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Characterization of 2-nitrophenol uptake system of
Pseudomonas putida B2
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Uptake of substituted nitrophenols from the bulk solution into the cytoplasm limited reaction rates by Pseudomonas
putida B2. Initial enzymatic conversion of 2-nitrophenol (ONP) to catechol is by an intracellular soluble enzyme,
nitrophenol oxygenase [Zeyer J and Kearney PC. 1984. J Agric Food Chem 32: 238-242]. Addition of N-ethylmalei-

mide (NEM) to cell suspensions led to a decrease in specific reaction rates for ONP, dependent on the ratio of NEM
to cellular protein. Maximal NEM inhibition resulted in an 80—90% decrease in the ONP reaction rate which could
not be reversed following dilution. Cell-free enzyme extract isolated from NEM-inactivated cells demonstrated less
than 20% loss of the specific ONP reaction rates. NEM apparently acted by inhibiting a protein which facilitated
uptake of nitrophenol into the cytoplasm, prior to the first catabolic enzyme. Both intact organisms and protoplasts
exhibited the same 80-90% decrease in reaction rate which established that NEM inhibition was localized in the
plasma membrane. NEM elicited variable effects on reaction rates for a series of ring substituted 2-nitrophenols.
The data indicated that uptake of substituted 2-nitrophenols involved at least two transport systems, one sensitive
to NEM inactivation and a second insensitive uptake process.
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Introduction diffusion; (2) passive facilitated uptake; or (3) energy-
, dependent facilitated uptake. Research suggests that man-
The cellular structures surrounding the cytoplasm perfomljelate can enter a cell by passive diffusion [17], facilitated
a number of essential functions including the control of y.0' 0 [7]. and active transport [18]. Though accumu-

chemical movement in and out of the cell. The outermosﬁation of benzoate bPseudomonas putidaas been inter-

cell layer in some Gram-negative bacteria is a negativel reted as being an active transport process [27.28], uptake
charged, capsule or sheath typically composed of polysa 5y Rhodopseudomonas palustrisas found to be linked

charide. This charged surface is thought to influence th o formation of benzoyl CoA. with no evidence of energy

entry of charged molecules into the cell [6]. The next layer, 7 .
the cell wall, is a rigid structure composed of an outer mem;ependence or protein involvement in the transport process

brane peptidoglycan complex containing proteinaceou 16]. Uptake of 4-ch|_orobenzpate has been linked to both
. . ; . “PH and electrochemical gradients [17].
channels or porins, which act as molecular sieves allowin These processes have been characterized using a variety
small hydrophilic molecules to pass [15]. Porins are gener- ; . : X .
ally believed to be passive channels with a moIecuIar.Of experimental methods including manipulation of genes

weight cut-off of about 600 daltons [6,15]. Diffusion across involved in transport [28], use of antibiotics which collapse

the outer membrane has been shown to limit uptake at |0\/9H and electrochemical gradients [14,23], use of radiolab-

substrate concentrations [20]. The greatest selectivity iy led substrates, nutrient-limited growth [5,25], and use of

controlling uptake of chemicals into the cells resides prim-SUbStrate analogs or uptake inhibitors. Hydrophobic com-

arily with the plasma membrane which contains numerou{ﬁﬂ?,ﬁlJ Sr etgr[ulj i%]p?égg?: '?éodmiﬂtt)r?gesse ag:ja;i)rt]hesrotieltliglr? '
specific transport proteins. Non-specific diffusion of chemi- P 9 y n g sorp

T o rates from actual increases in cytoplasmic solute concen-
cals across the lipid bilayer also occurs. This innermost bar; ytop

rier controls the movement of inorganic ions and charge&rat'ons' Sulfhydryl-directed protein modifying agents have

. Iso been successfully used to characterize uptake of com-
and uncharged organic molecules. All of these layers Caﬁounds, such as lactose [12,24] By coli, tryptophane by

act to facilitate or restrict uptake of chemicals into the baC'Brevibacterium linengd], and succinate [9], methylamine

terial cell. Understanding the mechanisms and energeticgml methanol [2] byDSéudomonasl\/leasurémentyof sub-’

by which substituted aromatic compounds are transporte : A

in){o the cytoplasm is growing but sti[l)l not very well un%er— trate disappearance rates for enzymes residing in the cyto-
plasm have also been a valuable tool for studying uptake.

