (average
85.9%). Thus the GF/F filter retains virtually all of the labeled mater-
ial. It is likely that the effective pore size was reduced significantly
by detritus and muci]aginou§ substances early in the filtration of the
105-115m1 aliquots. Since all samples within a station contained the same
bacterial assemblage, thé recoveries for phosphate, sulfate, and ammonia-
labeled cells should be similar.

The second control is the reproducibility of subcellular fractiona-
tion of isotopically-labeled cells. This was shown to be good for pure
cultures (Table 5-6), but the exceedingly low amount of material frac-
tionated with natural population samples (about lx107 ce]is of smaller
diménsion than P. halodurans) could introduce some error. Table 5-9 sum-
marizes the error of fractionation of duplicate samples, broken down into
the error for each fraction as well as the error for the sum of the frac-
tions. Two compiete time series from the Sargaséo Sea station were frac-
tionated on different days to determine the effects of new reagents, etc.
The overall error for tHe sum of the fractions (n=37 pairs), 5.4%, was
- less than the error among fractions, indicatihgvthat good recovery was
obtained and only redistribution of the labeled material occurred. Error
associated with low molecular weight, lipid, hot TCA soluble, and protein
fractions was normally under 10%. Although the % error in the alcohol
soluble fraction .is high, the absolute counts in this fraction are very
| Tow and a few DPM:difference is hence a large % error. The largest varia-
bility among samples was inevitably associated with very low total up-

take, as shown for the continental slope station where the first three
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Table 5-9. Reproducibility of Subcellular Fractionation of Natural

1

Bacterial Populations Labeled with 4C—Orgam‘c Compoundsa

Average % Error Between Duplicates

Sum of Alcohol Hot TCA Residue
Substrate Fractions L.M.W. Soluble Lipid RNA Soluble Protein

Continental Shelf Station

Glucose 3.5(n=5) 6.2 17.9 4.3 4.3 2 7.9
Glutamate 3.5(n=5) 5.6 - 8.4 4.6 11.8 8 10.7
Continental Slope Station
Acetate 2.6(n=5) 9.0 13.5 2.5 16.4 .3 6.8
Glucose 20.5(n=5) 20.1 10.5 0.2 21.9 .4 7.1
Glutamate 2.2(n=6) 2.7 4.8 8.2 7.0 5 5.0
Sargasso Sea Station
Acetate 2.6(n=5) 1.9 13.8 4.0 11.2 2.8 2.1
Glucose® 4.4(n=5) 7.0 26.6 5.3 4.8 7.0 16.8
Glutamate®  0.3(n=1) 13.1 12.1 9.9 11.8 22.6 5.6
Overall Error 5.4(n=37) 7.5 13.7 4.9 10.1 5.2 8.0

4pata from Figures 5-9, 10, and 11 in the text. Duplicate samples
filtered onto Whatman GF/F filters were fractionated as described.
The error as a % of the average is listed for each fraction as well
as for the sum of the fractions for each pair; the number of pairs
is shown in parentheses.

bSamp]es from each pair were fractionated on separate days.
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time points for acetate and glucose were very near the blank value. It
must be remembered that the error includes differences of total label in-
corporation between duplicates, which are substantially higher in field
experimehts than.in pure culture experiments. Due to the great difference
in total uptake between time points in most instances, an error of aé
much as 25% would have 1ittle effect on the interpretation of the data.

The total assimilation of acetate, glucose, and glutamate are shown in
a semi-]ogarithmic plot for the three stations in Figure 5-6. The mean
values (i.e. whole cell filters and sums of the fractions) for all sam-
ples are used. For both the continental shelf and continental slope sta-
tions, uptake is remarkably exponential rafher than Tinear. The bacterial
poplation at the Sargasso Sea station took up the substrates so rabid]y
that the first point (6 hours) was already near the end of the uptake
curve. The relative lag time (e.g. time to reach 1% substrate utiliza-
tion) obeys the same pattern as for sulfate incorporation into protein,
total ammonia assimilation, and total phosphate assimilation for the
three stations. The final amount of substrate metabolized depends on the
respiration data as well as tota]vuptake, and will be discussed in the
next section. |

The most remarkable feature of the uptake curves for the organic sub-
strates is their apparent exponential increase. The semi—iogarithmic
plots are well fitted (r>0.99 for least-squares linear regression of t
vs. In uptake) for the continental shelf station, with doubling times for
assimilation of glucose (interval 4-24 hours) and glutamate (interval
4-20 hours) both.équal to 2.6 hours, Simi]ar]y well fit lines for acetate

(td=3.3 hours, interval 4-18 hours), glucose (td;2.3 hours, 1interval
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14C-labe]ed “acetate, glucose, and

Figure 5-6. Total assimilation of UL-
~glutamate by natural bacterial populations in the Northwest Atlantic
Ocean. Data are the means of the sum of activities in the major biochem-
ical fractions (duplicate samples) and whole cell controls from Figures

5-9, 5-10, and 5-11.
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12—36 hours), and glutamate (td=2.9 hours, interval 4-30 hours) are ob-
tained at the continental slope station. In most instances, the data sat-
isfy the requirement of measuring uptake for more than three generations
to obtain 1ogarithmica11y-11hear plots of which the slope equals the
growth rate (calculated from Equation 4-1). No such calculation may be
made for the Sargasso Sea station due to the small number of pre-station-
ary points. It is extremely unlikely that the entire population is grow-
ing at the indicated rates, especially considering the profiles for sul-
- fate and ammonia assimilation; however, portions of the assemb]agé re-

sponding to each substrate may be.

Quantitative Analysis of Uptake Data for Sulfate, Phosphate, and Ammonia

Uptake

No attempt was made to determine the ambient concentrations of the
organic carbon compounds used as tracers in this study. Quantitative
~values for sulfate, phosphate, and ammonia were obtained for all sta-
tions, however, so calculation of the absolute amount of each compound
assimilated may be made. These results, along with the % total available
organic compound assimilated, are presented in Tables 5-10, 5-11, and
5-12 for the continental shelf, continental slope, and Sargasso Sea sta-
tions respectively. Total assimilation of ammonia was calculated accord-

ing to Equation 5-1 (Murphy, 1980)

(1 (PON)

)

N in Sample
15

Total Uptake = [Equation 5-1]

B o] ~—

( % "N in NH
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Zero time blanks have been subtracted, resulting in occassional sulfate

15N

incorporation values s]ight]y less than 0. The trends observed for
énrichment in samples labeled with ammonia are unaltered by the calcula-
tion.

End-point assimilation values for all three inorganic nutrient ele-
ments were 1in accord with the expected potential productivity of the
three stations, but a substantial lag period was observed at both the
continental shelf and slope stations. Inorganic nutrient limitation ap-
parently did not occur in any of the samples, since less than 25% of the
initially available nutrient was utilized. Lag times for uptake of the
inorganic nutrient elements were simi]af in all cases and were reflected
in the assimilation of the organic compounds as well.

The quantitative uptake ratios for N:P, N:S, and P:S are presented in
Table 5-13. The sulfate data is for protein-S only. Several striking fea-
tures are apparent, most notably the low N:P uptake ratio; a weight ratio
of about 8 is expected from algal studies (Goldman et al., 1979). Based
on pure protein, a 17:1 ratio would be expected for N:S uptake, but
should actually be higher since nitrogen is a component of other macro-
molecules; the observed rétios are génera]]y 3-4 times Tlower than expec-

ted. The P:S ratio for whole cells of E. coli is about 3.5:1 (Roberts et

al., 1963) but 25% of the sulfur is L.M.W. organic material not included
in this data. A ratio of about 4.7:1 is expected if this fraction is ex-
cluded. The observed ratios are about 4-5 times higher in the Sargasso

Sea station but only 2 times highér-in the continental slope station.
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*_N, POT-P, and SO=-S by

4 4 4
Natural Bacterial Populations During R/V Oceanus Cruise# 843

Table 5-13. Elemental Uptake Ratios for NH

ng/100m1 Weight:Weight -Atom: Atom
Hours of _
Incubation N P S N:P N:S  P:S N:P  N:S  P:S
Continental Shelf Station
16 17.4 - 2.1 - 8.2 - - 18.9 -
20 ' 63.3 - 8.7 - 7.3 - - 16.7 -
24 137.7 - 21.4 - 6.4 - - 147 -
Continental Slope Station
12 1.5 19.6 U 0.1 I I 0.2 I I
18 ' 7.0 64.0 Uu 0.1 I I 0.2 I I
30 - 153.9 15.2 - - 10.1 - - 10.5
36 87.8 617.2 65.0 0.1 1.4 9.5 0.3 3.1 9.8
48 - 615.6 73.6 - - 8.4 - - 8.7
_ Sargasso Sea Station
1 0.3 1.2 - 0.2 - - 0.5 - -
2 1.3 1.8 - 0.7 - - 1.6 - -
4 3.1 6.1 - 0.5 - - 1.1 - -
6 7.6 15.2 2.0 0.5 3.8 7.5 1.1 8.7 7.8
12 29.7 57.3 3.8 0.5 7.9 15.3 1.2 18.1 15.8
18 34.6 85.4 5.3 0.4 6.5 16.1 0.9 15.0 16.7
24 34.9 133.1 6.3 0.3 5.5 21.1 0.6 12.7 ?21.8
30 36.8 121.4 11.6 0.3 3.2 10.5 0.7 7.3 10.9
48 43.2 124.3

10.8 0.4 4.0 11.5 0.8 9.2 12.0

3pata from Tables 5—10, 11, and 12: U, Undetectab]e; I, infinity;
-, no sample.
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Distribution of Phosphorus and Carbon in Major Biochemical Fractions

The sensitivity of sulfate incorporation is not sufficient to permit
resolution of su]fur-containg metabolites; the highest activity observed

-7 of the added -1abel. In spite of

in protein was equal to only 9.1x10
the low activity, this sample was over 30-fold greater than a very repro-
ducible blank under 100 DPM. However, incorporation of phosphate and or-
ganic carbon compounds was high enough to permit resolution of the dis-

tribution of label in the fractions for most samples.

Phosphorus Distribution

The 1incorporation of phosphate into the major fractions of bacteria at
the continentai slope stationv“demonstrates a great degree of variabil-
ity (Figure 5-7). This varfabi]ity is confined to the proportion qf 32P
in a given fraction as a % of the total label taken up, however. The only
fraction which exhibits a significant decrease in the absolute amount of
32P is the L.M.W. pool, the most Tabile of all the fractions. Initially
almost all of the phosphate is found in L.M.W. compounds, but incorpora-
tion into RNA is rapid after the first point (2. hours). It was previously
pointed out that the RNA fraction is most sensitive to changes in growth
physiology, whereas the 1lipids are structural -components related more
closely to increases in cell size. In this context it is significant that

a plateau in the incorporation of 32P into these fractions between 18

and 30 hours of incubation is followed by a large increase in both frac-
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Figure 5-7. Total uptake of 32POZ and 1its distribution in major
biochemical fractions of natural bacterial populations in waters of the

continental slope. The phosphate concentration was 1.52 uM.
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tions, coincident with the first detection of sulfate incorporation into
protein. The total amount of label taken up and the distribution of 32PA
in the fractions is constant between 36 and 48 hours, suggesting that
growth has ceased. |

A completely different pattern of incorporation occurs at the Sargas-
so Sea station (Figure 5-8). The amount of 32P in all fractions in-
creases at nearly an identical rate and the relative proportions of label
in the fractions are reasonable; i.e. L.M.W. compounds and RNA dominate
the cellular phosphorus, 1ipid and hot TCA soluble (DNA + polyphosphates)
each contain slightly under 10%, and the profein fraction contains less
than 3% of the total. The distribution does not vary substant1a11y during
the course of idincubation, indicating approximately equal incorporation
rates into all fractions, a characteristic of balanced growth. There is
no change in either total 32P taken up or the distribution of label be-
tween 30 and 48 hours of incubation, again suggesting that growth has
ceased. The proportion of Iabe] in the various fractions for several time

points is found in Table 5-14; the entire data set is appended in Tables

A-16 (continental slope station) and A-17 (Sargasso Sea station).

Carbon Distribution

14

The first portion of the results of subcellular distribution of C

derived from organic compounds will be confined to trends. Discussion of

the relative amount of 14C in the various fractions will be found at

the end of this section.
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Figure 5-7. Total uptake of 32POZ and its distribution din major
biochemical fractions of natural bacterial populations in waters of the
Sargasso  Sea. The phosphate concentration was 0.18 uyM and the initial

cell density was 1.63x105/m1.




