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ABSTRACT How enzymes behave in cells is likely different from how they behave
in the test tube. Previous in vitro studies find that osmolytes interact weakly with fo-
late. Removal of the osmolyte from the solvation shell of folate is more difficult than
removal of water, which weakens binding of folate to its enzyme partners. To exam-
ine if this phenomenon occurs in vivo, osmotic stress titrations were performed with
Escherichia coli. Two strategies were employed: resistance to an antibacterial drug
and complementation of a knockout strain by the appropriate gene cloned into a
plasmid that allows tight control of expression levels as well as labeling by a degra-
dation tag. The abilities of the knockout and complemented strains to grow under
osmotic stress were compared. Typically, the knockout strain could grow to high os-
molalities on supplemented medium, while the complemented strain stopped grow-
ing at lower osmolalities on minimal medium. This pattern was observed for an R67
dihydrofolate reductase clone rescuing a ΔfolA strain, for a methylenetetrahydrofo-
late reductase clone rescuing a ΔmetF strain, and for a serine hydroxymethyltrans-
ferase clone rescuing a ΔglyA strain. Additionally, an R67 dihydrofolate reductase
clone allowed E. coli DH5� to grow in the presence of trimethoprim until an osmola-
lity of �0.81 is reached, while cells in a control titration lacking antibiotic could
grow to 1.90 osmol.

IMPORTANCE E. coli can survive in drought and flooding conditions and can toler-
ate large changes in osmolality. However, the cell processes that limit bacterial
growth under high osmotic stress conditions are not known. In this study, the dose
of four different enzymes in E. coli was decreased by using deletion strains comple-
mented by the gene carried in a tunable plasmid. Under conditions of limiting en-
zyme concentration (lower than that achieved by chromosomal gene expression),
cell growth can be blocked by osmotic stress conditions that are normally tolerated.
These observations indicate that E. coli has evolved to deal with variations in its os-
motic environment and that normal protein levels are sufficient to buffer the cell
from environmental changes. Additional factors involved in the osmotic pressure re-
sponse may include altered protein concentration/activity levels, weak solute interac-
tions with ligands which can make it more difficult for proteins to bind their sub-
strates/inhibitors/cofactors in vivo, and/or viscosity effects.
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Osmolytes are small molecules produced by cells in response to harsh conditions,
such as heat, dehydration, and high salt concentrations (1). Three classes of

osmolytes are amino acids (e.g., proline, taurine, and glutamate), polyols (glycerol,
sucrose, and trehalose), and methylamines (trimethylamine oxide and glycine betaine)
(2). When Escherichia coli is perturbed by osmotic stress, it uses trehalose, K�, and
glutamate as osmoprotectants (3–6). For cells grown in medium containing exogenous
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glycine betaine, it is the predominant osmoprotectant (7). As the osmolality increases,
the cell becomes more crowded due to loss of water. An upper limit of osmolality
occurs (�1.9 osmol) where free water no longer exists and E. coli growth stops (7).

Previous studies have found that the in vitro addition of osmolytes to three different
protein scaffolds that catalyze the dihydrofolate reductase (DHFR) reaction results in
tighter binding of cofactor NADPH (8–10). Addition of osmolytes lowers the water
activity of a solution; dehydration typically leads to tighter ligand binding, as less
solvent needs to be removed to form a complex. In contrast, binding of DHF “breaks the
rules,” as weaker binding upon osmolyte addition is observed in these three different
proteins (8–10). To model this behavior, we proposed that osmolytes weakly associate
with DHF. If the osmolyte-DHF interactions are more difficult to break than the
water-DHF interactions, this shifts the equilibrium toward the unbound species and
impedes binding to DHFR. This model, depicted in Fig. 1, is supported by small-
molecule nuclear magnetic resonance (NMR) data (11) as well as high-hydrostatic-
pressure experiments (12) and osmometry studies (13).

Additional studies provide chemical guidance in understanding these weak inter-
actions. For example, the Record group has also monitored the preferential interaction
of betaine, glutamate, proline, and polyethylene glycols (PEGs) with numerous small
molecules to determine which groups/atoms (e.g., aliphatic carbons, aromatic carbons,
cationic nitrogens and amide nitrogens, phosphate oxygens, carboxylate oxygens,
hydroxyls, and carbonyls) prefer to interact with water compared to several osmolytes
(betaine, glutamate, and PEGs) (14–17). In a similar manner, Hong et al. have studied
the preferential interaction of trehalose with many small molecules (18). In a recent
investigation, we have studied the interaction of betaine with folate and other small
aromatic compounds (13). We found that folate interacts almost equally well with
betaine and water. Specifically, the glutamate tail prefers to interact with water, while
the aromatic rings prefer betaine. As other redox states of folate, such as dihydrofolate,

FIG 1 Model of osmolyte interaction with DHF that results in weaker binding to DHFR. For enzyme assays in buffer,
DHF binds tightly to DHFR (target enzyme) and water (blue) is released. Added osmolytes (magenta spheres)
interact weakly with DHF. For DHF to bind to DHFR, both osmolytes and water need to be released. While these
interactions are weak, if the osmolyte-DHF interaction is stronger than the water-DHF interaction, then binding to
DHFR is weakened. (Note that osmolytes may additionally bind to sites on the enzyme [data not shown] and affect
activity). We have used high hydrostatic pressure as an orthogonal technique to examine the top row of the model
(blue equilibrium arrows) (12). We have also used NMR and vapor pressure osmometry to monitor interactions
between folate and osmolytes (middle column, green equilibrium arrows) (11, 13). All data sets are consistent with
this model.
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5-methyltetrahydrofolate, and 5,10-methylenetetrahydrofolate, also contain these
groups/atoms, these folates may also weakly associate with osmolytes and negatively
impact protein function. Also, as the groups (hydroxyls, amides, cationic amines, etc.)
found in osmolytes are also displayed on protein surfaces, DHF may also weakly
associate with proteins.

