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Due to the acidic nature of the stomach, enteric organizms must withstand extreme acid stress for coloni-
zation and pathogenesis. Escherichia coli contains several acid resistance systems that protect cells to pH 2.
One acid resistance system, acid resistance system 2 (AR2), requires extracellular glutamate, while another
{AR3) requires extracellular arginine. Little is known ahout how these systems protect ¢ells From acid stress.
AR2 and AR are thought to consume intracellular profons through amine acid decarboxylation. Antiport
mechanisms then exchange decarboxylation products for new aminn acid substrates. This form of proton
consumption conld mailntain an internal pH (pH,) conducive to cell survival. The model was tested hy
estimating the pH; and transmembrane potential (AW) of cells acid stressed at pH 2.5. During acid challenge,
glutamate- and arginine-dependent systems elevated pH, from 3.6 to 4.2 and 4,7, respectively. However, when
pH; was manipulated to 4.0 in the presence or absence of glutamate, only cultures challenged in the presence
of glutamale survived, indicating that a physiological parameter aside from pH; was also important, Mea-
surements of AW fndicated that amino acid-dependent acid resistance systems help convert membrane
potential from an inside negative 1o inside positive charge, an established acidophile strategy used to survive
extreme acidic environments. Thus, reversing AW may be a more important acid resistance strategy than

maintaining a specitic pH, valus,

Enteric organisms that colonize and cause disease in the
human intestine must first éndure 4 Lransicnt but extreme acid
challenge in the stomach, The normal human stomach presents
an antimicrobial acid environment averaging pH 2, with an
emptying time of approximately 2 h (53). As a result, acid-
sensitive pathogens like Vibrio cholerae must be ingested in
massive numbers (10 to 100 million) to increasc the possibility
that some will survive and enter the inlestine. Other microbes,
such as Escherichia coli and Shigella, can colonize or cause
disease cven when small numbers of cells (10 w 10(0) are
ingested. These resilient microbes are equipped with potent
acid resistance systems able 10 withstund pH 2 challenge for at
least 2 h (11, 31, 32, 52). In fact, E. coli possesscs a lovel of acid
resistance rivaling that of the gastric pathogen Helicobacter
pylori (39, 45, 50, 59).

1t has now been shown that E. coli uses four ndugible acid
resistance systems Lo survive extreme acid environments, Acid
resistance system 1 (AR1), alzo referred to as the oxidative or
glucose-repressed system, is acid induced in stationary phase.
Its cxpression requires the allernalive sigma factor Rpo% and
the cyclic AMP receptor prolein CRP (11). Hawever, the
structural components of AR1 as well as the mechanism by
which it protects arc still unknown. The second AR system,
ARZ, requires extracellular glutamate to work at pli 2.0 and is
induced upon eniry inlo stationary phase or by log-phase
growth in acidic minimal medium (10). Known components of
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glutamatc-dependent acid resistance include two isofarms of
glutamate decarboxylase (GadA and GadB) and a putative
glutamate:y-aminobutyric  acid (GABA) antiporter called
GiadC (11, 12, 19, 33, 46). The third system, AR3, is similar to
ARZ2 except that AR3 only protects cells if extracellular argi-
ninc is present. AR3 is induced by low pH under anaerobic
conditions and has only been demonstrated following growth
in complex media, This arginine-dependent system is com-
poscd of the acid-inducible arginine decarboxylase AdiA and
the AdiC untiporter, which exchanges extracetlular arginine for
the intragellular end product of decarboxylation, agmatine (11,
15, 22, 31). The last AR syslem was recently described as Iysine
dependent and probably involves the inducible lysine decar-
boxylase (22),

Although it is elear that these systems protect E. coli during
transient exposure to pH 2, how they actually function has
been subject to speculation, It is believed that AR2 and AR3
proteet the cell from acid stress by consuming intracellular
protons during cach decarboxylation reaction (11, 14). The
siphoning off of intracellular protons was proposed o enhanee
pH homeostasis and allow the cell to maintain an internal pH
compatible with viabilily. This model suggests that a spevific
internal pH may be crucial for survival during exposurc to
cxtreme acid stress, If the cell's internal pH fell below Lhat
point, it would succumb. The data obtained in the prescnt
sludy indicatc that maintenance of a specific internal pH may
not be paramount to ccll survival, Survival may depend on E.
coli taking an approach used by acidophiles, which is to reverse
the electrical membrane potential (AY) in the prescnce of
extreme low pH, Converting membrane potential from nega-
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tive inside to positive inside can repel protons and mitigate the
excess proton motive force (PMF) that can form,