NOILVENONI 40 SdNOH

-315-

5% Ot ¢ gl ¢l 9 O gV og e 8l ¢l @ O
I R N S SR N B N A [ R N RN
4 o - LO0O
4 ® Fzoo
T4 - LS00
| T N3woud e .
- 371gN10S iV IOH = 8 qQdiTo o Lo
VYNd v MINTTw e 0 >0
IVIOL © T IVLOL o \ -c0
-M 1 Ry [50 >
o] ® 0 @,
g1 -V O -
ol\ul,\o-e\ \ 3
s 4\0 I | o 4\0 - S
-] .. = o (] \ e O—‘
l/ln.\n\ \O\ /D\D\< °© Ooc
._ » T | v e
il Ve
Vv tv— o - 0%
o T o
. . _o\ Yol o o/ Holol¥
_ 0O0c¢




-316-

Table 5-14. Total Incorporation and Distribution”of 32POZ in Water

Samples from R/V Oceanus Cruise# 842

 Total ng P % of Total Radioactivity

Hours of  Taken Up ~ Alcohol Hot TCA Residue
Incubation per 100m1 L.M.W. Soluble Lipid RNA Soluble Protein

Coninental Slope Station

0.75 97.8 0.0 0.0 2.2 0.0 0.0
1.93  52.5 2.1 6.3 31.9 3.9 3.3
18 64.03 17.1 1.5 17.0 51.5 10.3 2.8
48 617.57 43.5 0.9 9.0 37.2 6.4 2.0

Sargasso Sea Station

1.83 42.5 0.5 7.7 43.9 5.1 0.4
4 6.09 32.9 0.9 8.6 50.0 6.6 1.0
18 85.38 27.1 0.8 11.5 46.5 11.7 2.4
48 124.32 40.7 0.7 8.2 37.1 11.3 1.9

4Data from Figures 5-7 and 5-8.
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The incorporation patterns of glucose and glutamate at the continen-
tal shelf station are shown in Figure 5-9. Acetate uptake was not stud-
ied, and the incubations were only of 24 hour duratioh. Both substrates
were incorporated into all ffactions at similar rates, but'glutamate in-
corporation into RNA continued at a disproportionately high rate at the
end of the incubation period. Glucose assimilation shows no signs of a
decrease in uptake rate, even though 30% of the total avaiiable label has
been incorporated at 24 hours, and inclusion of a respiration correction
will increase the total metabolized considerably. At a similar % utiliza-
tion, glutamate uptake appears to be very near to a plateau. Glutamate
assimilation was more rapid on a % total substrate dti]ized basis, but
this could be due either to preference or lower ambient glutamate concen-
tration. The total uptake and distribution of label bear a remarkable re-
semblance to exponential growth of a healthy population.

Acetate, glucose, and glutamate uptake and incorporation into major
fractions are shown in Figure 5-10 for the continental slope station. A
pronounced difference among substrates is apparent, with glucose assimil-
ation lagging well behind the others. In addition, 14C derived from
glucose is almost exclusively in the L.M.W. soluble pool fraction, with
label appearing in the growth related fractions (i.e. protein, hot TCA
soluble, and 1ipid) at 30 hours of incubation, when 355 incorporation
into protein begins to increase. The samples labeled with acetate and
glutamate contain similar amounts of Tlabel in protein and L.M.W. frac-
tions, but acetate is clearly preferred for 1lipid synthesis. As in the

samples from the continental shelf station, RNA and hot TCA soluble frac-

tion contain similtar proportions of label, in contrast to the results ob-
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Figure 5-9. Total uptake of UL-14C-]abe1ed‘-g]ucose and glutamate and

- their distribution in major biochemical fractions of natural bacterial

popu]ations in waters of the continental shelf. Data are the average of

duplicate fractionations. The initial cell density was 3.34x105/m].
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14C—labe]ed acetate, glucose, and

Figure 5-10. Total uptake of UL-
glutamate and their distribution 1in major biochemical fractions of
natural bacterial populations in waters of the continental slope. Data

are the average of duplicate fractionations.
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tained with 32POZ at this station. Uptake of glucose was nearly
terminated at the end of the incubation period, and metabolism of acetate
and glutamate had virtually ceased by 36 hours.

The indications of nearly balanced growth at the Sargasso Sea station
provided by the initial rates of sulfate incorporation into protein, am-
monia assimilation, and total uptake and distribution of phosphate are
further supported by fractionation of 14C—]abe]ed samples (Figure
5-11). Acetate and glucose were incorporated into all fractions at simi-
lar rates, but glucose contributed relatively more carbon to RNA than to
the hot TCA soluble fraction, in.contrast to previous stations. At the
end of the incubation period, a substantial increase in L.M.W. material
derived. from acetate occurs at the expense of RNA and hot TCA soluble
fractions. Of particular interest 1is the mirror-image fluctuation of
L.M.W. and RNA components during what would be considered a stationary
phase by whole cell uptake criteria. Although the incorporation of gluta-
mate has ceased, its metabolism continues. At 36 hours a large increase
in L.M.W. material derived from glutamate and acetate is observed, coin-
cident with the break in protein synthesisvdetermined by sulfate incor-
poration.,

A more thorough understanding of the metabolism of individual carbon
compounds in a complex mixture of substrates can be realized by analysis
of the distribution of 14C as a % of the total label taken up. Table
5-15 selects the first sample in each time series which has assimilated
at least 1% of the total available substrate. As indicated in Figures
5-9, 10, and 11, the distribution of 14C rarely changed substantially

throughout -the course of incubation unless a stationary phase had been
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Figure b5-11. Total wuptake of UL-14C-1abe]ed acetate, glucose, and
glutamate and their distribution in major biochemical fractions of
natural bacterial populations in waters of the Sargasso Sea. Data are the

average of duplicate fractionations. The initial cell density was

1.64x10%/ m1 .
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Table 5-15. Total Uptake and Distribution of 14

Labeled Organic Substrates in Water Samples
from R/V Oceanus Cruise # 842

C from Uniformly

% of Total Radioactivity

- Total DPM Alcohol ' ‘Hot TCA Residue
Substrate  Taken Up L.M.W. Soluble Lipid RNA Soluble Protein

Continental Shelf Station

Glucose 11,759 47.5 0.9 0.9 27.8 16.2 6.7
Glutamate 10,475 67.0 1.0 1.1 9.6 9.0 12.3

Continental Slope Station

Acetate 126,285 29.1 1.3 8.9 14.3 22.1 24.3
Glucose 90,884 53.9 1.2 3.3 18.2 13.5 9.9
Glutamate 11,427 43.7 : 0.9' 2.2 16.5 15.1 21.7

Sargasso Sea Station

Acetate 49,555 31.8 0.7 7.8 20.7 20.9 18.1
Glucose 71,527 45.0 0.6 2.0 31.2 11.9 9.3
Glutamate 66,497 53.1 0.4 1.4 13.3 13.0 18.8

qata from Figures 5-9, 10, and 11. The first sample having assimila-
ted greater than 1% of the total available label was chosen for com-
parative purposes. '
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reached. Therefore the distribution of 14 in the selected samples is
comparable; of course, the magnitude of uptake in absolute terms is un-
known. Of the three compounds, acetate 1is the dominant contributor of
carbon to the 1lipid fraction in both the continental slope and Sargasso
Sea stations; Protein derives much of its carbon‘from glutamate and ace-
4tafe. Glucose carbon is poorly represented 1h these fractions at all sta-
tions, ‘being predominant]y contained in L.M.W. 1ntermediafes and nucleic
acids, especially RNA. The lag period and subsequent explosive growth re-
vealed by sulfur and nitrogen assimilation at the continental shelf and
slope stations were only reflected in the incorporation patterns of glut-
amate at the two stations: at the continental shelf station, the of tHe
total glutamate in protein doubled (9.1-18.2%) between 16 and 20 hours,
and increased 47 %(é1.7—31.9% of the total) between 18 and 30 hours at
the continental slope station. No ofher evidence for the unusual growth
patterns was noted, however, the total uptake (as’% of the‘total avail-
able Tabel) was qualitatively related to the ]ag‘timé. The sulfate and
ammonia assimilation methods are not as sensitive as the uptake of organ-
ic compounds, but the data from the Sargasso Sea station demonstrate what
may be the Tlower limit of sensitivity of the methods, and support the
contention that a substantial lag phase did occur at the other two sta-
tions. It must be remembered that the continental she]f and slope samples
experienced a 5°C rise in témperature during the incubation period, but
it is unlikely that this took more than an hour or two under the condi-
tions of incubation. Furthermore, all samples were treated identically;

thus the observed rates are strictly comparable.
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Respiration ngOrganic Substrates and the Effects of Container Size,

Nutrient Enrichment, and Chloramphenicol on Carbon and Sulfur Incorpora--

tion

Results of 1ndrganic nutrienf enrichment experiments on a previous
cruise (May, 1980) to nearly identical stations indicated a substantial
enhancement of uptake of 14C—labe]ed compounds during 24 hour incuba-
gions, during which time unenriched controls had taken up less than 5% of
the available label. Based on these findings, samples in prescription
bottles were enriched with ammonia (50 uM), phosphate (4 uM), and inor-
ganic nutrients (ammonia, 50 uM; phosphate, 4 uM; EDTA, 1 uM; trace
metals) and sampled concurrently with unenriched flask and bottle con-
trols after 30 hours of incubation (continental slope and Sargasso Sea
stations). In this way both nutrient enrichment and container size ef-
fects could be monitored. However,'on this cruise, most of the available
label had been metabolized in the controls by 30 hours, obscurring pos-
sible effects of the enrichments, but several trends were apparent.

9

(a) Respiration

The respiratioh of 14C—]abe]ed substrates to CO2 (wick méthod)
and transformation to acid-volatile compounds weke determined as de-
scribed in Chapter 2. The results'of the acid-volatile method were simil-
ar to those observed in the fish tank experiment (Table 5-5) and generé]—
ly were twice the value obtained by the wick method._The substrates them-

selves were not volatilized, as evidenced by the >98 % recovery of Tabel
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at zero incubation time, and the same trends were observed for respira-
- tion measured by both mefhods as a function of nutrient enrichment, bot-
tle effects, etc. Because the difference between the methods bears
strongly on the total amount of label transformed, both methods were used

in case later work can resolve the reason for the consistently higher

acid-volatile results. The following summary of the respiration data uses

only the data from the wick method, which js commonly used. The data for
both methods are found in Appendix B, Tables B-2 through B-9.

Respiration accounted for 50 %= 21 % of the total label metabolized
(assimilation + respiration)bovera11. The variation among substrates was
much greater than the effects of location or incubation time. Glutamate
and acetate were respired at high rates (67%and 60%,.respective1y),
whereas glucose was respired at only 26%. - Respiration of g]utamate and
acetate was 'similar at all stations. Glucose respiration was highest
(35%) at the continental slope station, but was 6n1y'10% at the continen-
tal shelf station. There was a consistent increase in the percent're—
spired with longer incubation (36-48 hours) for all substrates, but the

effect was very slight (1-5%).

(b) Container Size Effects

Samples incubated for the same period in 3 1liter flasks and 125m1.

c

prescription bottles showed Tittle effect of container size on .14

assimilation. The average of all pairéd samples from flasks and bottles

indicated minor enhancement of assimilation (22%) and respiration (24%_),~

with most being due to the acetate-labeled sample at the continental
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slope station (88%and 97 % respectively). No effects were noted in the
distribution of label in the major biochemical fractions.

Samp]es labeled with 355 showed a much greater influence of con-
tainer size than the 14C-lébe]ed samples. Bottle incubation enhanced
sulfate incorporation into protein by 65 % at the continentalisTope sta-
tion, but inhibited incorporation by 47 % at the Sargassq Sea ’station.
These effects are far in excess .of the average error of 14.5%§f6r dup]i-'
cate samp1e§. Pairs of samples from each container type at the continen-
tal shelf station agreed within 9%. The effects of container size on bac-
terial metabolism do not follow any general pattern and are usually
small, being always less than a factor of 2 during these tong incubation

periods (24—30 hours). Much shorter incubation periods should be used to

test enclosure effects.

(c) Nutrient Enrichment Effects

In general, ammonia and phosphate supplements produced no substantial

14 355 incorpora-

respohse in C assimilation or respiration rates or
tion info_protein.. Phosphate was without effect except for a 2.4-fold
stimulation of g]ucose upfake at the continental slope station, accbmpan—
ied by a 3.4-fold increase in sulfate incofporation. At this station am-

monia stimulated g}Ucose uptake by 3.1-fold but did not influence sulfate

_incorporation. Total inorganic nutrients generally stimulated assimila-

tion of all compounds to a small extent (average 26% excluding glucose
assimilation at the continental slope station, where a 6-fold stimulation

was noted). Since long-term incubation resulted in nearly complete util-
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lization of the organic carbon compounds in unenriched samples, it can be
concluded that inorganic nutrients were not Timiting growth at these

statiohs. |
Small but consistent redistribution.of label occurred as a result of
nutrient enrichment, with similar trends among samples for all nutrient
additions. Table 5-16 compares the distribution of 14C in the .hajor
biochemical fractions of control and tota] fnorganic nutrient-enriched
samples. Glucose normally dominant _in L.M.W, .components cohtributes a
larger proportion of 1label to RNA and/or protein in the enrichments.
Acetate and glutamate show enhanced incorporation into protein at the
expense of RNA and L.M.W. compounds, except at the continenta] shelf
station, where g]utamaﬁe carbon from RNA appears in the L.M.w. fraction,
perhaps. indicative of a stationary phase. Inorganic nutrient enrichment
failed to increase the amount of carbon from any compound in protein to

the proportion expected if it were the only carbon source, demonstrating

that many compounds must be avai]ab]e'for simultaneous assimilation.