In a recent review, Wood indicated that the cell processes that limit bacterial growth
under osmotic stress conditions are not known (19). In this work we asked whether
these “soft interactions” (20) or “quinary” behavior (21–24) between folate metabolites
and osmolytes/crowders might occur in vivo and play a role in osmotic stress by helping
to titrate enzyme activity. In other words, a high osmolyte concentration might
sequester the substrate and lower the concentration of available, free substrate in the
cell. This, in turn, could limit cell growth.

The enzyme concentrations/activities in E. coli are usually sufficient to overcome
these weak folate-osmolyte interactions, even in the gel-like environment of the cell
under conditions of high osmotic stress (25, 26). In this work, we asked what happens
when the target enzyme concentration in the cell is less than that achieved by
expression from the chromosomal gene. To achieve this condition, we cloned the gene
of interest behind a tunable Ptet promoter in the pKTS plasmid (27). To achieve very low
protein expression levels, the pKTS plasmid adds an SsrA tag to the C terminus of the
protein, which targets the protein to be degraded by the ClpX protease. This plasmid
is then transformed into a knockout strain of E. coli. The low protein dose lets us target
the role of one specific protein in osmotic stress.

RESULTS

To determine which enzymes to use in our in vivo osmotic stress experiments, we
considered whether the folate pathway enzyme is selectable by either antibiotic
resistance or restoration of prototrophy to an auxotrophic strain. We also considered
whether modifications to the C terminus would affect enzyme activity, which is the case
for thymidylate synthase (28). Another factor considered was the oligomerization state
of the enzyme, as additional SsrA degradation tags might help lower the protein
concentration in the cell. Table 1 lists some pertinent parameters associated with the
folate-mediated 1C metabolism enzymes we examined, and Fig. 2 shows where they
occur in the pathway. The enzymes are serine hydroxymethyl transferase (SHMT;
encoded by the glyA gene), methylene tetrahydrofolate reductase (MTHFR; metF), and
the type II R67 DHFR. The last is unrelated to chromosomal DHFR (folA gene) and
possesses a homotetrameric structure with a single active-site pore (29). A tandem array
of 4 fused R67 DHFR genes produces a protein with four times the mass of the normal
R67 DHFR monomer. This protein, named Quad4, was also used in our studies (30). We
additionally studied osmotic stress effects on chorismate mutase (CM).

Osmotic stress titration of trimethoprim resistance associated with R67 DHFR.
The target of trimethoprim (TMP) is chromosomal E. coli DHFR (TMP Ki � 20 pM) (31);
however, R67 DHFR provides resistance to this antibacterial drug, as its Ki is 7.5
million-fold higher (Ki � 0.15 mM) (32). We previously monitored the growth of E. coli
DH5� expressing various R67 DHFR clones carried in pUC8 (9). Since wild-type (wt) R67
DHFR was overproduced and possessed sufficient activity, no selection by osmotic
pressure was observed in the presence of TMP. The K32M R67 DHFR mutant clone in
pUC8 had insufficient activity to allow growth in the presence of TMP, so again, no
selection was observed. However, using osmotic pressure, we could titrate the ability of
DH5� carrying a Y69L R67 DHFR clone to confer resistance to TMP. The Y69L mutant
enzyme has levels of activity intermediate between those of the R67 DHFR and the
K32M mutant (9, 33). This pattern of behavior indicates a window of enzyme activity
that allows cell growth and selection by osmotic stress. Too low an activity does not
enable growth, while too high an activity does not allow titration (34, 35). This situation
is depicted in Fig. S1 in the supplemental material.

As mentioned above, R67 DHFR is a homotetramer with a single active-site pore (36).
Another construct is Quad4, which has four R67 DHFR genes linked in frame (30). The
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Quad4 protein is almost fully active as a monomer. In addition, its oligomerization state
depends on the protein concentration. Our in vitro ultracentrifugation studies found a
Quad4 dimerization Kd (dissociation constant) of �1 �M (30). Since use of the pKTS
vector leads to low expression levels, our in vivo studies likely describe monomeric
Quad4.

To examine whether the wt R67 DHFR and Quad4 activities could be titrated by
osmotic stress in vivo, their genes cloned into the pKTS plasmid (27) were transformed
into DH5� and the tetracycline concentration that allowed confluent growth on M9
minimal medium was determined. Use of the Ptet promoter results in cell growth that
is proportional to the amount of tetracycline added to the medium. Figure S2 shows
that tetracycline concentrations of 50 to 200 ng/ml allowed DH5� carrying the R67
DHFR-pKTS clone to grow in the presence of 20 �g/ml TMP. DH5� carrying the
Quad4-pKTS clone showed confluent growth in plates containing 10 to 200 ng/ml
tetracycline.