stood for many compounds. This method has been effectively employed in studying lac-

st riglétfot&nzpoc:;:c‘;?fﬁ rgeenmbaoiﬁnrgggﬁz nri]sarige(elr; daesrgﬁl{‘ )se uptake by monitoring-galactosidase activity [24].
y ' P otentially, these methods are more accurate in assessing

the uptake of hydrophobic substrate because only the sub-
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the biodegradation of nitrophenol iRseudomonas putida matographic step as outlined previously [31]. The enzyme

B2. Reaction rates were determined for a wide range o#as eluted and stored at@ in 20 mM phosphate buffer,

substituted nitrophenols. Both substrate analogs and chemi-  pH 7.5 until needed. Enzyme preparations were used for

cal modifying agents as possible inhibitors were utilized inup to 4 days following elution from the gel filtration col-

order to characterize the nitrophenol uptake process. The umn with less than 15% loss in specific activity. Protein

results of these experiments are reported here. content of cell suspensions and enzyme extracts was
determined by a modified method of Lowry with bovine

Materials and methods serum albumin as a standard as described previously [30].

Chemicals Resting cell and enzyme assays

The sources of most nitrophenols (Table 1) used in thiSThe nitrophenol oxygenase activity was measured in

study and of some other chemicals were reported ear- 20 mM phosphate buffer, pH 7.5 with 4 mM,, MgSO

lier [26,29]. Additional chemicals were obtained from: 100uM NADPH, 0.1 mg mf* BSA with 100uM nitro-

Aldrich  Chemical Company, Steinheim, Germany phenol unless otherwise indicated [31]. Resting cell assays

(chloramphenicol andN-ethylmaleimide (NEM)); Boeh- for nitrophenol turnover were carried out in 20 mM phos-

ringer Mannheim AG, Rotkreuz, Switzerland (NADPH and phate buffer, pH 7.5 withuMOnitrophenol with no

bovine serum albumin, fraction V). 6-Cl was a generousother additions unless stated. All assays monitored change

gift of Dr Knackmuss, Institut ‘fu Mikrobiologie, G- in absorbance at 410 nm in quartz cuvettes, either 1 or 5 cm
tingen, Germany and 6-Me was donated by Dr Braunpath length, in a total volume of 1 or 10 ml respectively.
Wella, Cosmital SA, Marly, Switzerland. Absorbance was monitored using a Uvikon Model 810
spectrophotometer, Kontron, dch, Switzerland. The con-
Microorganism, media and culture conditions tents of the cuvette were maintained at 2A°C using a

Isolation and characterization of the ONP-degrading strain ~ water jacketed cuvette holder unless otherwise indicated.
of Pseudomonas putidd2 was described previously [29]. Extinction coefficients for the substrates tested are listed in
Batch cultures of organisms induced for ONP degradation  Table 1. Individual rates were routinely performed in tripli-
were grown in a basal salts medium (pH 7.5) with 1 mM cate and all tables and figures generally represent data col-

ONP and 0.02% yeast extract as described earlier [29-31]. lected on a single batch of cells or cell-free extracts to min-
imize batch to batch variability issues. Specific activities

Preparation of cell suspensions and enzyme for conversion of nitrophenol to catechol were calculated

isolation and expressed immol min g proteint as outlined pre-

The procedures for preparing resting cells and enzymeiously [30]. No significant change in pH was recorded at
extracts with induced catabolic enzymes were as reported  these buffer concentrations and was constant throughout
earlier [29-31]. Washed resting cells were stored°&@& ds  the experiment.

a suspension in 20 mM phosphate buffer, pH 7.5, with the Rates of oxygen consumption were determined with a 2-
addition of 1 mM chloramphenicol and 1 mM succinate for ml suspension of resting cells in the same buffer used for

use in cellular experiments. Cells were harvested and sus-  monitoring nitrophenol reaction rates. Cell suspensions
pended fresh on the day of the experiment. Nitrophenolere placed in a Clark-type oxygen electrode calibrated
oxygenase was purified through the Sephadex G-150 chro-  with air-saturated water 8t0Specific activities for