Effects of Chloramphenicol

Much more dramatic effects on both carbon and sulfur assimilation
were obtained with chloramphenicol (CAP). Only one of 11 samples was in-
hibited <95% by the antibiotic-(g]utamate uptake at the Sargasso Sea sta-
tion, 83 % inhibition), and 73% of the label taken up was found in L.M.W.
material. In addition to nearly complete inhibition of uptake of 140

and 355, the distribution of carbon was strongly affected. In most

cases over 85% of the label was found in the L.M.W. and RNA fractions.
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Table 5-16. Effects of Inorganic Nutrient Enrichment on Total Uptake

and Biochemical Distribution of

14C—Labe]ed Organic Compounds in

Water Samples from R/V Oceanus Cruise# 842

% of Total Radioactivity

Total DPM Alcohol Hot TCA Residue
Substrate  Taken Up L:.M.W. Soluble Lipid RNA Soluble Protein
: Continental Shelf Station

Glucose

248 286,697 64.1 0.6 1.0 15.8 13.2 5.4

24B +NBC 537,792 57.1 1.1 1.0 21.5 12.5 6.8
Glutamate

24B 263,739 49,2 1.3 1.7 18.3 12.6 16.9

248 +NBC 335,214 55.6 1.2° 1.7 14.6 11.3 15.6

Continental Slope Station

Acetate : )

308 247,798 22.7 1.1 11.4  17.0 24.4 23.4

30B +NBC 279,559 20.3 1.2 13.1 11.5 24.8 29.0
Glucose »

308 75,988 51.6 0.9 3.4 20.3 13.7 10.1 i

30B +NBC 458,678 39.2 1.2 1.9 25.2 17.3 15.1 i
Glutamate

308 205,549 20.3 0.9 3.0 25.3 21.3 29.3

30B +NBC

199,254 15.0 1.5 3.2 21.2 22.4 36.8
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Table 5-16. (Continued)

% of Total Radioactivity

Total DPM AlcohoT Hot TCA Residue
Substrate  Taken Up L.M.W. Soluble Lipid RNA Soluble Protein

Sargasso Sea Station

Acetate
_3OB 225,681 16.2 0.6 9.1 = 34.8 24.5 14.8
30B +NBC 355,488 13.4 1.0 10.3 23.1 24.7 27.5
_G]ucose |
308 490,243 48.0 1.1 2.0 27.7 12.4 8.7
30B +NBC 547,118 41.0 0.9 2.1 -28.7 15.7 11.6

aSamp]es were incubated in 125m1 prescription bottles for the time
indicated (hours) with or without addition of inorganic nutrient
mix, filtered, and processed as described in Materials and Methods.
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Sulfate incorporation into protein was reduced to blank levels at the
continental slope and Sargasso Sea stétions, and was inhibited 96% at the
continental shelf station. This leaves 1little doubt that the observed
sulfate incorporation into protein in the time-course samples is due to

bacterial protein synthesis.
DISCUSSION

. The results of the survey of the residue protein-S:bulk protein ratio
for mixed natufa] populations 1in enrichment culture and isolates from
similar enrichments in pure culture confirm the validity of measuring
marine bacterial protein synthesis using sulfur incorporation into pro-
tein. A wide variety of microorganisms Were studied, including a chemo-

lithotroph (Nitrosococcus oceanus), a sulfate-reducing bacterium (Desul-

fovibrio salexigens), mixed populations of fermentative and héterotrophic

bacteria, and pure cultures of heterotrophjc bacteria with varying de-
grees of nutritional versatility. Few organisms ahong them deviated seri-
ously from the mean ratio, and the coefficient of variation (C.V.) of the
residue protein-S:bulk protein ratio for the cruise isolates, 16.8%, is
much Tless than the C.V. for either the protein per cell (61.8%) or the
total sulfur per cell (51.7%). Further support is found in the isolation

of Alteromonas luteo-violaceus from the Sargasso Sea years after its

original isolation over the Puerto Rico Trench: the residue protein-S:

bulk protein ratio of the new Hso]ate, 0.64%, compares favorably with the

mean from Chapter 4 for this bacterium, 0.72 * 0.11, as does the distri-:

bution of sulfur in the major biochemical fractions.
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The agreement of the true weight.percent su]fuf %nlprotein determined
~ for 13 different bacteria, 1.09%, with the 1.1% calculated from the Jukes
et al. (1975) "averége protein" is extremely reassuring. The variation in
individual pkotein composition'summarized.by Ho]mquist (1978) is indeed
averaged out in bulk protein. In view of the consistency of the residue
protein-S:bulk protein ratio among bacteria qhd in an individual organism
under a variety of nutritional regimes, it is proposed that the measure-
ment of su]fate incorporation into residue protein is a quantitative as-
say forvmarine bacteria] protein synthesis.

AppTication of the sulfate incorporation method to seawater, with its
large isotope dilutionAbarrier,.is greatly facilitated by the fractiona—.
tion procedure. In addition to.providing a more interpretable result than
whole cell sulfate uptake studies, the multiple solvent extractions serve
to wash adsorbed sulfate out of the residue veryA effectiVe]Y. On R/V
Oceanus cruise # 84, over 4x109 DPM were passed through the filters,
with zero timé blanks rarely over 100 DPM.

The initial apb]ication of sulfate incorporation into protein, uéing
an organic-rich seawater system with é well-developed microbial flora,
demonstrated the value of using an inorganic tracef of bacterial activ-
ity. Assimilation of glucose and sulfate were very similar during the
first few hqurs of the experiment, but the nearly complete utilization of
glucose indicated tHe preferential utilization of L.M.W. material in the
early stages of the incubation. The fish fbod used in the tank consists
primafi]y of po1ymeri¢ materials (crude protein and plant fibers), and
several hdurs could be required for the 1nductidn, synthesis, and action

of hydrolytic enzymes required for the degradation of proteinaceous and
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cellulosic polymers. The monomers thus provided could stimulate continued
growth which would not be observed by glucose assimilation. Sulfate in-
corporation into protein was sensitive to the secondary growth period be-
cause it is never utiiized to a significant extent as a % of the total
label and is incorporated in direct relation to growth.

In addition to having observed the secondary growth phase in the bac-
terial population from'the fish tank, the ratio of residue protein-S:bulk
protein can be used to calculate the amount of bacterial protein synthe-
sized during the incubation period. The operational value, 0.93‘
weight %, indicates the synthesis of 123 ug protein per Tliter during
the first hour, a very healthy amount of growth. Since protein synthesis
valueé for natural popu]atiohs are not available for comparison, an as-
sumption of 50 % carbon by weight in protein gives a little over 60 ug
protein-C/liter/hour, the minimum carbon production (since carbon is con-
tained 1in many non-protein cellular constituents). Values for natural
bacterial population growth in a rich coastal inlet in British Columbia
(Furman and Azam, 1980) determined by cell counts and thymidine incorpor-
ation into DNA range from 0.7-70 pg C/liter/day. The fish tank population
was therefore more than 25 times as productive as the most rapid growth
observed in their study.

The lack of agreement of wick and acid-volatile methods for the
measurement of bacterial respiration of 14C-]abeled organic compounds

is perplexing in view of the good agreement between them with P. halo-

durans (Chapter 2). If the higher acid-volatile results represent trans-
formation of substrates to volatile extracellular products rather than

intracellular materials, the difference will substantia]]& alter calcula-
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tions of turn-over time and the total amount of substrate metabolized in
the same fashion as the original respiration correction (Hobbie and Craw-
ford, 1969). Excretion of pyruvate has been demonstrated in qerobic cul-
ture of v]uminous marine bacteria grown on glucose (Ruby and Nealson,
1977), accounting for up to 50% of the total carbon metabolized. This
and other low molecular weight acids could account for the observed
higher acid-vo]ati]e radioactivity relative to 14CO2 in natural pop-
ulations.

As a preface to the discussion of microbial metabolism sfudies in the
kWestern North Atlantic Ocean, I must admit'to my surprise at the dearth
of literature concerning either inorganié nutrient assimilation or time-
course studies of bacterial heterotrophic activity. I had tacitly assumed
that the measurement of ammonia and phosphate assimj]ation would provide
- confirmation of the résu]ts of sulfate incorporation studies and thus be
comparable to other studies of bacteria]vinOrganic nutrient uptake. Am-
monia and phosphate assimilation measurements have been made frequently
with mixed aésemb]ages of phytoplanktoh and bacteria both in freshwater
(Lean and Na]eWajko, 1976; Murphy, 1980) and marine habitats (McCarthy
and Goldman, 1979; Perry, 1976). However, no gtudies confined to natural
bacterial populations in seawater have been published in readily acces-
sible 1literature. The tremendous amount of Tliterature concerning phyto-
plankton nitrogen and phosphorus.assimi1ation studies will only be al-
luded -to for comparative purposes; a thOroughjcoverage of this portion of
the natural population experiments is not warranted for this thesis.

Samples for three'stations representing continental shelf, slope, and

Sargasso Sea regions were analyzed for standing crop and uptake rate
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parameters. The relatively deep water used provided populations of low

~cell density (<4x105/m1) and - adequate supplies of inorganic nitrogen

and phosphorus.

The results of standing crop analyses were constistent with decreasing
surface productivity in an offshore direction; POC and PON decreased off-
shore, with shelf and slope stations distinctly different from the Sar-
gasso Sea station. The lower direct counts of bacteria were also observed
in the Sargasso Sea.

It was surprising to note that the particulate protein did not obey
the same trend as the other parameters. Because of this, the proportion
of the total PON contained in protein increased going offshore. Using
17/.5% N by weight in protein (from Jukes et al., 1975), the percentage
of PON accounted for by protein was 22, 31, and 44% at shelf, slope,
and Sargasso Sea stations respectively. For comparison, late exponential
phase cells of P. halodurans contain about 65 of the PON in protein.
The increasing proportion of the total PON as protein-N suggests a pro-
gressively smaller contribution of N-containing detrital material in the

offshore transect and implies that bacterial biomass accounts for a

‘greater amount of the particulate material in oligotrophic regions.

The agreement of ammonia assimilation and sulfate incorporation into
protein in both lag time and subsequent rates of increase at the shelf
and slope stations strongly support the hypothesis that macromolecular
synthesis was not proceeding at a significant rate at the time of sample
collection. The sensitivity of the ammonia measurement was 10-fold higher
at the slope station due to Tower ambient concentrations of ammonia, but

the sulfate method was equally sensitive at all stations, since the sul-
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fate concentration does not vary. Nonetheless, both measurements demon-
strated very sim%]ar time-course assimilation pétterns.

The probability of a true lag period is strengthened by the ability to
measure low but'immediate assimilation of both elements at the Sargasso
Sea station. Sulfate incorporation into protein was linear for the first
30 hours, bﬁt ammonia uptake appeared to be‘exponentia1. The ammonia as-
similation profile has some of the characteristics of luxury uptake, i.e.
rapid uptake fo]]owed'by a plateau or slower rate (c.f. Perry, 1976), but
the time—course of luxury uptake events is usually measured in minutes
(McCarthy and Goldman, 1979; Perry, 1976) rather than the 12 hours re-
gquired to reach apparent saturation in the Sargasso Sea sample. The»am—
monia assimilation curve is more suggestive of exponential uptake by a

growing population. Unfortunately, attempts to fractionate 15

N samples
were unsuccessful due to the low PON concentrations}(at least 1 ug N is
required for analysis). The virtually complete inhibition of sulfate in-
corporation into protein by chloramphenicol indicates that bacterial met-
abo]ism was responsible for sulfate incorporation. | |

Even .though the initial assimilation. rates did not conform to the ex-
pected offshore-decreasing pattern, the final amount of both N and S as—
similated did. Suifaté incorporation into protein reached a plateau at
both continental slope and Sargasso Sea stations, suggestfng that the
readily assimilable organic components of the samples had been metabol-
jzed. It is conceivable that the end-point sulfate incorporation data re-
flect the total potential bacterial production at these-stations. Neither
nitrogen nor phosphorus were depleted by a.significant extent as deter-

14

mined by isotope uptake, and the lack of substantial stimulation of ~7C
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or 355 assimilation by inorganic nutrient additions additionally im-
plicates carbon and energy sources as the ultimate growth-limiting nu-
trient.

The time-course experiments at the shelf station were prematurely ter-
minated by return to port. However, the 24 hour end-point at the shelf
station was higher than the same incubation period at either of the other
stations and gave no indication of decreasing rate.