Our next step used osmotic stress to determine if growth of DH5� carrying an R67
DHFR-pKTS clone could be titrated using resistance to trimethoprim as our selection. As
shown in Fig. 3, a control titration of DH5� on media lacking TMP showed confluent
growth until 1.9 osmol was reached. The upper growth limit has been proposed by the
Record lab to correspond to loss of free water in the cell (7). In contrast, the R67
DHFR-pKTS clone allowed confluent growth of host E. coli in medium containing 20
�g/ml TMP to 0.50 to 0.81 osmol. Sparse growth was observed until 1.28 osmol was
reached. The Quad4-pKTS clone allowed growth until �1.93 osmol was reached. As R67
DHFR and Quad4 have the same active site, Quad4 serves as an internal control.
Monomeric Quad4 possesses a single SsrA tag, in contrast to homotetrameric R67
DHFR, which displays 4 degradation tags. This difference in SsrA tag number likely leads
to faster turnover of R67 DHFR than for Quad4. This proposed difference in enzyme

TABLE 1 Enzyme parameters

Enzyme kcat (s�1) Km (�M) In vivo substrate concna Rate-determining step Oligomeric state

R67 dihydrofolate reductase 1.3b NADPH: 3.0 NADPH: 120 �M Hydride transferc Tetramerd

DHF: 5.8b Various polyglutamylated
DHF species: �45 �M

Quad4 dihydrofolate
reductase

1.8e NADPH: 2.6 NADPH: 120 �M NDf Dimer Kd of �1 �M;
both monomer and
dimer activee

DHF: 5.6e Various polyglutamylated
DHF species: �45 �M

E. coli methylene
tetrahydrofolate
reductase (metF)

10.4g NADH: 20 NADH: 83 �M Reoxidation of the
reduced flavin by
CH2-THFg

Tetramer; active dimer
at low protein
concnh

5,10-CH2-THF: 0.5g Various polyglutamylated
CH2-THF species:
�12 �M

E. coli serine hydroxymethyl
transferase (glyA)

10.6 i Serine: 800 i Serine: 68 �M NDj Dimerk

THF: 80 Various polyglutamylated
THF species: �6 �M

Mutant hexameric
chorismate mutase
domain from E. coli
bifunctional CM-
prephenate
dehydratasem (aroQ)

0.16 (100-fold lower
than E. coli CM
domain)l

Chorismate: 600l NAm NA, but rate for the CM
domain not limited
by diffusionm

Hexamern

aFrom references 72 and 88.
bFrom reference 89.
cFrom reference 90.
dFrom reference 36.
eFrom reference 30.
fND, not determined, but presumably the same as R67 DHFR, as the enzyme rates and binding constants are similar.
gFrom reference 91.
hFrom references 92 and 93.
iMain reaction catalyzed (94). Other reactions are listed in the text.
jFrom reference 95.
kFrom reference 96.
lFrom reference 58. Also of interest, CM uses the diaxial form of its substrate; 44% glycerol and 33% sucrose shift the conformational equilibrium slightly (1.5 and
3.5%) toward the pseudo-diequatorial form (97). Additionally, no effect of 44% glycerol on either kcat or Km was observed, while an �2-fold-tighter Km for the
substrate was monitored in 33% sucrose (97).

mFrom reference 80.
nNA, not available.
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concentration could provide higher DHFR activities for the Quad4 protein, which could
more readily rescue the DH5� cells. Also, the fact that Quad4-pKTS continued to
provide TMP resistance at high osmolalities (past where R67 DHFR-pKTS does) sug-
gested that any osmotic pressure effects on the Tet repressor were not playing a large
role in alteration of protein expression levels.

Osmotic stress titration of R67 DHFR enzyme activity using a deletion strain.
While TMP is a competitive inhibitor of DHFR, antibiotics can also involve effects on
uptake and efflux mechanisms as well as secondary targets (37). Thus, we also em-
ployed a more direct assay of DHFR activity using a deletion strain. The folA gene in E.
coli strain NM522 was previously deleted (ΔfolA::kan) (38). These cells also carry an
uncharacterized mutation in the thymidylate synthase (thyA) gene, and thymidine is
required for cell growth. This strain, named LH18, grows on media supplemented with
folate pathway end products (thymidine, adenine, pantothenate, glycine, and methio-
nine) (38). Transformation of LH18 by R67 DHFR-pKTS or Quad4-pKTS rescues the cells
from folate end product auxotrophy and allows growth of cells in Bonner-Vogel (BV)
minimal medium (39) plus thymidine.

Next the tetracycline concentration was varied and the cell growth pattern moni-
tored on minimal media (see Fig. S3). For LH18 carrying the R67 DHFR-pKTS plasmid
(LH18 � R67 DHFR-pKTS), no growth was observed for the first 2 days at low tetracy-
cline levels (0 to 25 ng/ml). This result indicates that the pKTS plasmid can restrict
protein expression so that DHFR activity is lower than that encoded by the chromo-
some. This type of result has previously been reported for chorismate mutase (27).
Confluent growth of the rescued cells was achieved at 100 ng/ml tetracycline. Growth