MATERIALS AND METHODS

Bacterial struiny wod culture conditions. The strains used in this study ins
luded EK227, wild-type K-12; EK592, wild-type MG1655: EX590), Acle Aclea
{derived from MG 1655 [24]): EFA3), pud 2T 1 (3); EF522, prdA:pRR1O (AP)
gad BTl (3); and EFWE, AuncH-C ilviTni0 (derived from EK227}. Media
included Luria-Hertani broth (LB) and brain heant infusion (BHI) medium
containing 0.4% glucose (LBG and BHIG). LB broth, where indicated, was
buffered with cither 100 mM morpholinepropanesulfonic acid (MOPS; pH &.0)
or morpholioedthapesulfonic acid (MES; pH 5.0). For internal pH mecasure-
ments, Lhese media also contained 25 mM sucrose to bioek nonspecific hinding
of mdiolabeled sucrose (sec below). Acid challenge medium was minimal EG
(38) prepared at various pH values (adjusied with 1IC1), For the reasons noted
ahove, EG also contaiogd 25 mM sucrose when used for internal pH mcasures
ments. To test whether Na™- or K -deficient medium was imponant, Milli=()
Ultrapure water was prepared at pH 2.5 cither with or withaut | mM glutamic
acid - HCL. In addition, a Na™- and K™-defleient mediom (M63 K/Na-deficient)
conlaining 15 mM (N11g)50,, 16 pM FeS0, - THyO, 1 mM MgS0,, and 0,27
glucose was used, All chemicals used were ultrapure (Sigma or Fluka) or Supra-
pur (EM). Na' and K' measuicments were made using sodium snd potassium
ion-specific eombination ¢lectroctes (Thermo-Orion), Cultures were grown at
AP0 with shaking wt 220 rpm, Exponential-phase cultures were grown to an
optical density at 600 nm of 0.4 (2 x 10% CFW/ml), while stmionary-phase
cultures were growi overnight (18 h).

Acid resistnoce axsuys, Acich resistunce nssays were performed as described
previously 11}, Briefly, cells were grown overnight in LB MOPS and LB MES
for ARL, LBG for AR2, or BHIG for AR3. LEG was used when studying the
glutatate-dependent systum, hut since argining decarboxylase is not induced
well in LBG, BHIG was used to induce this system. Stationary-phase cullures
wers diluted 1:LINK into prewarmed pH 2.5 EG medium withoul aming avid
supplementation {for AR1), with 1.6 mM plutamate {(for AR2), or with 1.0 mM
argining (AR3). Af various time points, 10-p] aliquots were removed and serially
diluted, and ED pl of cach dilution was plated on LB plates, CIL were deter-
mincd, and percent survival was caleulated relative to time zerto,

Intcrnal pH measurements. Internal pH was cstimaled by measuring the
distribution of a weak acid (radialabeled salicylic ncid) across the membrane {4,
&, I3), Salicylate has been used by us and others as a reliable indicator of internal
PH (13, 24, 16, 34, 47). Contral cullurgs were grown to log phase (2 % 10 CFU
e mi} o stationary phige (10°CFU per ml) in LBG containing 25 mM suceose
{final pl1 at time: of asgay, 6,93, Sucrose was added to prevent nonspecifie binding
of radiolabeled suerase, used lner For wiler space measurements, Cultures to
teal decarbaxylaserdependent effects on internal pH were grown overnight to
stationary phase in LBG containing 25 mM sucrose for AR2 measurements or in
BHIG containing 25 mM sucrose for AR3 measurements. Cultures were then
harvested by centrifugation and resuspended in pH 7 BG medivm containing no
additions ot in pH 2.5 EG mediom with and without 40 mM glutamate or
arginine, Final ¢ell density after resuspension was 6 > 10 CFUAnL Two reace
tions were required for cach assay. A total of 2,000 to 3,000 dpm of 2H0/u1 (0.1
nCi/ply was added w cach reaction mixture. Noxt, ZODO to 3,000 dpm of [ “4C]sn-
licylate {56.5 mCi/mmol} was added w one wbe, and the same amount of
|"Clsucrose (462 mCimmol) was mdded o the other ot time zero. At specifie
times (30 or 60 min), 5 pl was taken M'eom each tube for a direct isotope count,
andd 100-p] aliquots were centrifuged through equal amounts of dibutylphthalawe
(50 1) and silicone ofl (50 wl) to separate the supernatamt from the eell pellet.
The amount of |"*Clsucrose, which does nuot pengtrale the cytoplusmic mem-
brane, wis used to determine the exwacellular and periplasmic water space
remaining adfrer centrilogation, Lisintegrations per minute for [ “Clsalicylate and
*H,0 were then used to determing the internol pH value by the following
equation; pHy = log{{lAn ALl (107K 4+ 10P ety — 1003] wheee [A] s a
measure of salicylic acid and the pK, is 3.0