Table 1 Chemical and kinetic values for selected substituted nitrophenols

Name Abb. e pK,P Km® Viad Ks® Viad Inhibition
enzyme enzyme cell cell by NEM
(M) (uM)
2-Nitrophenol ONP 3490 7.23 0.6 283 6 160 92
5-Fluoro-2-nitrophenol 5-F 5000 6.30 8.7 142 20 61 74
4-Chloro-2-nitrophenol 4-Cl 3980 6.43 0.1 85 2 26 72
4-Methoxy-2-nitrophenol 4-OMe 2830 7.40 0.6 43 3 13 45
4-Sec-butyl-2-nitrophenol 4-sBu 2540 7.59 4.7 65 nd 8 44
4-Phenyl-2-nitrophenol 4-Ph 2470 6.69 4.9 223 19 35 42
4-Methyl-2-nitrophenol 4-Me 2820 7.63 0.4 188 3 64 40
3-Methyl-2-nitrophenol 3-Me 990 7.00 2.9 222 41 83 37
5-Methyl-2-nitrophenol 5-Me 3560 7.34 7.6 238 6 32 23
6-Chloro-2-nitrophenol 6-Cl 4560 5.35 0.9 174 21 74 22
6-Methyl-2-nitrophenol 6-Me 1980 7.65 2.7 263 9 74 1
2,4-Dinitrophenol DNP 10300 3.94 0.04 <<0.1 24 <0.1 ND

aMolar extinction coefficient at 410 nm in 20 mM phosphate buffer pH 7.5.
bValues from Reference 26.

“Values from Reference 10.

%alues from Reference 10 expressed in upiteol min* g protein®.

% Inhibition calculated from data in Figure 2.

ND, value not determined.
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rates of oxygen consumption were calculated by subtracting  the observed initial lag in rate is that nitrophenol uptalt%e
basal cellular respiration rates from the respiration rateates are slower than degradation rates resulting in a sub-
observed after addition of the chemicals to be tested at the ~ maximal nitrophenol reaction rate. If the initial catabolic
concentrations indicated and expressed in unitguaol  enzyme limits the rate of reaction in whole cells, the meas-
min g proteir?. ured kinetic constants describing nitrophenol transform-
ation by whole cells and by enzyme extracts may be pro-
portional. However, it was observed previously that
Chemical modification with N-ethylmaleimide apparentK values for cellular nitrophenol reaction rates
A 10-mM stock solution ofN-ethylmaleimide (NEM), in  were significantly different than apparéqpt values for
phosphate buffer, was prepared daily as required. Aliquotenzyme extracts [10]. Two common methods for determin-
of this solution were added to a suspension of resting cells ing uptake of radioactively labeled ONP were attempted,
in the buffer as described above and allowed to incubatenembrane filtration and centrifugation through silicone oil.
for 10 min at 20-23C before assaying for activity. Cell Several membrane types were unsuccessfully tested, either
suspensions were diluted into phosphate buffer then thdemonstrating high sorption or poor recovery. Chasing the
indicated activities were monitored. Cell-free extracts were  suspension into a higher concentration of cold ONP also
prepared by first treating intact cells with NEM then prep-failed to produce meaningful results. Neither method was

aration of the extract by sonication and centrifugation. able to allow differentiation of sorption or partitioning of
ONP to hydrophobic cell components from translocation
Mureinoplast and protoplast formation into the cytoplasm. Indirect methods were then pursued in

Protoplasts were formed using a procedure modified from order to establish the effects of uptake on degradation rates.
a method outlined for a marineseudomonagB,11]. Cells

were grown and harvested as above but the final cell suseharacterization of NEM inhibition

pension was made in an osmoatically balanced buffer (GPBulfhydryl-directed protein modifying agents have been
containing: 0.2 M glycerol, 50 mM phosphate, 10 mM successfully used to label and inhibit membrane-bound
NaCl, 10mM MgC}, 1 mM succinate, 1 mM chloram- transport proteins. To determine the effects on ONP reac-
phenicol, pH 7.5. Mureinoplasts were prepared from resting  tion rates, increasing amounts of NEM were added to intact
cells by removal of the layers external to the peptidoglycarcells and changes in ONP reaction rates were monitored
(polysaccharide sheath and outer membrane) by addition of  for both cells and cell-free enzyme extracts prepared from
a 1-M sucrose solution in GP buffer to give a final compo-treated cells. NEM exhibited a concentration-dependent
sition of 1 g wet weight cells mt and 0.5 M sucrose. This inhibition of ONP degradation (Figure 1). The extent of
suspension was incubated with mixing for 5 min af@8 NEM inhibition per gram of cellular protein was inde-