FIG 2 Selected folate cycle enzymes. The folP gene encodes dihydropteroate synthase (DHPS); this protein
forms 7,8-dihydropteroate from 6-hydroxymethyl-dihydropterin diphosphate and p-amino benzoate. The folC
gene encodes folylpolyglutamate synthase, which adds L-glutamate to dihydropteroate to form 7,8-
dihydrofolate (DHF). The folA gene encodes dihydrofolate reductase (DHFR), which catalyzes the NADPH-
dependent reduction of DHF to 5,6,7,8-tetrahydrofolate (THF). The glyA gene encodes serine hydroxymethyl
transferase (SHMT), which interconverts L-serine and glycine using THF and 5,10-methylene-THF and pyridoxal
phosphate as a cofactor. The metF gene encodes methylene-tetrahydrofolate reductase (MTHFR), which
reduces 5,10-methylene-THF to 5-methyl-THF using NADPH as a cofactor. The thyA gene encodes thymidylate
synthase (TS); this enzyme catalyzes the reductive methylation of 2=-deoxyuridine-5=-monophosphate (dUMP)
using 5,10-methylene-THF to produce thymidine-5=-monophosphate (dTMP) and DHF. The metH gene
encodes methionine synthase, which forms methionine and THF from 5-methy-THF and homocysteine. The
in vivo activities of the colored enzymes were examined by our osmotic stress approach.
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for 5 days resulted in isolated colonies at low tetracycline concentrations, consistent
with the occurrence of suppressing mutations. In contrast, LH18 carrying the Quad4-
pKTS plasmid grew in the absence of tetracycline, consistent with some leakiness of the
promoter as well as Quad4 possessing fewer degradation tags and sufficient activity to
rescue the cell.

To monitor osmotic stress effects, the deletion and complemented strains were
plated on BV minimal and supplemented plates containing increasing concentrations
of sorbitol (Fig. 4). On the plates supplemented with thymidine, adenine, pantothenate,
glycine, and methionine, all strains grew to osmolalities between 1.24 and 1.52 (see
Table S1 for a list of osmolality growth limits). In minimal plates containing 200 ng/ml
tetracycline, complemented strains of LH18 � R67 DHFR-pKTS grew until 0.57 osmol
was reached. At this concentration and above, isolated colonies were observed after
several days. These isolated colonies persisted until osmolalities between 0.88 and 1.15
were reached; however, no growth was observed at higher osmolalities.

FIG 3 Effect of osmolality on the ability of R67 and Quad4 DHFR to rescue E. coli DH5� from trimethoprim. Panel A shows the effect of sorbitol on cell growth
in M9 minimal medium lacking TMP. Cells can grow up to 1.90 osmol, although growth is slow and sparse. Panel B shows the effect of sorbitol on growth in
media containing 20 �g/ml TMP, 100 �g/ml ampicillin, and 100 ng/ml tetracycline. Cells carrying the R67 DHFR-pKTS clone can grow only until osmolalities
between 0.81 and 1.28 are reached, while cells carrying the Quad4-pKTS clone can grow until osmolalities between 1.60 and 1.93 are reached. Table S1 lists
the growth patterns as a function of osmolality. The drawings at the right show how various cultures were streaked on the plates. Two independent colonies
were streaked per transformant.

FIG 4 The effect of osmolality on R67 and Quad4 DHFR function in restoring the E. coli ΔfolA strain to prototrophy. Panel A shows the effect of sorbitol on cell
growth in BV media supplemented with thymidine, adenine, pantothenate, glycine, and methionine and containing kanamycin. Cells can grow up to
osmolalities between 1.24 and 1.52. Panel B shows the effect of sorbitol on growth in minimal BV media containing kanamycin, ampicillin, and 200 ng/ml
tetracycline. Cell growth is reliant on enzyme activity encoded by the DHFR genes cloned into the pKTS plasmid. Cells carrying the R67 DHFR-pKTS plasmid
can grow only until osmolalities between 0.28 and 0.57 are reached, with isolated colonies appearing at higher osmolalities (0.88 to 1.15). In contrast, cells
carrying the Quad4-pKTS plasmid can grow confluently until 1.81 osmol is reached. Table S1 lists the osmolalities at which cells stop growing. The drawings
indicate the positioning of the various streaks on the plates. Two independent colonies were streaked per transformant. Figure S4 in the supplemental material
shows the titrations for NM522 and NM522 thyA.
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In contrast to the R67 DHFR case, Quad4-pKTS readily rescues LH18, as cells grew in
BV minimal medium until osmolalities between 1.15 and 1.81were reached. To deter-
mine if the activity of Quad4 DHFR could be titrated by osmotic stress, we redid the
sorbitol titrations using 0 and 50 ng/ml tetracycline (data not shown). Under both these
conditions, Quad4-pKTS still allowed LH18 to grow until �1.6 osmol was reached,
which was very close to the osmolality limit of the deletion strain grown on supple-
mented media. Thus, the activity of Quad4 DHFR could not be titrated by osmotic
stress. In contrast, LH18 complemented by R67 DHFR-pKTS did not grow on plates
without tetracycline and grew only as isolated colonies when 50 ng/ml tetracycline was
added. These observations are consistent with moving up and down the titration axis
when considering Fig. S1. Conditions that favor low protein expression (e.g., R67
DHFR-pKTS with a low tetracycline concentration) and/or high degradation rates
(higher number of SsrA tags) are not sufficient to rescue the cell from auxotrophy, while
conditions that provide high enzyme activity do not allow titration.

Liquid cultures show effects similar to those with agar plates. The growth of
LH18 as well as its parent strains and complemented strains were additionally moni-
tored in liquid media by plots of turbidity versus time. Figure 5 compares the growth
rates in a bar graph, while Table S2 lists the doubling times. LH18 and LH18 carrying
Quad4-pKTS showed comparable growth even though LH18 was grown in BV media
supplemented with thymidine, adenine, pantothenate, glycine, and methionine, while
the complemented strain was grown in BV minimal medium plus 100 ng/ml tetracy-
cline. The deletion strain carrying R67 DHFR-pKTS grew more slowly in minimal medium
with 100 ng/ml tetracycline.