Total uptake and incorporation patterns of phosphate at thé continen-
tal slope and Sargasso Sea stations point out the value of the fractiona-
tion procedure_as it applies to isotopes other than 355 in natural pop-
ulations. The initial rate of phosphate assimilation was higher at the
Sargasso Sea station, as with sulfate and ammonia, but the final magni-
tude of uptake was greater in the slope water. Thus the third inorganic
nutrient element also confirms the anticipated gréater potential produc-
tivity of inshore waters. The assimilation pattern of phosphate into bio-
chemical componénts in the Sargasso Sea bore a gfeat resemblance to bal-
anced growth. Label appeared in each fraction at nearly the same rate and
in the proportions expected of healthy microorganisms (c.f. Rhee, 1973;
Roberts et al., 1963). Low molecular weight material and RNA dominate the
cellular phosphorus, and RNA-P was about 9 times the hot TCA so]ub]é-P,
The hot TCA soluble fraction can also include polyphosphates (poly-P),
but if they were important phosphorus storage compounds in this sample
the proportion of RNA-P:hot TCA soluble-P would be lower than expected.
Furthermore, phosphate aécumu]ation as poly-P lin excess of growth re-
quirements at <0.2 yM phosphate is not likely (Goldman, 1977; Rhee,

1972). Protein contained <3¢ " of the total P, similar to findings of
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Rhee (1972; 1973) and Roberts et al. (1963) verifying that the protein
fraction contains 1little contaminating nucleic écid or other polymeric
P—containing material. |

The intracellular phosphorus distribution at the continental slope
station was indicative of unbalanced growth. Vefy_different rates of in;
crease were observed in the various fractions, and L.M.W. material ac-
counted for >95 of the total P during the first two hours. The tri-
phasic nature of whole cell uptake was amplified by the 1hcoporation of
phosphate into RNA, a sensitive indicator of changing growth status; and
1ipid, a measure of structural growth. Both of these fractions increased
over 5-fola from aAStationary period at the same time that sulfate incor-
poration into protein began to increase and shortly after ammonia assim-
ilation climbed above the Timit of resolution. The great overall increase
in phosphate uptake at this time and the specifically enhanced respdnse
~of two fractions sensitive to changing growth status strongly support the
demonstration -of 'é substantial lag phase of growth at the continental
slope station.

In contrast to the incorporation patterns of inorganic nutrient ele-
ments, the assimilation of carbon into intracellular products was qué]i-
tatively similar at all stations and with all substrates. The only indi-
cation of variability among stations was the time required for uptake of
an arbitrary percent of the total avai]able label. The term "lag time"
can only be applied realistically to glucose assimilation at the slope
station. In all other instances, remarkably exponential uptake wgas ob-
served from the first sampling poinf. Furthermore, incorporation of car-

bon from glucose, glutamate, and acetate into major biochemical fractions
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gave no hint of the very different growth pattern of the shelf and slope
stations compared to the Sargasso»Sea station. In all cases, carbon en-
tered ali biochemical fractions at similar rates. So much of the carbon
Tabels had been metabolized by the time sulfate and ammonia assimilation
rose above background Tlevels that there was nothing left to reveal the
explosive growth which occurred.

The results of the organic carbon uptake studies point out the sma]]
contribution made by any individual carbon compound to overall bacterial
metabolisn1 in natural seawater samples. However, qualitative features,
shown through the use of subcellular fractionation procedures, clarify
the role of individual compounds in biosynthetic processes when present
as a portion of a large variety of assimilable substrates. Preferential
incorporation of (1) acetate into 1ipids, synthesized from acety1~SCoA;

‘(2) acetate and glutamate -into protein, through'the tricarboxylic acid
cycle which provides carbon skeletons for the aspartate and glutamate
family of protein amino acids; and (3) glucose into RNA, drawing its ri-
bose backbone from the hexose monophosphate shunt, all conform to prefer-—
ences determined from basic biochemical principles. Thus it appears that
natural populations of bacteria simultaneously presented with a number of
different substratés for biosynthesis will specifically utilize the com-
pounds most readily integrated into a given biosynthetic pathway, just as
will pure cultures (c.f. Roberts et al., 1963).

Amazingly rapid generation times (<4 hours) may be calculated from the

“slope of semi-]ogarithmic plots of the organic carbon uptake data. From

these calculations as many as 6 doublings of the bacteria assimilating

each of the various substrates could have occurred during the incubation
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period. Since the apparent rapid growth was without influence on the lag
period. for sulfate and ammonia assimilation, it is 1likely that either the
populations utilizing these compounds were only a minor portion of the
total bacterial assemblage or the chosen compounds were in such low con-
centraiion that their virtually complete Ut11ization did not contribute
substantially to total carbon metabolism.

Although doubling times cannot be calculated by this method for sulfur
and ammonia assimilation, a quantitative amount of total metabolism can
be determined. Using the ratio of 0.93 weight y S 1in protein, the con-
tinental shelf, slope, and Sargasso Sea stations synthesized 21 nug (24
hours), 69 ug (36 hours), and 12 pg (36 hours) of protein per liter, re-
-spective]y. If protein is about 50% C by weight (from Jukes et al.,
1975) and about 50 % of the total carbon is in protein (Chapter 4),
then a similar amount of total carbon metabolism occurred. These rates
are only an order of magnitude less than surface primary productivity at
similar stations and times of yeaf (Peter Ortner, Ph. D. Thesis, Woods
Hole Oceanographic Institution, QOctober, 1978). Considering the greater
‘'volume of water below the euphotic zone, a substantial amount of partic-
ulate protein, and therefore carbon, are potentially available for con-
sumption by higher organisms if the calculated rates are realized in
situ. An investigation of the relative abundance of f]aQe]]ated protozoa
to bacteria at very similar stations two months prior to R/V Oceanus
cruise #84 revealed that the population .of flagellates was about 0.1%
that of the bacteria (David Caron, personal communication). Previous work
with flagellated protozoa demonstrated the ability of these organisms to

grow rapidly on bacteria as a food source when presented at similar rela-
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tive abundance (Haas and Webb, 1979). Thus both a source and an effective
sink exists for Targe-scale particu]ate_f]ux into the food web which has
previously been igﬁored. |

An extremely important outcome of the work presented herein is an em-
phasis on the necessity for time-course measurements rather than single
end-point analyses. The fact that the uptake of organic carbon compounds
y1e1d§ a linear plot on semi-logarithmic paper vividly demonstrates the
misconceptions which can arise from points taken at single arbitrary
times. Major differences in sulfur incorporation and ammonia assimilation
between the shelf and slope stations compared to the Sargasso Sea station
would not have been observed. |

The analysis of dissolved inorganic nutrients permitted the quantita-
tive calculation of uptéke ratios for nitrogen (as ammonia), phosphorus
(as phosphate), and sulfur (as sulfate). The ratios obtained deviate sig-
niticantly from those expected on the basis of algal studies, but there
are no such data for mixed assemblages of bacteria for comparison. Other
sourcés of nitrogen (e.g. urea, nitrate, and amino acids) may be utilized
simultaneously with ammonia (McCarthy, 1972) and could explain the Tow N
uptake relative to either S or P. The excess phosphate uptake is more
difficult to rationalize; however, exchange of 1ntréce]1u1ar phosphate
with exogenous label is well known (c.f. Lean and Nalewajko, 1976), and
can cause apparently high uptake rates when het uptake is low. The uni-
form distribution of label among the biochemical fractions and the small
population size of the samples argués against this reasoning. It is not
known whethervthe flagellated protozoa are capable of equilibrating (and

hence incorporating) intra- and extracellular phosphate.
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A number of perplexing issues concerning bacterial growth and nutrient
~assimilation rates have been raised. The work presented in this chapter
demonstrates the value of measuring sulfate incorporation into protein by
natural bacterial populations and provides data suggesting that bacteria
can contribute significantly to tHe marine food web. The method designed
for use with sulfur has additionally been found effective with other tra-
cers of microbial metabolism. Further studies of inorganic nutrient as-
similation by baéteria will be a valuable contribution to the resolution

of the question of bacterial productivity in marine environments.
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CHAPTER 6
RELATIONSHIPS AMONG GROWTH, PROTEIN SYNTHESIS,
AND SULFUR METABOLISM IN MARINE PHYTOPLANKTON:

PROSPECTUS FOR FUTURE RESEARCH
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INTRODUCTION

The relationship between sulfate incorporation into protein and bulk
protein synthesis has been shown to provide a quantitative index of bac-
terial protein synthesis in the marine environment. De novo pkotein syn;
thesis is also performed by marine plants, prédominant]y by the unicellu-
lar algae or phytoplankton. What 1ittle is known about the relative rates
of production of bacteria and phyfoplankton has demonstrated a good rela-
tionship between excretion of organic compounds by phytoplankton and
ltheir subsequent utilization by bacteria (Williams and Yentsch, 1976),
especially near the edges of upwelling regions where senescing blooms
produce copious amounts of excreted organic material (CastelTvi and Bal-
lester, 1974; Herbland, 1974). Bacteria can effectively compete with al-
gae for nutrients (Parker et al., 1975; Rhee, 1972); the uptake of suf-
ficient amounts of inorganic nutrient to inhibit growth means a priori
that bacterial production can be substantial. Since all euphotic zone
measurements of nitrogen and phosphorus assimilation 1nc]ude bacteria,
their contribution to total community production should be known.

Uncoupling of phytoplankton growth and carbon fixation occurs under a
variety of nutrient-limitation regimes, and has been shown to result in
preferential synthesis of polysaccharide storage products in some cases
(Morris et al., 1974). Therefore a measurement of protein synthesis, ex-
pected to be more closely related to growth than total carbon metabolism,
would pe a useful addition to the array of techniques available to the

phytoplankton physiologist. Like bacteria, algae are capab]é of sulfate
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reauction ana assimilation. If the relationship derived from the "average
protein" and demonstrated for bacteria were.also valid for phytoplankton,
a simple measurement for total microbial protein synthesis would be
available, a big step forward in estimation of pbtential'secondary and
higher order production.'

The distributidn of sulfur in algae is more complex than ih bacteria,
since Qubstantia] amounts of sulfur are found in the plant sulfolipid
(BenSon,,1963; Busby and Benson, 1973) and in polysaccharide sulfate es-
ters (Busby and Benson, 1973; Ramus and GroQés, 1974). A study of sulfate
uptaké by marine phytoplankton (Steven Bates, Ph. D. Thesis, Dalhousie
University, 1979) suggests that the relationship between sulfate assimil-
ation into protein and de novo protein synthesis may be similar to that
found fo% bacteria in this study, but more quantitative data must be ob-
tained because'his:work did not take into account the potentially impor-
tant contribution of boiysaccharide sulfate esters to total su]fuf meta—
bolism (conta%ning 20-60 % of the total sulfur).

Of special intérest is the synthésis of the plant sulfolipid 6-sulfo-
quihovosy] digiyceride, which may provide a means for metabolically sep-
arating bacterial and a]ga] protein synthesis in mixed populations. The
p]ant sulfolipid is an integral component of the chloroplast thylakoid
membrane, and its absence resulfs in seriously decreased ability to per-
form the Hill reaction of photosynthesis (Sinensky, 1977). Because it is
an essential consituent of the chloroplast, sulfolipid may be synthesized
at a rate proportional to the growthirate of the ch]oroplést itself. The
growth rate of the chloroplast, in turn, should be tightly coupled to the

cellular growth rate, since changes_in photosynthetic capacity are often
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the result of increased pigment production rather than chloroplast num-
~ber, ana the chloroplast is Qf céntra]vimportancé to the biosynthesis and
ehergy metébo]ism of the cell.

Although the role of the sulfolipid in chloroplast development and
functionfis not yet clear, certain key points encourage the 1nvestigétion
of relationships between sulfolipid synthesis -and growth.‘Su]fo]ipid is
covalently bound to protein in the chloroplast membrane, but it is not
related to the chlorophyli-protein complex (Gregory Schmidt, personal
communication). This suggests a relationship between the su]fo]ipid and
components of the photosynthetic electron transport chain. The absence of
a physical interaction between sulfolipid and the 1light harvesting pig-
ments is a positive feature, as sulfolipid is therefore less likely to be
subject to the fluctuating levels of chlorophyll which often accompany
light stress (c.f. Beardall and Morris, 1976).

It has tnérefOre been propoééd to tarry out a study of sulfatevassim—
ilation in phytoplankton, similar to that described in Chapters 3 and 4
of this Qork, with a special emphasis on relationships between sulfolipid
and- protein synthesis.‘The National Science Foundafion has smiled on my

request, funding two years of research on this topic.

Encouraging Evidence: A Fortuitous Encounter With Trichodesmium In The

Western North Atlantic

Trichodesmium 1is a pelagic, colonial blue-green alga occassionally

found in great abundance in oligotrophic tropical and sub-tropical open

ocean waters. Its blooms of incredible density in nutrient—poor regions
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have been attribufed to its ‘ability to utilize elemental nitrogen aerob-
ically as a source of nitrogen for growth (Dugdale et al., 1964; Goering
et al., 1966). The adaptive signfficance of this capabiltity is exempli-
fied by its higher population density in the phosphate-sufficient waters
of the Caribbean (Carpenter and Price, 1977), where relief of phosphate
limitatibn permits.expression of the potential for nitrogen fixation.