then diluted about 100-fold with GP buffer and centrifuged. pendent of starting protein concentration. Inhibition was
Extended exposure of cells to 0.5 M sucrose resulted in lossreversible following dilution into phosphate buffer which

in both nitrophenol turnover and oxygen consumption lowered both cell and NEM concentration. NEM inhibition
activity, possibly by cell lysis, so exposure was minimized.apparently resulted from a covalent protein modification
Mureinoplasts were then treated with lysozyme (1 mgml

in GP buffer with shaking at 100 rpm at ambient tempera-
ture for about 45 min then placed atCluntil assayed for
activity. The extent of protoplast formation was monitored
by measuring the extent of cell lysis after dilution into dis-
tiled water, by following the change in absorbance at
540 nm and by visual inspection under the microscope
Assays for nitrophenol turnover were performed in GP
buffer to maintain protoplast stability and minimize activity
differences resulting from changes in ionic or osmotic
strength. A 2-ml aliquot was placed directly into a Clark- .
type oxygen electrode for monitoring oxygen consumption.

relative rate

Results

Direct monitoring of nitrophenol uptake
Nitrophenol is taken up by intact cells then converted to
catechol by the nitrophenol oxygenase [29-31]. Further

; [P _ Figure 1 Effect of NEM on ONP reaction rate and on oxygen consump-
degradatlon is via thertho Cleavage pathway by the cata tion rates. NEM in phosphate buffer was added to a resting cell suspension

bO“C enzymes foun_d in the CytoPIasm' _Reactlon ratesfn phosphate buffer, incubated for 10 min at@0then both ONP reaction
increased over the first 15-30 s after addition of LO0 rate and oxygen consumption rates were monitored on the same pool of
ONP to cell suspensions, then maintained a linear rate dfeated cells. Relative rates of ONP reaction rate (1B0) were deter-

reaction for nitrophenol concentrations below aboup.w mined on dilution of the cell suspension treated with the indicated amount

. e . of NEM (O). Relative rates of oxygen consumption were monitored on
Conversion of substrates to products was StOIChIOm(:"mCL’mdiIu'[ed suspensions with 1 mM succinate presén). (The resulting

genejrating the same results whether using a SpeCtrpphOtQﬂative rates (inhibited rate/uninhibited rate) were plotted as a function
metric or an HPLC-based method [10]. One explanation fof amount of NEM added expressed as a ratimol NEM mg* protein.