As the osmolality of the medium was increased, all cells grew more slowly. As shown
in Fig. 5, the growth rate of LH18 cells carrying the R67 DHFR-pKTS clone was most
impacted, with cell growth ceasing at osmolalities between 0.67 and 0.84. In contrast,
the LH18 cells with the deletion and the complemented LH18 � Quad4-pKTS cells grew
until osmolalities between 1.08 and 1.16 were reached. These trends echo those seen
in the agar plate titrations, which are consistent with previous observations that
immobilization of bacteria on agar plates or biofilms constrained growth compared to
that under planktonic conditions and higher osmolalities could be required to inhibit
growth (40, 41).

Lag times, in general, increased with increasing osmolality (42). This is likely due to
initial plasmolysis (43); however, other factors, such as the number of CFU added to
initiate growth, can play a role. The maximal turbidity of the cultures was also impacted,
consistent with hyperosmolality leading to cells devoting more resources to osmopro-
tection than metabolism (44).

The above-described growth experiments were repeated using NaCl as the osmotic
stressor. Doubling times are listed in Table S2. The LH18 cells with the deletion in media

FIG 5 Growth rates of LH18 (ΔfolA) cells alone (black bars) or carrying the R67 DHFR-pKTS (gray bars) or
Quad4-pKTS plasmid (bars with diagonal lines) were monitored in liquid culture. The growth rate is plotted
as a function of medium osmolality. The growth media and the doubling times are listed in Table S2.
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supplemented with thymidine, adenine, pantothenate, glycine, and methionine and
the complemented Quad4-pKTS cells in minimal medium could grow until osmolalities
between 1.12 and 1.4 were reached. However, the LH18 strain complemented by the
R67 DHFR-pKTS clone was affected more severely by NaCl stress and grew only until
osmolalities between 0.55 and 0.60 in minimal medium were reached. The trend is
similar to that observed with sorbitol; however, NaCl is a slightly better stressor. This
difference may arise from sorbitol being used as an alternate carbon source (45, 46).
Alternatively, NaCl can have different effects than sorbitol; for example, transcriptional
responses (47), induction of different proteins (48, 49), and ionic effects (50) could alter
the magnitude of the osmotic stress effect.

Growth under osmotic stress is dependent on the enzyme concentration in the
cell. The DHFR concentration can be increased by addition of higher tetracycline

concentrations, which drives expression of the Ptet promoter. To monitor growth rate
as a function of varying the amount of sorbitol under different tetracycline concentra-
tions, three-dimensional (3D) plots were constructed with the culture turbidity at 600
nm and the concentration of sorbitol as the axes. Figure S5A depicts the growth of R67
DHFR-pKTS-complemented LH18 cells in BV minimal media containing 0, 50, 100, and
200 ng/ml tetracycline. Without tetracycline, there was no growth. Increased growth
occurred with increasing tetracycline concentrations. Figure S5B also shows the growth
curves of the parent strains NM522 and NM522 thyA. Growth of the parent strains was
faster than that of the pKTS-complemented strains, consistent with the hypothesis that
use of the pKTS plasmid allows lower levels of protein concentration/activity than
provided by the chromosome (27).

Addition of betaine to osmotic stress titrations enables growth to higher
osmolalities. When glycine betaine is added to the growth medium, it becomes the

predominant osmolyte in the cell (7). Betaine is an osmoprotectant that functions by
preferential exclusion from protein surfaces (51), which results in it often being used to
fold proteins (52–54).

To study the effect of added betaine, we redid our sorbitol titrations of LH18
carrying the R67 DHFR-pKTS plasmid with 1 mM betaine in the agar plates. The cells
with the deletion and complemented cells grew until osmolalities between 1.81 and
2.22 were reached in media supplemented with thymidine, adenine, pantothenate,
glycine, and methionine (Fig. S6). Addition of betaine increased the osmolality to which
cells were able to grow (7). When the complemented cells were plated on minimal
medium, they also tolerated much higher osmolalities when grown in the presence of
1 mM betaine. The R67 DHFR-pKTS-complemented LH18 strain grew confluently at 0.71
osmol; however, many overgrowing colonies were observed at osmolalities between
0.98 and 1.67. The Quad4-pKTS-complemented LH18 cells grew to 1.97 osmol; however,
no growth was observed at 2.15 osmol. These results were similar to growth of the
LH18 strain with the deletion in supplemented media. Liquid titrations of deletion and
complemented strains were done using sorbitol as the osmotic stressor. Trends similar
to those seen for the agar plates were observed (Fig. S6C). The ability of betaine to
extend growth to higher-osmolality conditions supports the hypothesis that water
activity played a role in our experiments.

Can osmotic stress titrations apply to other folate pathway enzymes? To test

whether the activity of other folate-utilizing enzymes could be titrated by in vivo
osmotic stress conditions, we used methylene tetrahydrofolate reductase (MTHFR;
encoded by the metF gene) and serine hydroxymethyl transferase (SHMT; encoded by
the glyA gene). Summaries of these 2 enzymes are provided in Table 1.