Knowledge of the physiology of Trichdesmium is sparse because it has

defied attempts to maintain it in cu]tdre. Its sporadic occurrence in
open ocean waters renders difficult the deliberate investigation of
photosynthesis‘and metabolism invthis organism, but good use has been
made of the random encounters with dense accumulations of the alga. A
cohtinua]]y’ increasing body of literature .on the chemical composition
(Mague et al., 1974, 1977), nitrogen fixation and 1norganic‘nitrogen as—
similatioh rates (Carpenfer and McCarthy, 1975; Carpenter and Price,

1976; Mague et al., 1977; Taylor et al., 1973), and COZ.fixation (Car-

penter and Price, 1977; Li et al., 1980) by Trichodesmium now exists.
The maproscopic (~Q.5mm) nature ofvthe co]bnies proyides, in a sense,
the algal counterpart to the fish tank experiment described in Chapter 5.
Measurements of many parameters cah be made without pressing the Timit of
sensitivity bf the various methods, a benefit for initial studies of
phytoplankton su]fur metabo]ism; In addition, the fact that it is a pro-
’céryotic drganisnl renders more 1likely a correspondence between sulfate
in&orporapion into protein and protein synthesis similar to that found
for bacteria.
| Duriﬁg R/V Oceanus cruise #84, 1 noticed‘thé characteristjc tufts

of the alga in a relatively shallow net haul made by Ralph Evans. There
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were few, and I was too busy with the Sargasso Sea station (Chapter 5) to
do anything about it. The observation stimulated discussion with Steve
Lohrenz, another:graduate student on the cruise, who was working on CO2
fixation studies with phytdp]ankton. de days later, when much of the
crush of the Sargasso Sea station was over énd the tufts were more numer-
ous in fhe zoop]ankton. net hauls, Steve and I decided to combine our
skills and approach a mu]tf—parameter investigation of macromolecular

synthesis in Trichodesmium.

MATERIALS AND METHODS

Sampling: Colonies of Trichodesmjum were collected in an obligue tow from
30mvto'5m depth at the Sargasso Sea station at noon on 26 July, 1980. A
lm net (505 ym mesh) with a galion p]astic‘cod end was used. Ship speed
wa§ maintained at under 0.5 knots for 25 minutes: the net was hauied up
5m everyFS minutes. When the net surfaced, the cod end was quickiy re-
moved and taken to a shaded location, where the Targer zooplanktonrwere
gént]y removed with a lmm mesh screen. The co]onies_weré diluted into
surface seawater which had been prefiltered through a 28 ym mesh Nitex
net, énd 500m1 aliquots containing 80-110 colonies wefevgently transfer-
red to wide mouth plastic bqtt]es. |

14

CO2

ic activity 671 DPM/nMole, assuming a CO2 concentration of 2mM),
32 '

Inoculation: The bottles were spiked with either (final specif-

POy (final activity 25,000 DPM/ml), 3°S0;  (fimal specific
' | 14

activity 1 DPM/pMole; sulfate concentration 29.9mM), or UL-""C-glyco-
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late (final activity 10,100 DPM/m1). Samples of 10 colonies were taken at
zero time and at intervals thereafter by transferring with a Pasteur
pipet into test tubes containing ~10ml of surface seawater. The colonies
were then pipetted onto Whatman GF/F filters, rinsed with several ml of
seawater, and frozen for 1atér analysis. The bottles were 1ﬁcubated in a
deck box cooled by flowing surface seawater with screenfng to reduce the
I{ght intensity to about 3% of the incident radiation (bright, clear
day: ~1200 pE/cmZ). Caution was exercized to preVent‘disintegration of

the colonies during handling.

Other Measurements: Immediately after the zero time sampling, groups of }
10 colonies wére placed on combusted g]asé filters for analysis of chlor-
'ophyll a, POC, PON, protein, and carbohydrate.by the methods outlined in
Chapter 2. Chlorophyll a was determined on board in 90 % acetone ex-

tracts using a Turner Model 110 fluorometer.

Radioisotopes: All radioisotopes were obtained from Amersham (Chicago,

IL). 3?POZ and 35SOZ were carrier free. The highest specif-

ic activity glycolate and 14CO2 available were used.

Fractionation of Radioactively-Labeled (Colonies: Subcellular fractiona-

tion was carried out as described in Chapter 2. Phosphate, COZ’ and
glycolate samples were extracted for RNA, the sulfate samples were not.

_ CO2 samples were fractionated by Steve Lohrenz.
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RESULTS

General Characteristics

The colonies were dull green to green-brown. Both the 1linear and
radial colony morphologies were found (Taylor, 1973),. with Tlinear
colonies dominating by about ‘10:1. All descriptions referblto Tinear
colonies unless otherwise noted. During _the course of the incubation,
colonies Tleft over from thé biochemical analysis samp]és rapidly turned
brown and coagulated into nearly amorphous masses at the bottom of the
bottle. This tendency was less pronounced in the labeled samples incuba—
ted at surface temperature, but colony disintegration became a factor 1ﬁ
the incubations after about 4 houks, a problem which has been previously

encountered (Mague et al., 1974).

Biochemical Composition

The amount bf.cérbon, nitrogen, carbohydrate, protein, and chloro- .
phyll a per 10 coionies are shown in Table 6-1, with results obtained by
other 1nvestigator§ for comparison. The C:N ratio is indicative of
healthy phytop]ankton. Only 1% of the N can be accounted for in pro-
tein, but the cell walls of blue-green algae contain glucosamine and

other nitrogenous sugars.
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Table 6-1. Biochemical composition of Trichodesmium spp. in the
Sargasso Sea®

Colony Morpho]dgy Previously
Parameter : Linear Spherical Reported Values

- 1g/10 colonies

Chlorophyil a 0.56 = 0.02(9) 0.73 0.34(2)

0.20(3)
Particulate Carbon 153 % 18(5) 132 97(2)

62 - 173(4)
Particulate Nitrogen 28 % 3(5) 22 24(2)
Protein 19 + 4(4) 29 -
Carbohydrate 14 39 -
Weight:Weight
POC/Chlorophyll a 274 180 285(2)
PON/Protein 1.4 0.8 -
POC/PON 5.5 5.9 5.5 - 6.0(1)
4.1(2)

dcolonies were picked from the net and placed onto combusted GF/F
filters, rinsed with seawater, and frozen for later analysis as
described. Chlorophyll a was determined on board on 904 acetone
extracts using a Turner 110 fluorometer. The number of replicates,
usually of 10 colonies each, is shown in parentheses; only one anal-
ysis of each type could be performed on radial colonies due to their
limited abundance.

(1) Saino and Hattori, 1978. Deep-Sea Res. 25: 1259.

(2) Mague, Mague, and Holm-Hansen, 1977. Mar. Biol. 41: 213.
(3) Li, Glover, and Morris, 1980. Limnol. Oceanogr. 25: 447.
(4) Carpenter, 1973. Deep-Sea Res. 20: 285.
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Isotope Incorporation

The results of isotope uptake and fractionation experiments are shown
in Figure 6-1. Glycolate was not taken up to a significant extent and is
not shown. A]though very high rates of uptake for C02, POZ, and
SOZ were noted, the subcellular distribution of all the Tlabels was
very unusua]; In each case, the great majority of the label was found in
L.M.W. materials. Over 95 of the phosphorus and 70 % of the carbon
Werevcbntained in the cold TCA soluble fraction. In both samples, most of
the acid-insoluble radioactivity was confined to RNA. Carbon was found in
significant amounts in RNA from the start of the experiment, averaging
~about 18 of the total, but phosphate did not begin to .appear in RNA
until 2 hodrs of 1ncubatidn. The extremely skewed distribution of carbon
And phosphorus in L.M.W. and RNA components indicated that a small amount
of protein synthesis was likely to be the only major biosynthetic event
in the colonies.

" The 1incorporation pattérn of sulfate was similarly unusual, but con-
firmed the presence of protein synthesis activity. Protein—355 in-
creased linearly for the first four hours, then declined, probably as a
result of ;o]ony' disintegration. Lipid—355 increased at the same rate
as ihcorporation into protein for two hours, then leveled off..The most

unexpected result was the large proportion of L.M.W. organic—355 (about

50z of the total S). If the composition of Trichodesmium with respect

to sulfur distribution 1is similar to bacteria, the high proportion of

L.M.W. organic sulfur would be indicative of extremely unbalanced growth,
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235n=
P04, and

(30Z into major biochemical fractions of Trichodesmium spp. in the

Figure  6-1. Time-course  incorporation  of 355071,
14

Sargasso Sea. Samples were co]]écted and incubated as described in Mater-
ials and Methods. Symbols, all panels: [ , total uptake; A , low

molecuiar weight. SOZ panel: ® ., residue protein; ’ , lipid.

€0. and POT

5 4 panels: @, TCA insoluble material.
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perhaps suggesting that the colonies were senescing. This concept is sup-

ported by the high percentage of L.M.W. materials derived from the other

labels.
DISCUSSION

It is not the purpose of this chapter to describe the_observed pat-

terns of incorporation of the vakious labels by Trichodesmium in detail.

The points which are to be emphasized are: (1) sulfolipid synthesis was
aetectable and at é significant Tevel withvrespect to total sulfur meta-
bolism, with a Qood correlation bétween sulfolipid synthesis and protein
synthesis for the first two hours of the incubation. After this time,
disintegration of colonies became an important variable. As the afternoon
progressed, the tufts which had previously resided at depth rose to the
surface. By late afternoon one could count them in the water simply by
peering over the side of the ship; by this time most were straw colored
rather than green. If thjs indicates senescence of the population, then
sulfolipid synthesis was a sensitive indicator of near-future physiology,
since its synthesis ha]ted after mid-afternoon. (2) The fractionation
procedure once again revealed important physiological conditions which
will strongly affect the interpretation of the growth study. The simple
measurement of whole cell uptake wbu]d have lead to the conclusion that
the colonies were growing at a rapid rate. The extremely higﬁ proportion

of each Tabel in L;M.w. components suggests that this is not so.
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APPENDIX A

DATA USED IN PREPARING FIGURES
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NOTE

A1l data in this appendix include a sample at zero time..This sample
was taken immediately after isotope addition to determihe the adsorp-
tion blank, and was fractionated with the other samples. The radioac-
tivity in each fraction of thé zero time‘samp]e was subtracted from

the appropriate fraction in subsequent samples.
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14

Table A-1. Total Uptake of UL-" C-Glutamate and'its Distribution‘in

Biochemical Fractions of Pseudomonas halodurans During Batch Growth®

% of Total Radioactivity

Hours of nMoles C Alcohol Hot TCA Residue
Incubation per ml L.M.W. Soluble Lipid Soluble Protein
5.5 14.5 36.4  29.1 10.9 9.1

243.6 20.0 0 6.7 24.2 49.2

8.5 347.1 22.2 0 6.6 19.3 51.9
g 463.5 25.5 0 6.8 14.1 53.5
9.5 630.4 26.7 0 6.8 13.0 53.4
10 910.9 26.5 0 7.1 11.9 54.4
10.5 1306.5 27.3 0.3 7.3 11.6 53.6
11 1945.9 30.5 0.4 7.7 8.8 52.7
11.5 2265.1 29.1 0.5 8.6 7.6 54.2
12 2748.4 26.6 0.6 8.9 8.1 55.9
12.5 3294.8 26.0 0.5 9.0 7.9 56.6
13 3632.0 24.3 0.6 9.2 7.6 58.3
13.5 4026.6 24.9 0.9 8.5 8.3 57.4
14° 3644.7  23.4 0.5 8.6 8.3 59.1
15 4345.4 21.2 0.5 8.3 8.9 61.2
16 3997.5 19.2 0.5 8.9 8.4 63.1
18 8589.2 18.1 0.6 6.9 11.0 63.4
20 8863.8 14.9 0.7 7.3 12.5 64.6
22 5282.5 16.7 0.5 6.8 10.6 65.4
24 4839.4 18.4 0.5 7.1 10.8 63.1

4pata from Figure 4-2 in the text.

b

A box of new and apparently cracked RA 984H glass fiber filters was
opened and used for fractionation samples at this time. Recovery
based on whole cell data using the previous lot of filters was low
(about 50 %) and highly variable. Recovery of time points at 18 and
20 hours was normal. The radiocarbon distribution should not be af-
fected, since whole cells were lost.
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Table A-2. Total Uptake of 35SOZ and its Distribution in Biochemical
Fractions of Pseudomonas halodurans During Batch Growth®

% of Total Radioactivity

Hours of  pMoles S L.M.W. Alcohol-Ether Hot TCA Residue

Incubation  per ml Organic Soluble Soluble Protein
474.4 35.0 8.3 14.5 42.2

478.5 16.2 1.8 6.4 75.7

8.5 794.6 14.6 1.3 5.8 78.3
9 1245.1 13.8 2.7 5.1 78.4
9.5 1913.7 13.5 2.7 4.6 79.3
10 3014.8 13.2 2.9 4.3 79.6
10.5 4741.5 13.0 3.4 4.3 79.3
11 7626.0 13.1 4.8 3.8 78.3
11.5 9497.7 15.9 4.7 3.4 76.1
12 12,238.9 16.9 5.1 3.2 74.9
12.5 14,771.7 17.9 5.0 3.3 73.8
13 17,388.8 17.9 5.2 3.0 73.9
13.5 18,793.1 19.3 6.4 2.9 71.4
140 18,175.7  18.4 6.2 2.9 72.4
15 16,305.8 18.5 5.5 3.1 72.9
16 18,068.0 18.7 5.4 3.1 72.9
18 16,755.2 18.1 4.5 3.9 73.5
20 23,832.9 16.2 5.6 4.2 74.0
22 35,711.9 15.2 6.3 3.9 74.6
24 37,493.1 14.5 6.6 3.7 75.3