L L L
]
0.0 05 1.0 15

pmole NEM/mg cell protein
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and not just binding to a sensitive site. Maximal inhibition ~ dependent inhibition suggesting that there could be more
resulted in greater than 80% loss in the reaction rate fothan one mechanism for uptake of substituted nitrophenols
ONP. into the cell.
To determine whether NEM was affecting general cell
physiology, succinate-stimulated oxygen consumption wasocalization of the NEM-sensitive uptake system
monitored on the same batch of NEM-treated cells. Ther8o determine whether membrane composition affected
was less than 20% loss in oxygen consumption rates after  nitrophenol uptake, organisms were grown at either 20
addition of about 0.fmol NEM mg? protein whereas 30°C then harvested and assayed at five separate tempera-
these same conditions resulted in greater than 80% loss of  tures betheath25C. Cell-free extracts were also pre-
ONP reaction rates (Figure 1). This indicated that cellspared from cells grown at 2@ for comparison. The
retained significant capacity to oxidize succinate and gener- resulting rates were plotted in the form of Arrhenius plots
ate the requisite chemical energy, NADPH, even thougk(In (rate)vsl/T (°K™1)), from which activation energie£()
much of their ability to convert ONP to catechol was  for the rate limiting step were calculated using a least-
inhibited. squares linear regression (Table 2). Since the nitrophenol
One mechanism of NEM inhibition could be by entering oxygenase was the only kinetic step involvednivithe
the cell and directly affecting the nitrophenol oxygenasemeasurement, the calculated activation energy was this
inhibiting the cytoplasmic enzyme required for initial oxi- reaction. For itheivo activities, E, values were consist-
dation. To test this possibility, cell-free enzyme extractsently lower for cells grown at Z@ than for cells grown
were prepared from cells treated with wBol NEM mg?*  at 3C°C. E, values were also lower for cells grown at°’20
cell protein. Under conditions where the NEM-treated cellsthan for enzyme extracts prepared from those same cells.
lost greater than 80% activity, enzyme extracts from those  Since the activation energy was differémt vito
same cells retained greater than 90% of the nitrophenanzyme activity, and for cells grown at the two different
oxygenase activity when compared to untreated controls. growth temperatures, it was concluded that there was a shift
Since NEM did not appear to directly affect nitrophenol in reaction rate limitation from the cardinal reaction control
oxygenase activity, it was concluded that NEM acted at the  of the single enzyme step to a different reaction control
cell surface, presumably by retarding translocation of thenechanism, involving processes prior to the nitrophenol
substrate into the cytoplasm. oxygenase. This shift in reaction rate limitation could be
To further characterize the uptake process, reaction ratesther directly related to substrate transport or by partial
for a set of substituted nitrophenols were determined using  control by each member of the process including transport
untreated and NEM-treated cells (Figure 2). Variableand catabolism. Since each value for activation energy was
degrees of inhibition for reaction rates were observed for  determined from a single batch of cells, other general
this set of 11 compounds ranging from about 90% inhi-physiological responses which affect overall rate would be
bition of ONP to negligible inhibition of 6-Me (Table 1). lost sinég was determined from the slope and not the
These results further support the conclusion that NEM wasabsolute position on the graph. Changes in membrane com-
acting specifically on substrate uptake and not affecting position and fluidity are well-documented physiological
general cell physiology. NEM demonstrated a substrateresponses to growth at different temperatures. This
observed shift inE, was fully consistent with a change in
rate of substrate uptake prior to reaction by the nitro-
phenol oxygenase.
® To more directly establish the location of the uptake sys-
tems, cells were systematically stripped of their polysac-

Table 2 Activation energies for turnover of several nitrophenols

substrate reaction rate
(umole/min/g protein)

© Compound E, (kcalFK)
® Cells grown Cells grown Enzyme
at 20C at 30C extracts

20

10 ONP 14 19 19
4-Me 13 17 18

o 4-Ph 12 14 20

ONP 4-Me 4-Cl 6-Cl 5F 3-Me &-Me 4-OMe 5-Me 4-Ph 4-sBu

5-F 14 15 15
4-Cl 14 ND 14

substrates

Figure 2 Inhibition of nitrophenol reaction rate by NEM for a set of Cells were grown in batch culture at either 20 o°G0Enzyme extracts
substituted nitrophenols. To resting cellsu®0l NEM g protein was were prepared from cells grown at@0Cells were harvested and stored
added in phosphate buffer and allowed to react &2@r 10 min. Rates  on ice then incubated at the various assay temperatures for 5 min before
of substrate disappearance were measured in triplicate for each substituted assay initiation. NitrophenM) (W23 added and reaction rates
nitrophenol with 10QuM initial substrate concentration. Rates were determined at five temperatures betweémdd 25C. Least-squares linear
reported asumol min* g protein® and were determined from a single regression analysis was used to detéymadaes from Arrhenius plots.
batch of cells assayed on the same day; rate of reaction rate for untreatétbrrelation coefficients from Arrhenius plots gave &i»0.99 for all

cells @) and for cells treated with NEMLT). values reported. ND, value not determined.
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charide layer, outer membranes, and peptidoglycan layers  and enzymatic valles Kqr and V,,., for intact cells 121