¥ measurcments. AY was measured uging radiolabeled pophilic apions ar
cutions (4, 23). Cells were grown as for internal pH measurements. Log=phase
and stationary-phasc culturcs were hatvested Dy eemrifugation and respspended
in pH 2.5 EG mediom containing 40 mM glntamate or 40 mM arginine., Final cell
densities were approximately 6 X 0y per ml. Lach measurement involved
twa assatys, one for charge distribution and one to determine water space. The
geners] methodelogy was similar o that used to eatimate inwernal pH. For charge
distribution, 1,200 dpm of [“Clietraphonylphosphorium bromids (TPF*; 5 mCif
mmeol) or potassium [MChineyanate (§4CNT; 54 mCimmol)u) was added to
one tube alobg with 2,000 1w 3,000 dpm of *HoO. Extracellular and intracellular
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witer spaces were determined ag above. Extracellular witer space was used to
correct for the earryover af extracellnlar radiclabeled lipophilic ion not removed
duting ecnirifugation, At 30 min, 5 pl was taken for total direct eounts and 100
il wis cemirifuged through dibutylphthalate-silicone oit. The accunulationy of
[HCITPP* (or S'9CNT) and "Hy0D in cell pellets were used wy determing AW
(23) by the following cquation: AW = RY/zF - In([A ) Asn]) where R is the gas
constant (8.28 MK -mol), T i wemperature (210,15 K), 2 is the charge of the
molecule {(+ or =), and F is the Faraday eonstant (96,485 IV mol),

Similar assays were done with butanol-treated cells (20% butanol) to deter-
mine nenspecifie inding, which was subtracted 8s background from the expers
imental resalts, Hackground counts were no more than 10% of experimental
counts,

Whole-cell decarboxylativn and untipnort mensurements, Trensport and con-
version of [*Hlarginine and [*H)glutamate to [*Hlagmatine or [YH]y-aningbus
tyrie acid, respectively, and the subsequent end produet cfflux were mesured
uxing intoct and Triton X-100-permeshilized cclls. Wild-type and gueA/8 and
godC mutant cells were grown for 22 h io 3 mil af BIIG {for arpinine decarbox-
ylation) or LBG (for glotamae decarboxylation). Cells were harvested by een-
trifugation, washel twice with EG medium (pH 7.0), and resuspended w 10F
Lells/ml in A0 ml of prewarmed EG medium adjusied 1w pH 2,5 with FLCI or to
other pH valucs as indicated. The mediun eontaingd 1. mM arginine, including
4 pCi of ["Hlarginine (61 Cifmmal) per m! or a final concentration of 0.4 mM
glutarmate inchading 22,000 dpm of [*"H]glutamate/jl. Ar vimed intervals, 500-ul
aliquots of cell-free supernatants were obtained by filiration (0.45-wm-pore-size
filters) and adjusted 1o pH 7,5 with § N NaQH, and 30-p] samples were subjeeted
to paper chromatographic separation as described previously (29). Marked bands
were cut and counted for radioactivity. Porcen conversion was calculated from
total redioactivity on cacly sirip.

Western blut snulysis and cellular locatlon of GadC. Cells were grown overs
night in 50 ml of G pH 7.7 and EG pH 53. The cells wete harvested hy
centrifugation at 4,500 > ¢ for 10 min (4°C), resuspended in S ml of cold 10 mM
HEPES buffer {pH 7.4), and passcd twice through a French pressure ccll
{Amineo) at 16,000 Ib/in?. Crude extracts were clenred of cell debris by contrif-
ugation at 4,500 = g for 10 min (two times). The resuliing cleared supernatant
was ultracentrifuged aL 90,000 = g (4°C) to separate membrane and scluble
fractions. Membtane pulleis were washed with 2,0 ml of 10 mM HEPES buffer
{ptl 7.4) to remove residual soluble proteins and resuspended in 300 pl of the
same buffer. Soluble fractions were also centrifuged at 90,000 * g to remove
residual membrane, Protein concentrations were measured asing the Rio-Rad
protein assay reagent.

Western blot analysis of these fractions was carried out using rahhit anti-GadC
antibodies raised againat a GadC-specific pepride (N'-CRARSPLYIV
MNDKKH) by Genemed Symihesis, Ing, Membrane and soluble fractions (3 pg
af profein} were separated on 109 polyacrylamide—sodium dodeeyl sulfate pels
(30), Freteins were transferred to Immobilon-F (polyvinglide ne diflugride) mem-
branes with a Semiphore transfer cell (Hoeler Seicnnific) an 100 mA tor 2 b, The
membranes were biocked with 5% nonfat milk in Tris-buffered saline (10 mM
Tria [pH 8], 150 mM NaCl) containing 0.05% Tween 20 and incubated with
rahhit primary (1:8,000) snd mouse anti-rabbit secondary (1:8,0007 antibodies for
1 h at room temperature. The blot was developed with ECL detection renpents
(Amcrsham Pharmacia Bioteeh),

RESULTS

The role of C1™ transporters and the FO/F1 proton-translo-
cating ATFase in acid resistance. The goal of this study was to
further definc how the amino acid-dependent AR systems pro-
tect against acid stress, We initially wanted to determine how
similar these systems were to the amino acid-independent sys-
tem ARI, whose mechanism is also a mystery. An elegant study
by Iyer et al. previously demonstrated that Cl™ transporters
encoded by the efe genes of E, colf were important for AR2 and
AR3Z function (1, 21). However, their potential role in system
1 was not explored. Conscquently, we cxamined whether the
Cle transporters also contributed to AR1,

Wild-type and AcleA/B cells were grown to stationary phasc
in LB MES pH 5.3, an inducing condition for AR1, and then
tested for survival in pH 2.5 mimimal medium without amino
acid supplernentation (Fig, 1A), Both strains exhibited normal