The metF and glyA genes from E. coli were cloned into the pKTS plasmid. Tetracy-
cline titrations showed that 100 ng/ml tetracycline allowed the ΔmetF cells carrying the
MTHFR-pKTS plasmid to grow in minimal medium, while 75 ng/ml tetracycline allowed
the ΔglyA cells carrying the SHMT-pKTS cells to grow confluently in minimal medium
(data not shown).

Nambiar et al. Applied and Environmental Microbiology

October 2018 Volume 84 Issue 19 e01139-18 aem.asm.org 8

https://aem.asm.org


In vivo titrations of methylene tetrahydrofolate reductase activity. MTHFR is
functional as a homotetramer and catalyzes the reduction of 5,10-methylene-THF to
5-methyl-THF using NADH and FAD as cofactors. The 5-methyl-THF product is used by
methionine synthase to produce methionine from homocysteine.

Addition of 100 ng/ml tetracycline to the MTHFR-pKTS-complemented ΔmetF strain
resulted in cell growth in minimal medium lacking methionine. Figure 6 shows our in
vivo sorbitol titrations. All strains grew confluently on media supplemented with
methionine until 1.30 osmol was reached. Sparse growth was observed at 1.64 osmol.
In contrast, two different colonies of the complemented strain (ΔmetF � MTHFR-pKTS)
showed confluent growth on minimal medium until �0.62 osmol was reached, after
which growth was dominated by isolated, overgrowing colonies. No growth was
observed at osmolalities of �1.17. Since the complemented strains did not grow under
high-osmolality conditions (1.17 osmol, minimal medium), while the parent strain grew
well at 1.30 osmol (medium supplemented with methionine), we conclude that the
MTHFR activity can be titrated by osmotic stress in vivo.

Figure S7 shows titration of the ΔmetF strains using NaCl. Results similar to those
with sorbitol were obtained, as all cells grew until 1.35 osmol was reached on
methionine-supplemented medium. However, the complemented cells showed con-
fluent growth on minimal medium until 0.22 osmol, with suppressor colonies until 0.48
osmol was reached and no growth after 0.71 osmol.

Doubling times of these strains in liquid media were also obtained, and the values
are listed in Table S2. With increasing sorbitol stress, the growth rate of all strains
decreased (see Fig. S8A). As with the agar plates, the deletion cells could survive in
higher osmolalities in media supplemented with methionine than the complemented
cells in minimal medium. A similar pattern was observed when NaCl was added to the
media (Fig. S8B).

In vivo titrations of serine hydroxymethyl transferase activity. SHMT is a ho-
modimer that interconverts glycine and serine using 5,10-methylene-THF, THF, and
pyridoxal phosphate. It can also catalyze the conversion of 5,10-methenyl-THF to
5-formyl-THF (55). While this enzyme can also catalyze retroaldol cleavage, racemase,
aminotransferase, and decarboxylase reactions (56), Contestabile et al. (57) suggest that
the SHMT reaction is its primary in vivo function. Both serine and glycine are required
for growth of ΔglyA cells. Transformation of the ΔglyA cells by SHMT-pKTS restored
prototrophy to the strain in the presence of �75 ng/ml tetracycline. Sorbitol titrations
of cell growth are shown in Fig. 7. Control titrations showed that all cells grew in BV

FIG 6 Osmotic stress severely impairs the growth of the metF-complemented strains in minimal medium. Panel A shows the growth of the metF deletion and
metF-complemented strains in minimal medium supplemented with methionine and kanamycin. BW25113 does not grow due to the presence of kanamycin.
Osmotic stress was induced by the addition of sorbitol to the media. Panel B shows growth of the deletion strain carrying the MTHFR-pKTS plasmid where
protein production was induced by addition of 100 ng/ml tetracycline. Cells in panel A grew until osmolalities between 1.30 and 1.64 were reached, while cells
in panel B grew to 0.62 osmol (confluent growth). Table S1 lists the osmolalities at which cells stop growing. The drawings show how the cultures are streaked.
Two independent colonies were streaked per transformant. Figure S4 shows how BW25113 is affected by increasing sorbitol concentrations.
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media supplemented with glycine and serine until 1.38 osmol was reached. However,
in minimal medium, the cells with the deletion complemented by the SHMT-pKTS
plasmid grew confluently only until 0.92 osmol was reached; single colonies predom-
inated from 1.23 to 1.3 osmol, while cell growth stopped at higher osmolalities.

The osmotic stress titrations were repeated using NaCl (see Fig. S9). Trends similar
to those with sorbitol were observed, although NaCl had a more pronounced effect.

Osmotic stress titrations were also performed in liquid media. Table S2 provides the
doubling times, while Fig. S10 shows the growth rates. The behavior was similar to that
observed in the agar plates, with the complemented cells not being able to survive
high-osmolality conditions on minimal media, while the cells with the deletion could
grow on media supplemented with glycine and serine.

Can the activity of chorismate mutase be titrated with osmotic stress? To test
whether another enzyme can undergo in vivo osmotic stress titrations of catalytic
activity, we used a chorismate mutase gene (aroQ) that was initially cloned into the
pKTS plasmid (27). Chorismate sits at a metabolic branch point, and this enzyme
commits chorismate to phenylalanine and tyrosine production. A gene encoding a
mutant chorismate mutase was used where insertion of 5 amino acids in the middle of
a helix in the protein resulted in a hexamer with an approximately 600-fold decrease in
activity (58). This truncated mutant gene cloned in pKTS was then transformed into a
CM-deficient strain (KA12/pKIMP-UAUC) to create a complemented strain (59, 60).