to form mureinoplasts and protoplasts. Reaction rates foand purified nitrophenol oxygenase suggested the potential
ONP and five substituted nitrophenols were determined for  for an uptake limitation. Highgralues determined for
intact cells, mureinoplasts, and protoplasts in the absenaenzyme extracts could arise from higher NADPH, oxygen,
of NEM (Figure 3). Overall rates were lower in this experi- or nitrophenol concentrationsinisgtto than available
ment due to the different buffer used to osmotically stabil-naturally when the enzyme is located within the cell. Lower
ize the cells. Although there was some decrease in specific ~ oxygen or nitrophenol concenmatisoxould be due
activity for one or two compounds, in general, all demon-to uptake limitations. Lower NADPH concentrations could
strated equal or greater reaction rates as either mureino-  be due to the naturally lower redox potential within the
plasts or protoplasts were generated, despite the likelihoodell. This study focused on evaluating uptake limitations
that some of the cells lost viability as a result of the treat- for nitrophenol.
ment. The polysaccharide sheath, outer membrane, and In support of the theory that nitrophenol uptake limited
peptidoglycan layers all apparently limit reaction rates for  reaction rates, it was also observed that reaction rates stead-
substituted 2-nitrophenols by restricting uptake. ily increased over the first 30 s after the addition of ONP
The final experiment combined the observations from to a cell suspension. This suggested that intracellular con-
NEM inhibition and cell layer removal to localize the effect centration of ONP increased during this time, eventually
of NEM. Intact cells were treated with NEM then one batch achieving a steady state balance between uptake rates and
was further treated to remove the murein layer and outereaction rates. ONP uptake rates were estimated to be quite
membrane to form protoplasts. Both sets of NEM-treated rapid, either greater than or equal to the rate of reaction for
cells were then evaluated for activity. NEM-treated intactnitrophenol. During these experiments, catabolic intermedi-
cells demonstrated an ONP reaction rate of #@6 umol  ates did not accumulate to significant levels and would not
mint g protein?, whereas those same NEM-treated cellsinhibit the initial oxidation of nitrophenol. No product inhi-
formed into protoplasts demonstrated a rate of &9 bition had been observed during the characterization of kin-
2.1 umol mintg protein. NEM remained an effective etic parameters [10]. ONP degradation was limited either
inhibitor of ONP reaction rates for protoplasts which estab- by the initial catabolic enzyme, the nitrophenol oxygenase,
lished that the NEM-sensitive system was located in theor by uptake.
plasma membrane. Direct methods for monitoring substrate uptake were pur-
sued in order to determine whether uptake of nitrophenol
into the cell limited biodegradation rates. These experi-
ments were unsuccessful for two primary reasons (data not
Both bioavailability and uptake of chemicals influence theshown). First, uptake rates were apparently quite rapid. Sec-
kinetics of substrate degradation and of cell growth ondly, ONP partitioned strongly into both cellular compo-
[3,5,19,25]. An implicit assumption in determining appar- nents and adsorbed onto the membrane filters which made
ent K or K, values is that uptake rates limit growth or it difficult to clearly determine changes in cytoplasmic ONP
degradation. Previously, we reported a compilation of kin-concentrations. Direct methods for assessing uptake have
etic constants for the reaction rates of a series of substituted  been difficult for many classes of compounds. Differen-
2-nitrophenols [10]. Differences observed between cellulatiating association of naphthalene to cell components and
uptake withPseudomonas putided the authors to report
© a combined rate since they could not separate individual
activities [1]. Phenol was non-specifically absorbed by
% active and inactive phenol degraders [13]. At best, uptake
; experiments for chemicals which adsorb to cellular compo-
nents will be a combination of two rates, sorption and trans-
7 7 location into the cytoplasm.
Due to the difficulties encountered in directly monitoring
» uptake, indirect methods were pursued. Chemical mod-
ifying agents have been powerful tools in the study of
enzyme structure and function. Under conditions where
o substrate turnover by cytoplasmic enzymes is much faster
than uptake rates, reaction rate can be used to monitor
uptake rates [24]. Two uptake mechanisms, facilitated and
active uptake, are generally protein-mediated. Furthermore,
one v e enzymes often contain critical amino acids susceptible to
chemical modification resulting in lowered activity. If
substrate uptake is protein-mediated, then chemical modification can
Figure 3 Reaction rates for various substituted nitrophenols usinglead to a loss of activity. If uptake is by a diffusion mech-
untreated cells, mureinoplasts and protoplasts. The three cell suspensioagiism through the lipid bilayer, then chemical modification
et of reatments were used 1o determine rates of reaction fo various sugiLld 1Ot likely affect uptake rates. Sulfhydryl-directed
2§tu(t)ed nitrophenol as indicated (1pM) in GP buffer. Reaction rates for kbrc_)tem mOdIfymg agents Wer?_ S,eIeCted to test this hypoth—
each compound were determined in triplicate and repomeo! min™ g esis due to the reported sensitivity of a number of transport
protein™ for intact cells @), mureinoplasts{l) and protoplasts[). proteins to these agents [2,4,9,12,24].