4pata from Figure 4-2 in the text.

bA box of new and apparently cracked RA 984H glass fiber filters was
opened and used for fractionation samples at this time. Recovery
based on whole cell data using the previous lot of filters was low
(about 50 %) and highly variable. Recovery of time points at 22 and
24 hours was normal. The radiosulfur distribution should not be af-
fected, since whole cells were lost.
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Table A-3. Total Uptake o SOZ and its Distribution in Biochemical

Fractions of Alteromonas luteo-violaceus During Batch Growth®

% of Total Radioactivity

Hours of  pMoles S L.M.W. Alcohol-Ether . Hot TCA Residue

Incubation  per ml Organic Solubie Soluble Protein
0 27.4 59.9 4.7 26.3 9.1

11 227.2 14.2 2.1 11.5 72.2
12 327.1 14.0 2.0 10.6 73.4
13 484.5 15.1 1.9 8.6 74.4
15 965.0 14.8 2.1 8.1 74.9
16 1442.7 14.1 2.1 7.3 76.6
17 1933.1 14.9 2.6 6.8 75.7
18 2801.2 14.2 3.0 6.8 76.0
19 3827.1 14.4 5.2 6.3 74.1
20 5347.4 16.1 4.2 6.2 73.5
21 7174.0 16.4 4.4 6.4 72.7
22 8862.7 19.1 5.8 5.6 69.5
23 10,184.3 20.7 5.4 5.2 68.6
24 11,485.6 19.6 7.0 4.8 68.6
25 13,217.7 22.5 6.9 4.3 66.2
40P 22,725.9 71.3 6.2 2.8 19.7
S—ENDC 22,075.8 40.5 13.7 4.1 41.8

4pata from Figure 4-4 in the text.

b4U hour filter refrigerated two days instead of being fixed with
10 % TCA. '

€40 hour sample harvested by centrifugation, rinsed with RLC-water,
and fixed with 10 % TCA.
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Table A-4. Total Uptake of UL-l%c-Glutamate and its Distribution in
Biochemical Fractions of Alteromonas Tuteo-violaceus
During Batch Growth?

% of Total Radioactivity

Hours of  nMoles C Alcohol Hot TCA Residue
Incubation per ml  L.M.W. Soluble Lipid Soluble  Protein
0 19.6 78.6 2.0 1.5 14.3 3.6
11 59.3 15.9 1.2 8.3 20.7 54.0
12 . 85.5 7.2~ 2.0 9.0 18.7 53.1
13 125.9  19.0 0.8 9.1 18.7 52.4
14 1746 17.9 1.3 - 9.5 18.3 53.0
15 251.3 18.5 1.7 9.7 16.5 53.6
16 356.8  18.0 1.5 9.1 15.9 55.6
17 521.4 21.9 1.2 9.0 13.3 54.6
18 700.9 18.9 1.5 9.8 15.1 54.8
19 972.2 20.9 1.5 9.0 14.5 . 54.1
20 1291.4 19.7 1.9 9.8 14.7 54.0
21 1829.6  23.5 1.5 9.8 11.8 53.4
22 2214.5  21.3 1.9 10.5 14.2 52.2
23 2733.7 21.4 1.2 10.5 . 15.8 51.0
24 3181.0 19.3 2.0  11.1 19.2 48.4.
25 3663.8 23.5 1.3 11.6 18.0 45.6 -
G-EnD 7639.9 6.0  12.5 18.8 28.9

33.9

4pata from Figure 4-4 in the text.

b40 hour sample harvested by centrifugation, rinsed with RLG-water,
and fixed with 10 % TCA. Corresponding filtered sample lost during
processing.
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Table A-5. Total Uptake of yL-t%

Biochemical Fractions of Pseudomonas halodurans During a Carbon-

C-Glutamate and its Distribution in

Limited Stationary Phase?

% of Total Radioactivity

Hours of nMoles C Alcohol Hot TCA  Residue

Incubation per ml L.M.W. Soluble Lipid Soluble Protein
7.7 49.4 13.0 2.6 10.4 24.7

2 57.8 22.1 1.4 7.4 21.8 47.2
3.5 172.9 24.3 0.7 7.2 17.2 50.5
5 597.4 26.9 0.7 7.2 12,1 53.1
6.5 1836.3 29.3 0.9 8.1 9.0 52.7
-8 2071.3 22.5 0.7 8.4 7.3 61.2
9.5 20731 19.3 0.8 8.6 9.4 61.8
11 1856.9 19.4 0.8 8.5 8.8 62.5
12.5 1991.6 18.9 0.7 8.7 9.7 62.0
14 - 1467.1 20.8 0.5 8.6 8.2 61.9
15.5 1795.1 20.9 1.2 8.7 8.9 60.3
1 20.8 1.0 8.5 9.2 60.6

17 ~1502.

%pata from Figure 4-5 in the text.
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Table A-6. Total Uptake of 35502 and its Distribution in Biochemical

Fractions of Pseudomonas halodurans During a Carbon-Limited

~ Stationary Phase?

% of Total Radioactivity

Hours of pMoles S L.M.W. Alcohol-Ether Hot TCA Residue

Incubation  per ml Organic Soluble Soluble Protein
0 | 51.6 32.6 13.0 21.5 32.9
2 100.8 15.5 1.3 6.9 76.3

3.5 . 529.2 14.8 1.5 6.3 77.5
5 2144.5 14.5 1.8 5.5 78.3
6.5 7866.7 16.2 4.8 4.1 74.8
8 10,289.8 18.3 5.6 4.3 71.8
9.5 10,717.9 19.7 3.0 4.9 72.4
11 10,718.8 20.1 3.9 4.6 71.5
12.5 9880.8 20.1 3.8 5.1 71.1
14 10,480.3 20.7 2.1 5.0 72.2
15.5 9314.4 20.5 3.1 5.0 71.4
17 10,467.4 20.8 3.1 4.5 71.6

%pata from Figure 4-5 in the text.
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Table A-7. Total Uptake of 35502 and its Distribution in Biochemical
Fractions of Pseudomonas halodurans: Effects of Ch]oramphenico]a

% of Total Radioactivity

Minutes of pMoles S L.M.W. Alcohol-Ether Hot TCA Residue
Incubation  per mi Organic Soluble Soluble Protein

Batch Culture

Blank 20.3 44.3 13.3 9.4 33.0

0 702.6 17.2 7.9 7.3 67.5

60  888.6 18.7 6.3 6.7 68.2
120 1366.7 18.0 .5 5.8 67.7
180 2527.5 14.8 13.9 4.0 67.3
240 4484.2 14.8 24.0 4.3 56.9

. + Placebo
260 6915.6 12.5 22.1 3.7 61.7
275 7390.6 13.2 15.1 3.1 68.6
290 8386.2 14.3 13.2 2.5 70.0
305 9672.7 14.8 14.1 2.5 68.6
335 12,215.1 15.9 14.1 2.2 67.8
365 14,483.2 16.2 13.4 2.2 68.2
395 16,324.9 16.0 14.0 2.1 67.8
425 18,538.5 15.8 13.5 2.2 68.5
485 19,136.0 16.4 13.0 2.6 68.0
+Chloramphenicol |

260 5839.3 18.4 . 18.0 3.7 59.8
275, 6959.5 17.7 31.6 3.2 47.4
290 5330.7 26.3 20.6 4.4 48.7
305 6363.0 23.8 17.2 3.6 55.4
335 6679.2 26.1 15.4 3.3 55.2
365 7128.6 28.6 17.0 . 3.1 51.3
395 7097.2 30.4 13.0 2.9 53.7
425 7517.6 30.9 13.7 2.9 52.5
485 7562.6 31.9 16.5 2.9 7

48.

%ata from Figure 4-7 in the text. At 245 minutes the culture was
split into two portions. One received chloramphenicol (25 ug/ml
final concentration) and the other received an equal. amount of
distilled water as a placebo. ' )
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Table A-8. Total Uptake of 3SSOZ and its Distribution in Biochemical
Fractions of Alteromonas luteo-violaceus: Effects of Ch]oramphem‘co]a

% of Total Radioactivity

Minutes of pMoles S  L.M.W. Alcohol-Ether Hot TCA.  Residue
Incubation  per ml Organic Soluble Soluble Protein

Batch Culture

Blank 40.7 63.8 . 10.6 19.1 6.4

0 433.4 27.1 1.1 5.8 66.0

90 601.4 30.7 0.9 5.0 63.4
180 843.6 21.9 0.8 5.0 72.3
270 1135.3 13.0 1.5 5.4  80.2
330 1631.8 12.6 1.7 4.9 80.7
390 2052.6 13.5 2.3 4.8 79.4
450 2505. 4 11.7 3.3 a7 80.2

+Placebo
475 2845.6 11.5 2.7 5.3 80.5
490 2890.7 12.6 5.2 5.1 77.2
520 3827.5 12.5 5.2 4.5 77.8
580  5320.0 11.1 6.2 4.3 78.4
640 6820.7 12.2 9.3 3.7 74.8
700 8770.7 14.5 9.3. 3.3 72.9
’ +Chloramphenicol

475 3055.3 17.8 3.1 5.0 74.2
490 3213.0 20.1 3.5 4.3 72.1
520 2127.1 17.2 4.3 5.3 - 73.3
580 903.3 7.8 7.2 8.3 76.7
640" 738.3 5.6 8.3 8.5 77.6
700 - 751.7 5.7 9.2 8.8  76.3

dpata from Figure 4-9 in the text. At 460 minutes the culture was

split into two portions, one receiving chloramphenicol (25 pg/ml
final concentration) and the other an equal amount of distilled
water as a placebo.

7N
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Table A-9. Total Uptake of >°S0; and its Distribution in Biochemical
Fractions of Alteromonas luteo-violaceus During Sulfur Staryationa

Minutes of % of Total Radioactivity

Sulfur pMoles S L.M.W. Alcohol , Hot TCA Residue-
Stgrvation per ml SOZ Organic So]ub]e Lipid Soluble Protein_
Blank 174.6 79.3 6.9 3.6 - 2.9 1.5 5.8

© Batch®  24,018.5 3.2 17.9 3.0 0.9 4.9 70.1
0 19,880.5 3.8  18.1 3.4 0.8 4.8 69.1
5  19,176.1 3.2 15.0 3.6 0.7 6.1 71.4
10 18,612.6 3.2  13.4 2.5 0.7 5.9  74.3
15 18,389.1 3.1  10.5 3.3 0.7 5.8 76.6
30 18,741.0 2.7 8.7 1.6 0.6 5.8 80.7
60 18,169.3 3.0 . 6.2 1.0 0.4 6.1 83.3
90 18,215.6 3.1 5.0 2.0 0.7 6.0  83.3
120 18,646.7 3.3 5.3 2.1 0.5 5.8 83.0
150 . 18,961.1 2.8 4.6 2.7 0.7 5.2 8.0
180 18,292.9 3.1 4.1 0.8 0.4 5.8 85.9
240 18,326.8 3.1 4.2 2.2 1.4 5.7 83.4
300 18,249.1 - 3.4 - 4.0 2.1- 0.8 6.6 83.1
360 16,856.1 . 2.8 4.8 3.3 0.7 5.7  82.7
480 15,468.6 2.8 5.0 2.9 0.9 6.2 82.2

Data from Figure 4-10 in the text.

Samp]e of the culture prior to harvest1ng and resuspension in
su]fur free medium.
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Table A-10. Total Uptake of 3SSOZ and its Distribution in Biochemical
Fractions of Pseudomonas halodurans During Sulfur Starvation®

%2 of Total Radioactivity

Minutes of

Sulfur pMoles S L.M.W. Alcohol-Ether Hot TCA Residue
Starvation per mi SOZ Organic Soluble ~ Soluble Protein
Blank 55.7 5.0 11.1 4.8 17.4 61.6
Batch 6904.4 0.9  13.3 5.8 8.6  71.4
0 5337.7 0.9 12.6 5.8 9.1 71.5

5 5353.2 1.0 11.7 5.3 8.2 73.8

10 5198.3 1.2  11.3 4.7 8.9 73.9
15 5211.0 0.9  10.8 6.6 9.4 72.2
30 5280.8 1.2 9.2 5.6 9.8  74.3
45 5110.5 0.9 8.3 7.1 9.9  73.8
60 5035.7 0.9 7.6 7.3 10.4 73.8
75 5158.6 0.6 7.4 9.1 9.7 73.3
90 5109.3 0.6 6.9 9.2 9.1 74.1
120 4963.4 = 0.7 6.4 8.9 9.2 74.7
150 5305.2 0.5 5.8 11.0 8.5 74.0
180 5184.2 0.5 5.5 9.4 9.3 75.3
240 5001.9 0.7 5.3 8.1 10.3 75.7
300° 4997.9 0.5 5.1 4.7 19.0  70.7
360 5054.6 0.5 4.7 5.0 19.2 70.6
420 5189.9 0.5 4.4 5.3 18.2 71.6
480 5293.2 0.6 4.0 4.8 20.1 70.5
600  5039.3 0.6 3.6 5.7 19.0 71.0
720° 4737.9 0.7  74.0 9.9 4.5  10.9

%pata from Figure 4-11 in the text. A sample of the culture (Batch)
was taken before harvesting and resuspension in sulfur-free medium
for comparison with the 0 starvation time sample.