The chorismate mutase-deficient strain grew in media supplemented with tyrosine
and phenylalanine, whereas prototrophy was restored in the CM-pKTS-complemented
cells by the addition of �200 ng/ml tetracycline. As shown in Fig. 8, osmotic stress
experiments with increasing sorbitol concentrations allowed the CM-deficient cells
grown on media supplemented with tyrosine and phenylalanine to survive until 1.14
osmol was reached, with sparse growth seen at 1.35 osmol. The complemented cells
showed confluent growth until 0.65 osmol was reached on minimal medium. An
increasing number of overgrowing colonies dominated the growth from 1.04 to 1.17
osmol, with no growth at 1.40 osmol. From these titrations, it appears that CM activity
can be titrated by osmotic stress.

Suppressors in the SsrA tag. Streaks on agar plates allow us to discern where
confluent growth diverges from single-colony growth. We monitored agar plate growth
daily and initially found confluent growth. After about 2 days, overgrowing colonies
started to appear at lower tetracycline or higher sorbitol concentrations. Figure S11
shows a sample time course of colony growth as a function of time for the MTHFR-
pKTS-rescued ΔmetF cells.

FIG 7 Addition of sorbitol to the growth media impacts the growth of the glyA-complemented strains. Panel A shows the growth patterns in BV supplemented
medium containing serine and glycine. Panel B shows how the cells grew on minimal medium plus 75 ng/ml tetracycline. Cells in panel A grew until osmolalities
between 1.38 and 1.71 were reached, while cells in minimal medium (B) grew until 0.92 osmol was reached (mat growth). Table S1 lists the osmolalities at which
cells stop growing. The drawings at the right show how cultures were streaked on the plates. Two independent colonies were streaked per transformant. Figure
S4 shows the titrations for BW25113.
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Twenty overgrowing colonies from each of the ΔfolA, ΔglyA, and ΔmetF knockout
strains carrying their respective genes in the pKTS plasmid were subcultured in medium
containing 1 M sorbitol. Plasmid DNA was extracted and retransformed into the
appropriate parent strain. Typically �10 colonies continued to grow on 1 M sorbitol
medium, suggesting that many original colonies had chromosomal mutations. DNA
sequencing of the plasmids showed mutations in the SsrA tag or introduction of a stop
codon near the end of the gene or in the SsrA tag sequence (see Table S3).

That all these mutations alter or delete the SsrA tag suggests a common mechanism
of suppression, e.g., an increase in enzyme activity due to enhanced protein produc-
tion. This points to the enzyme activity being limiting in the cell. This behavior has
previously been observed by the Hilvert group in suppressors of chorismate mutase
(27).

Are the observed effects bacteriostatic or bactericidal? CFU were measured for
the R67 DHFR-pKTS-rescued LH18 strain as well as the MTHFR-pKTS-rescued ΔmetF
strain and the SHMT-pKTS-rescued ΔglyA strain. Cells were incubated in several sorbitol
concentrations, ranging from 0 to 1.75 M, for up to 48 h. Complemented strains
inoculated into BV minimal medium plus the appropriate tetracycline concentration did
not grow at higher osmolalities, and dilutions of these cultures at 0, 24, and 48 h
showed similar CFU (data not shown), indicating bacteriostatic effects (41, 61–63).

DISCUSSION

The complexity and heterogeneity of the cell provide many possible scenarios for
how and why our osmotic stress titrations of enzyme activity may occur. Table 2 lists
a few of the important variables, which include protein concentration, the activity of
the enzyme under cellular conditions, how the various solutes interact, and the identity
of the osmolytes in E. coli.

A prime consideration is the protein concentration, which needs to be tightly controlled.
Since E. coli is normally able to grow until �1.9 osmol is reached (7), the protein dose needs
to be lower than that offered by chromosomal expression. The tunable plasmid pKTS
provides a path to achieve low expression levels via use of the Ptet promoter and the SsrA
degradation tag. Additionally, protein stability (and thus turnover) can be affected by the
presence of osmolytes (64, 65), crowders (21, 66, 67), and/or volume exclusion (68, 69). Both
stabilization (64, 66) and destabilization (66, 67) have been observed.

A second important parameter is the available ligand concentration. For example,
the glutamate tail of folate prefers to interact with water, while the pterin and benzoyl
groups prefer to interact with betaine (13). If the weak folate-osmolyte or folate-
crowder interactions are more difficult to break than the folate-water interaction, then

FIG 8 Effects of sorbitol on chorismate mutase function in vivo. Panel A shows the growth of the deletion and complemented cells in medium supplemented
with tyrosine and phenylalanine. Panel B depicts the growth pattern in minimal medium plus 200 ng/ml tetracycline. Cells in supplemented medium (A) can
grow until osmolalities between 1.35 and 1.82 are reached, while cells in minimal medium (B) can grow confluently until osmolalities between 0.65 and 1.04
are reached. Table S1 lists the osmolalities at which cells stop growing.
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binding to an enzyme partner is weakened (or, restated, the binding equilibrium is
shifted toward the free, unbound enzyme). This type of situation occurs with DHFR
function in vitro (8–10). It may also apply to ATP, as an all-atom molecular dynamics
model of the Mycoplasma genitalium cytoplasm found ATP often associated with
protein surfaces (66). Most recently, ATP has been suggested to act as a biological
hydrotrope, being able to decrease protein aggregation and liquid-liquid phase tran-
sitions (70). In these examples, ligands weakly interact with macromolecular surfaces. If
dissociation from these surfaces is slower than desolvation, then the concentration of
free ligand available for binding to its specific enzyme partner is decreased. Addition-
ally, Zotter et al. have recently studied TEM1 �-lactamase activity in HeLa cells (71). As
the logP for the microinjected substrate is 4.5, they found slower diffusion rates than
for a fused mCherry-lactamase construct. They modeled the reaction as having a soft
interaction with macromolecule(s) X and proposed release of substrate from X as the
slow step in the in vivo reaction.