Discussion

304

substrate reaction rate
(umole/min/g protein)
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NEM was selected to test the possibility that ONP uptake inhibition, two conclusions could be drawn. First, there
was protein-mediated. NEM was shown to inhibit reactionappeared to be at least two mechanisms for the uptake of
rates for ONP by more than 80% yet succinate specific oxy-  substituted 2-nitrophenols into the cell, one sensitive and
gen consumption rates were inhibited by less than 20%one insensitive to inhibition by NEM. The NEM-sensitive
Decreased oxygen consumption rates could have resulted system demonstrated differential affinity for the various
from the inhibition of the succinate transport protein, shownsubstituted nitrophenols. NEM treatment led to a 92% drop
previously to be sensitive to another sulfhydryl-directed  in ONP reaction rates whereas it inhibited reaction rates of
chemical modifying agent, iodoacetamide [9]. However,5-Me, 6-Me and 6-Cl by less than 30%. Secondly, follow-
this lowered activity was deemed too small to account for  ing NEM treatment, residual activities were more uniform
the 80-90% loss in ONP reaction rate. It was concludedor all compounds tested which suggested that a second
that NEM interfered specifically with some aspect of ONP uptake component was by a more general mechanism, such
degradation. Cell-free enzyme extracts prepared fronas diffusion across a lipid bilayer. This second uptake path-
NEM-treated cells retained greater than 90% of its nitro- way demonstrated a lower selectivity for size, electron
phenol oxygenase activity, the first catabolic pathwaywithdrawal, or hydrophobicity of the substrate. There were
enzymeln vitro enzyme activity was not adversely affected  no apparent correlations observed between uptake rates and
when cells were treated with NEM because chemical actiothese parameters for the nitrophenols tested which could be
was apparently at the cell surface. Under the experimental used to indicate selectivity towards either anion or neutral
conditions for establishing initial turnover kinetics for chemical species. Consequently, cellldaandV,,., values
ONP, <20% conversion of substrate to product, there was  reported previously [10] apparently describe attributes of
no significant accumulation of pathway intermediates orthis uptake system.
unique catabolites inhibiting conversion of ONP to cat- The data presented in this paper support the conclusion
echol, as indicated by linear rates of substrate disappeathat uptake of nitrophenols into the cell limit reaction rates
ance. Consequently, NEM treatment of intact cells must  of those chemic&sendomonas putid82. Translo-
inhibit degradation of ONP prior to the initial conversion cation of substrate from the bulk solution into the cyto-
of ONP to catechol by the nitrophenol oxygenase. Though plasm was shown to be retarded by the polysaccharide
we have not yet identified the specific protein linked tosheath, outer membrane, and plasma membrane. NEM inhi-
ONP uptake, NEM probably acts by inhibiting such a pro-  bition results suggest the existence of a protein-mediated
tein. This NEM-sensitive transport protein was located intransport component located in the plasma membrane. The
the plasma membrane since NEM expressed the same  data also indicate a secondary, non-specific component,
degree of inhibition on intact cells and on protoplasts.  presumably diffusion across the plasma membrane lipid

Results presented here also indirectly establish that  bilayer. Future work could incorporate the use of radiolab-
uptake limited the rate of biodegradation. As the polysaceled NEM to directly confirm whether transport is protein-
charide, outer membrane and peptidoglycan layers were  mediated. In addition, certain antibiotics could be employed
stripped from the cell, reaction rates actually increased foto investigate the energy dependence of this process as long
certain substituted nitrophenols tested. When considering as cytoplasmic NADH pools were not disrupted leading to
that formation of mureinoplasts and protoplasts can lead ttoss of nitrophenol oxygenase activity.
cell lysis [11], the increase in measured reaction rates was
probably less than if all of the cells had remained active. As
cell layers were removed, uptake rates actually increaseficknowledgements
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