Samples from 300-600 minutes were fractionated 12 days after the
experiment, all previous samples Being done the second day. During
this period they were stored at 4°C in 10 % TCA.

“The 720 minute sample was fractionated with another experiment much
later. ' ‘

b
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Table A-11. Total Uptake of 3°S0; and its Distribution in Biochemical

Fractions of Alteromonas luteo-violaceus During Recovery from
Sulfur Starvation®

% of Total Radioactivity

Minutes of pMoles S L.M.W. Alcohol-Ether Hot TCA Residue
Incubation  per ml SOZ_ Organic Soluble - Soluble Protein
0 20.2 15.4 20.9 9.1 16.5 38.2
1409.5 6.6 70.3 1.7 4.1 17.4

10 2531.4 4.2 66.4 2.0 4.3 23.1

15 3525.9 4.1  61.3 2.6 4.7 27.3

20 4342.7 3.1 58.2 2.2 5.0 31.6

25  5491.9 2.6 . 58.4 1.7 5.0 32.3

30 6234.4 2.5 55.2 3.4 2.8 36.1

45 . 10,046.3 2.3 48.5 2.8 6.0 40.4

60 . 12,448.7 1.9  42.8 3.3 6.4  45.7

75 15,611.1 2.3 37.7 3.4 6.6 50.0

90 18,980.5 2.1 34.4 5.5 6.7  51.4
105  23,035.2 1.7 31.7 5.2 6.9 54.4
120 25,209.7 2.3 30.3 5.7 7.1 54.6
150 . 32,842.7 2.4 25.6 5.1 7.1 59.8
180 42,433.0 = 2.4 17.6 5.5 7.7 66.9
240 45,585.5 2.6 12.7 5.2 8.0 71.6

4pata from Figure 4-12 in the text.
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Table A-12. Total Uptéke of 35802-and its Distribution in Biochemical
Fractions'of Pseudomonas halodurans Grown on Various'Carbon and

Energy Sources®

S

% of Total Radioactivity

L.M.W. Alcohol-Ether "Hot TCA Residue

'pMoles
Celis/ml per ml Organic. - - Soluble’ Soluble Protein
_ Acetate (0.47 h\r"’1 )'
1.55x10° 8323.3 13.4 " 6.8 6.0 73.8
2.0 867407 8.6 8.5 6.8  76.2

Citrate (1.03 hrl) |

5.81x10/  6025.3 151 6.3 5.8 72.8

1.82x108 9364.2 13.8 7.5 5.9 72.8
Ethanol (0.82 hrl) |

1.34x10° 8742.7  14.5 5.4 4.8 75.3

2.42x10° 9123.3 11.1 6.0 5.5 77.4
Fructose (0.76 hr'l)

4.27x10’ 5442.7  14.5 6.1 5.6 73.7

1.86x10° 9486.8  14.7 8.3 5.7 - 71.4
Glucose (0.44 hrl)

3.49x107 2765.3 13.7- 2.4 6.3 .. 77.6

2.59x10° 9203.3

11.8 7.0 5.9 75.3




-388-

Table A-12. (Continued)

% of Total Radioactivity

pMoles S L.M.W. Alcohol-Ether Hot TCA Residue
Cells/mi per ml Organic Soluble Soluble Protein
Glutamate (~ 1 hr"1 F
1.08x108 9754.2 18.6 7.0 5.4 69.0
Lactate (0.70 hrl)
6.67x10 5227.3 13.4 5.7 6.0 74.9
1.87x10° 9536. 3 14.0 7.0 5.5 73.5
Pyruvate (0.70 hr"l)
4.08x10’ 5217.9 15.6 5.3 6.4 72.7
1.13x108 9354.3 16.6 6.4 6.7 70.4
aExperimenta] details in Table 4-25.

berowth rate not determined. The normal growth rate in this medium is
about 1/hour. . '
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Table A-13. Total Uptake of 3°S07 and its Distribution in Biochemical
Fractions of Pseudomonas halodurans: Short-Term Isotope Uptake
Kinetics of Exponentially-Growing Cells?

% of Total Radioactivity

Minutes of pMoles S L.M.W. Alcohol-Ether Hot TCA  Residue

Incubation  per mi Organic Soluble Soluble Protein
0 21.0 46.7 2.9 4.8 45.7
79.2 28.8 0.9 3.2 67.2

10 159.7 24.8 1.1 3.4 70.8
15 258.3 21.4 1.1 3.2 74.3
20 345.1 21.1 1.1 3.4 74.4
25 447.9- 20.3 1.3 3.2 75.2
30 559.5 19.7 1.2 3.2 75.8
45 937.2 18.1 1.9 3.3 76.7
60 1351.2  17.2 2.3 3.2 77.3
75 1881.6 16.5 4.4 3.1 75.9
90 2460.6 16.6 3.4 3.0 76.9
105 3133.9 - 16.0 5.9 2.8 75.4
120 3904.6 16.2 5.0 3.0 75.8
150 5891.0 16.5 7.2 2.3 74.0
180 6884.8 19.1 7.7 2.6 70.6
210 7995.3 19.5 9.8 2.4 68.2
240 95452 19.9 9.4 2.4 68.3
300 12,548.9 20.8 10.2 2.4 66.6
360 14,598.6 20.4 10.9 2.1 66.6
480 16,310.9 - 21.0 13.4 1.9 7

63.

4pata from Figure 4-13 in the text.
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Table A-14. Total Uptake of 35502 and its Distribution in Biochemical

Fractions of Alteromonas luteo-violaceus: Short-Term Isotope Uptake
' Kinetics of Exponentially—Growing Cells®

% of Total Radioactivity

Time pMoles S L.M.W. Alcohol-Ether Hot TCA Residue
(Minutes) per ml Organic Soluble Soluble Protein
13.9 46.8 25.2 ©.15.8 12.2

6.9 0 0 49.3 50.7

10 13.3 25.6 0 0 74.4
15 26.8 25.4 1.5 10.1 63.1
20 35.7 29.1 1.7 2.0 67.2
25 49.3 28.0 1.2 2.4 68.4
30 62.6 25.1 1.0 4.2 69.8
45 103.1 24.8 1.8 "~ 5.8 67.5
60 146.3 24.0 2.5 4.9 68.7
75 193.3 21.4 2.0 6.1 70.5
90 243.2 21.1 2.7 5.4 70.7
105 309.1 20.7 2.5 5.0 71.8
120 365.5 19.9 2.7 5.6 71.8
135 427.2 19.4 3.0 5.1 72.5
150 514.0 19.0 2.5 5.2 73.3
165 591.7 18.7 3.2 4.9 73.2
180 680.7 18.6 2.8 5.0 73.7
210 846.4 16.2 3.6 5.2 75.0
240 1115.1 16.6 3.8 5.3 74.2
270 1427.6 14.6 3.9 5.7 75.9
300 1850.8 16.4 3.4 4.6 75.5
330 2287.1 16.3 4.9 4.4 74.5
390 3457.0 14.8 5.4 3.7 76.1
425 4453.4 14.6 5.4 3.8 76.2
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Table A-14. (Continued)

% of Total Radioactivity

Time pMoles S L.M,N; Alcohol-Ether ~ Hot TCA Residue
(Minutes) per ml Organic Soluble Soluble Protein
450 5018.1 15.5 6.2 3.5 74.8
480 6042.2. 16.8 6.5 3.6 73.1
510 7004.9 17.0 7.0 : 3.1 72.9
540 7741.7 18.0 7.1 ‘ 3.1 71.7.
570 9146.9 18.0 7.1 3.1 69.5

3pata from Figure 4-13 in the text.
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Table A-15. Total uptake of UL—1

4C—G]ucdse andv35SOZ and their

distribution in biochemical fractions of natural bacterial

populations from a fish holding tank?

% of Total Radioactivity

Hours of Total DPM Alcohol Hot TCA Residue
Incubation per ml L.M.W. Soluble . Lipid Soluble Protein
14C-G]ucose
0 I 556 . 49.6 1.6 3.4 20.5 24.8
1 848 23.5 1.8 5.8 19.3 49.6
2 1891 21.6 2.0 5.6 18.9 51.8
3 2612 - 21.6 1.6 5.6 18.3 52.9
4 2530 18.2 1.9 5.8 19.7 54.4
12 2607 13.0 1.1 5.4 21.3 59.1

% of Total Radioactivity
Hours of  pMoles S L.M.W. Alcohol-Ether Residue
Incubation  per ml Organic Soluble Protein
350

0 19.7 55.8 3.0 41.1

1 42.9 19.3 2.3 78.3

2 47.5 18.7 2.7 78.5

3 47.1 15.5 2.5 82.0

4 48.5 19.0 2.5 78.6

8 48.1 14.8 3.3 81.9

12 103.3 20.0 3.6 76.4

%pata from Figures 5-1 and 5-2 in the text.
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32

Table A-16. Total Incorporation and Distribution of POZ in water

Samples from R/V Oceanué Cruise #84: Continental Slope Station®

Total ng P % of Total Radioactivity

" Hours of  Taken Up Alcohol Hot TCA Residue
Incubation per 100m1  L.M.W. Soluble Lipid RNA Soluble Protein

0 3.70 58.4 3.7 6.0 20.0 7.4 4.4
2 0.75 97.8 0.0 0.0 2.2 0.0 0.0
4 1.93 52.5 2.1 6.3 31.9 3.9 3.3
6 2.10 9.2 3.2 1.2 39.4 19.7 16.3
8 5.79 - 34.0 0.5 12.9 45.6 5.9 1.1
12 19.55 11.4 4.2 9.9 27.8 24.8 21.9
18 64.03 - 17.1 1.5 17.0 51.5 10.3 2.8
30 153.91  49.4 2.0 5.8 18.1 11.5 13.2
36 617.18 45.6 0.8 9.4 35.9 .5 1.9
48 617.57 43.5 0.9 9.0 37.2 6.4 2.0

4pata from Figure 5-7 in the text.
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Table A-17. Total Incorporation and Distribution of 32POZ in Water
Samples from R/V Oceanus Cruise #84: Sargasso Sea Stationa

Total ng P % of Total Radioactivity

Hours of  Taken Up Alcohol Hot TCA Residue
Incubation per 100m1  L.M.W. Soluble Lipid RNA" Soluble Protein

0 0.60 35.2 4,3 12.9 32.5 10.9 4.1
1 1.16 52.0 0.8 7.5 35.9 3.4 0.4
2 1.83 42.5 0.5 7.7 43.9 5.1 0.4
4 6.09 32.9 0.9 8.6 50.0 6.6 1.0
6 15.23 34.5 1.0 9.3 47.1 6.8 1.3
12 57.32 29.9 1.0 10.8 47.7 8.6 2.0
18 85.38 27.1 0.8 11.5 46.5 11.7 2.4
24 133.14 30.0 0.9 11.8 43.5 11.4 2.6
30 121.41 27.8 1.0 12.2 42.8 13.9 2.3
48 124.32 40.7 0.7 8.2 37.1 11.3 1.9

4pata from Figure 5-8 in the text.
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14¢ from Uniformly

Table A-18. Total Uptake and Distribution of
Labeled Glucose in Water Samples from R/V Oceanus Cruise #84:

Continental Shelf Station®

% of Total Radioactivity

Hours of  Total DPM Alcohol Hot TCA Residue
Incubation Taken Up L.M.W. Soluble Lipid RNA Soluble Protein

0 4,294  40.5 7.0 7.1 14.1 15.9  15.5

4 1,190  47.9 0.0 1.4 26.7 20.2 3.8

8 4,250  46.1 0.0 1.0 29.0 16.8 7.2

12 11,759 = 47.5 0.9 0.9 27.8 16.2 6.7
16 37,693  56.0 0.9 1.2 22.9 13.5 5.5
20 107,635 - 54.0 1.1 1.2 22.7 14.5 6.7
24F 290,599  59.8 0.7 1.1 17.4 14.5 6.5
248 286,697  64.1 0.6 1.0 15.8 13.2 5.4
248 +N 432,002  56.5 0.8 1.2 21.5 13.4 6.7
248 +p 223,179 57.7 0.9 1.1 23.2 12.8 4.3
248 +NBC 537,792  57.1 1.1 1.0 21.5 12.5 6.8
0 0.4 12.0 11.6 0.0

24B +CAP 1,971 76.0

%pata from Figure 5-9 in the text.
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14C from Uniformly

Table A-19. Total Uptake and Distribution of
Labeled Glutamate in Water Samples from R/V Oceanus Cruise #84:

Continental Shelf Station?

% of Total Radioactivity

Hours of  Total DPM Alcohol Hot TCA Residue
Incubation Taken Up L.M.W. Soluble Lipid RNA Soluble Protein

882  51.4 3.7 5.0 17.0 14.7 8.2

4 3,335 70.4 0.8 1.1 9.5 8.6 9.5

8 10,475 67.0 1.0 1.1 9.6 .0 12.3

12 23,285 64.9 1.2 1.3 10.5 9.3 12.8
16 93,713  72.3 1.2 1.3 8.4 .7 9.1
20 220,382 52.9 1.4 1.4 11.7 13.1 18.2
24F 217,118  42.6 1.2 1.5 20.4 15.8 18.4
248 263,739 49.2 1.3 1.7 18.3 12.6 16.9
24B +N 322,294 59.5 1.1 1.6 17.0 9.8 11.0
24B +P 266,467 55.4 1.4 1.8 16.0 11.7 13.8
24B +NBC 335,214 55.6 1.2 1.7 14.6 11.3 15.6
24B +CAP 6,826 70.0 2.0 2.9 12.6 7.8 4.8

%pata from Figure 5-9 in the text.
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4¢ from Uniformly

Table A-20. Total Uptake and Distribution of
Labeled Acetate in Water Samples from R/V QOceanus Cruise #84:

Continental Slope Station®

% of Total Radiocactivity

Hours of  Total DPM Alcohol Hot TCA Residue
Incubation Taken Up L.M.W. Soluble Lipid RNA Soluble Protein

139 40.3 7.2 8.6 22.3 18.0 3.6

4 226 32.7 2.7 22.6 11.5 22.1 8.4

562 34.2 1.8 16.9 9.8 20.5 16.9

12 1,246 33.0 2.0 14.1 11.6 20.2 19.0
18 4,164 31.1 1.5 11.1 14.4 21.7 20.2
30F 126,285 29.1 1.3 8.9 14.3 22.1 24.3
308 247,798 22.7 1.1 11.4 17.0 24.4 23.4
36 286,482 22.5 1.3 10.8 17.1 20.7 27.6
48 277,033 24.9 0.9 9.2 24.1 16.0 24.9
30B +N 266,609 33.5 1.1 9.5 12.5 20.0 23.4
30B +P 261,068 25.8 1.2 9.7 13.5 21.2 28.6
30B +NBC 279,559 20.3 1.2 13.1 11.5 24.8 29.0
30B +CAP 1,583 29.4 1.9 20.2 13.4 20.8 14.3

qpata from Figure 5-10 in the text.
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140 from Uniformly

Table A-21. Total Uptake and Distribution of
Labeled Glucose in Water Samples from R/V Oceanus Cruise #84:

Continental Slope Station®

% of Total Radioactivity

Hours of  Total DPM Alcohol Hot TCA Residue
Incubation Taken Up L.M.W. Soluble Lipid RNA Soluble Protein

0 4,168 24.7 10.1 8.3 18.9 20.9 17.1
190 100.0 0.0 0.0 0.0 0.0 0.0

482 100.0 0.0 0.0. 0.0 0.0 0.0

12 335 91.6 0.0 0.0 0.0 0.0 8.4
18 967 79.4 0.0 0.0 15.1 0.0 5.5
30F 90,884 53.9 1.2 3.3 18.2 13.5 9.9
308 75,988 51.6 0.9 3.4 20.3 13.7 10.1
36 283,049 46.7 0.9 2.7 22.7 14.8 12.1
48 373,013 52.6 0.7 2.5 19.4 14.8 10.0
30B +N 236,288 38.1 .0 3. 30.9 15.7 11.3
308 +pP 178,274 44.3 0.7 2.6 26.4 15.5 10.5
30B +NBC 458,678 39.2 1.2 1.9 25.2 17.3 15.1

%Data from Figure 5-10 in the text.
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£ 14¢ from uniformly

Table A-22. Total Uptake and Distribution o
Labeled Glutamate in Water Samples from R/V Oceanus Cruise #84:

Continental Slope Station?

% of Total Radioactivity

Hours of  Total DPM | Alcohol Hot TCA Residue
Incubation Taken Up L.M.W. Soluble Lipid RNA Soluble Protein

328 45.4

5.2 5.2 35.7 4.9 3.7

4 431 70.8 2.3 1.2 0.0 10.2 15.5
' 998  51.2 1.5 2.2 9.1 14.1  21.8
12 2,438 47.7 1.3 1.9 9.2 15.1 24.9
18 11,427 43.7 0.9 2.2 16.5 15.1 21.7
30F 165,990 20.0 0.9 3.4 20.3 23.5 31.9
308 205,549 20.3 0.9 3.0 25.3 21.3 29.3
36 186,485 18.8 0.8 3.0 25.9 20.2 31.2
48 195,078 20.7 0.8 3.0 22.9 2.1 31.4
308 +N 202,765 20.4 0.7 2.7 20.4 19.9  35.9
30B +P 210,606 21.0 0.8 3.2 20.5 21.0 33.6
308 +NBC 199,254 15.0 . 3.2 21.2  22.4 36.8
30B +CAP 2,923  41.8 2.1 5.0 14.3 21.9  14.9

qpata from Figure 5-10 in the text.
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14¢ from uniformly

Table A-23. Total Uptake and Distribution of
Labeled Acetate in Water Samples from R/V QOceanus Cruise #84:

Sargasso Sea Stationa

% of Total Radioactivity

Hours of  Total DPM Alcohol Hot TCA Residue
Incubation Taken Up L.M.W. Soluble Lipid RNA Soluble Protein

0 4,403 3.8 0.4 1.8 90.0 2.9 1.2
6 9,968 34.1 1.1 8.5 17.3 22.5 16.5
12 49,555 31.8 0.7 7.8 20.7 20.9 18.1
18 128,690 24.7 0.7 10.0 28.3 19.2 17.2°
24" 174,168 21.0 1.1 9.5 37.0 18.5 13.0
30F 207,028 17.4 0.5 8.4 35.6 23.2 14.9
308 225,681 l6.2 0.6 9.1 34.8 24.5 14.8
48 226,955 33.1 1.3 8.5 27.1 16.5 13.6 -
30B +N 258,243 14.0 0.7° 10.2 39.3 18.2 17.6
30B +P 206,220 19.3 0.7 9.6 28.9 20.9 20.7
30B +NBC 355,488 13.4 1.0 10.3 23.1 24.7 27.5
30B +CAP 7,023 11.8 0.9 5.2 74.9 5.1 2.1

%pata from Figure 5-11 in the text.
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14

Table A-24. Total Uptake and Distribution of ~"C from Uniformly

Labeled Glucose in Water Samples from R/V Oceanus}Cruise #84:

~ Sargasso Sea Station®

% of Total Radioactivity

Hours.of Total DPM Alcohol ~ Hot TCA Residue
Incubation Taken Up L.M.W. Soluble Lipid RNA Soluble Protein

0 - 5,128 . 31.1 7.3 7.7 20.9 14.4 18.6

6 7,729 40.8 1.2 3.2 36.0 12.0 6.9
12 71,527 45.0 0.6 2.0 3l.2 11.9 - 9.3
18 252,739 44.6 0.4 1.8 29.5 13.5 10.2
26 348,644  48.0 . 0.6 1.9 27.2 14.2 8.1
30F 366,490  48.8 0.5 2.0 27.4 14.1 7.2
308 490,243  48.0 1.1 2.0 27.7 12.4 8.7
48 426,999 58.9 0.6 1.5 19.5 12.1 7.4
30B +N 515,293 46.4 0.6 2.6 27.4 12.8  10.2
30B +P 469,084 43.6 1.1 1.9 25.9 16.3 11.3
30B +NBC 547,118 41.0 0.9 2.1 28.7 15.7 11.6
308 +CAP 3,407 52.3 8 1.6

0.0 0.2 38.1 7.

%pata from Figure 5-11 in the text.
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14C from Uniformly

Table A-25. Total Uptake and Distribution of
Labeled Glutamate in Water Samples from R/V QOceanus Cruise #84:

Sargasso Sea Station?

% of Total Radioactivity

Hours of  Total DPM Alcohol Hot TCA Residue
Incubation Taken Up . L.M.W. Soluble Lipid RNA Soluble Protein

0 1,459  47.4 1.6 7.3 26.4 9.5 7.8

6 66,497 53.1 0.4 1.4 13.3 13.0 18.8
12 210,896 34.5 0.8 1.9 18.9 20.5 23.3
18 211,326 21.4 0.6 2.2 29.4 22.7 23.7
24 228,852 7.1 0.4 2.1 34.2 20.8 25.4
33F 209,565 17.2 0.4 2.6 32.0 21.7 26.1
48 236,687 39.6 0.8 2.2 18.4 16.1 22.8
33B +N 320,525 44.9 1.2 1.8 15.0 12.4 24.8
33B +P 249,236 50.3 0.9 1.6 12.1 12.5 22.7
33B +NBC 307,277 49.0 1.0 1.7 13.3 14.0 21.0
338 +CAP 19,333 73.3 0.9 1.0 13.9 4.3 6.6

3pata from Figure 5-11 in the text.
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APPENDIX B

RECOVERY OF RADfOLABELED CELLS ON WHATMAN GF/F FILTERS
| AND

RESPIRATION DATA USING WICK AND ACID-VOLATILE METHODS:
R/V OCEANUS CRUISE #84
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NOTE

A1l data in this appendix are the difference in activity between the

sample and a zero time isotope adsorption or volatilization blank.
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BIOGRAPHICAL NOTE

- Although there is a Hollywood, Florida, no one has mistaken the Hol-
lywood from which I originated. The lasting impressions from my formative
years (ages l7-present) have ingrained in me a profound sense of exhibi-
tionism and personal projection. The result gives no indication of the
very straight, close cropped nature of my early years.

From February 11, 1952 (an anniversary of Thomas Edison's birthday)
to some time in sixty-nine I cavorted in the City of the Stars and envi-
rons, collecting rare coins from bus drivers' coin boxes and acting pret-
ty nbrma], The traumatic events associatéd with my parents' divorce when
I was six must have skimmed over my head, but I do remember feeling a
certain kinship with a basketball as my fat step-father's threats bounced
me from Daddy-0's to mothers' and back.

Not yet as rowdy as I was soon to be, my years in high school were
devoted to the development of "smooth hustling"; not of girls at that
time, but rather towards the acquisition of goals just a hair outside of
the rules. The pertinent example was a partnershfp with Roger Vargo; as
free-lance photogfaphers for the C(Crescenta Valley High School Talon,
Yearbook, and other 15tefary functions we todk on the logo CV Photo-
graphy. This trade requires a substantial investment in equipment which
we were not able to raise. However, we made a deal: we would provide,
free_of charge, coverage of loéal sthoo] events, sports, etc. for the

newspaper, and they, in turn, let us use the moth-eaten, dust covered,
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fully-equipped schoq] darkroom. The cost of the trade was well returned
in ‘many sales of -action photos to pro-jock football and basketball
players and their parents-at 1000 %profit.

But [ had to get out. My step-father was driving me mad, and time for
college was at hand. San Diego seemed close enough to visit without hav-
ing to live at home. The $200 per quarter tuition was within my grasp,
and away I went. Of course, some scholarships were obtained, and it. was
my luck that the work-study program was relatively under-subscribed.
Imagine walkinglinto a job office and hearing, "What kind of job would
you 1like ? " Either .photography or something at Scripps Institution of
Oceanography (as advertised on TV); even a job dishwéshing would get my
foot in the door....

The un]ucky Ange]o.Carlucci scored my services for a reasonable 75¢
an hpur. Dishwashing seemed safe enough, but I was able to prove my in-
telligence time and time again, like baking Nalgene plastic bottles in an
oven overnight at 300°C. However, Angelo weathered the storm. Then he
had to put up with my nagging, every week; "When can I go on a cruise?
Even a day trip ? Please? " Fortuitously, events about to change my life
were in the works. A cruise to Antarctica had been scheduled, but its
lengthy duration.(73 days port to port) left most people cold. I believe
Angelo fhought he would cure me for good by sending me on that one. Much

to everyone's surprise, I ate it up.

The single-handed performance of the sampling program on that fateful

cruise launched me into an era of blissful world travel at an early age.

The years at U.C.S.D./S.I.0. combined the rigorous biochemistry/molecular

7N
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N !
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biology training at Upper Campus (it could also be taken as slang) with
rewarding experience in field biological oceanography with the Food Chain
Research Group, at that time in the hey-day of co-operative, multi-disci-
plinary research. I am indebted to an exfreme extent to this group, har-
ticulary Angelo Carlucci and Ozzie Holm-Hansen, for turning me on to
Oceanography. In addition, we had some great poker games at lunch.

I actually applied to the Joint Program as a joke. There was a spot
on the NSF Docforal Fellowship application for the school of your choice,
and the name W.H.0.I. rang a bell. I didn't really know anything about

it, but it was "the other one" (I was at Scripps at the time).
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