TABLE 2 Potential contributing factors associated with in vivo titrations

Variable Mode of modulation

Protein concn Removed in knockout E. coli strains; readded at tunable levels using the Ptet promoter and tetracycline in
pKTSa

Minimized via use of SsrA degradation tag in pKTSa

Proteins can be stabilized or destabilized by interaction with osmolytesb and/or crowders.c

Enzyme activity can be modulated by interactions with neighboring macromolecules.d

Altered protein expression levels possible due to osmotic stresse

May be affected by folding mechanism associated with oligomerization; e.g., if monomer can fold coming off
the ribosome, it may be more stable than if an unfolded monomer needs another monomer to be
synthesized to form a dimer

Enzyme activity kon and koff rates as well as kcat/Km can be altered by interaction with crowders as well as increased viscosity
upon addition of osmolytes and/or crowders. At high substrate concn, if chemistry is rate determining,
then viscosity will likely have minimal effects.f

Substrate capture (e.g., kcat/Km) can be rate determining at low substrate concn.g

If enzyme activity is inhibited by osmotic stress, the substrate concn will rise.
Substrate concn in cell Weak interaction of ligands with osmolytes, for example, folate interaction with trehalose and betaine, can

lower the concn of free ligand.h

Cofactor concn in cell Weak interaction of ligands with macromolecular surfaces; for example, folate interaction with lysozyme, BSA,
and others can lower the concn of free ligand.i

Gene knockout results in buildup of the substrate concn for the encoded enzyme.
No metabolomics information on folate redox state concn or NADPH in E. coli under osmotic stressj

Exclusion of osmolytes from NADPH can tighten binding.k

Domino effects Buildup in substrate concn of inhibited enzymes can inhibit other enzymes in pathway. For example,
inhibition of DHFR by trimethoprim results in buildup of DHF concn, which, in turn, inhibits folyl-
polyglutamate synthase.l

Inhibition of one enzyme will deplete the concn of its product, which, as the substrate of another enzyme,
will reduce this rate as well. For example, a mathematical model of folate liver metabolism predicts that
�90% inhibition of DHFR is necessary to affect thymidylate synthase activity.m

Identity of osmolytes in E. coli Normally trehalose is produced as an osmoprotectant against low-water conditions.n Addition of betaine to
the media results in its uptake and higher growth rates due to the preferential exclusion mechanism. Cells
cannot grow when no free water remains (�1.9 osmol).o

Addition of betaine switches E. coli to fermentative pathways at high NaCl concn.p

aFrom reference 27.
bFrom references 64 and 65.
cFrom references 21, 66, and 67.
dFrom references 21, 98, and 99.
eFrom references 48 and 100 to 104.
fFrom references 75 to 80.
gFrom references 105 to 107.
hFrom references 8 to 11 and 13.
iFrom unpublished data and references 11 and 71. BSA, bovine serum albumin.
jFrom reference 108.
kFrom references 8 to 10.
lFrom reference 72.
mFrom reference 109.
nFrom reference 110.
oFrom reference 7.
pFrom reference 100.
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Ligand concentration can also be altered by use of a deletion strain or an inhibitor
or decreased enzyme expression levels. With low to no enzyme activity, the concen-
tration of its substrate builds up. This can provide a domino effect if the increased
substrate concentration inhibits another enzyme in the pathway. An example of this is
inhibition of chromosomal E. coli DHFR by trimethoprim, which results in an increased
DHF concentration, which, in turn, inhibits folyl-polyglutamate synthase (72). A related
factor upon enzyme inhibition is loss of its product, which can limit the activity of
downstream enzymes (73).

A third issue is how enzyme activity can be modulated by osmolytes and/or
crowders. Enzyme activity can be either enhanced or decreased in vitro, depending on
the identity of the enzyme, ligand, and osmolyte or crowder added. Activities that are
enhanced likely follow a preferential exclusion model in which osmolytes are excluded
from protein surfaces (74), while activities that are decreased likely follow a preferential
interaction model in which osmolytes act as a cosolvent and interact with the protein
or ligand surface, albeit weakly. Acosta et al. summarized crowding effects for 32
different studies and concluded that “a one-size-fits-all theory cannot fully reduce or
explain the effects of crowding on enzyme kinetics” (75). A related issue is altered
viscosity, which can diminish enzyme activity by affecting either substrate binding or
product release or altering any conformational changes in the enzyme (76–81). Most
enzymes listed in Table 1 have chemistry as their rate-determining steps, suggesting
that viscosity effects might be minimal under saturating substrate conditions. Also, as
shown in Fig. 4, Quad4-pKTS allowed growth of the ΔfolA cells at 1.06 osmol, while R67
DHFR-pKTS allowed growth to �0.87 osmol (a larger difference would exist if confluent
lawns are considered versus single-colony growth). Quad4 may serve as an internal
control for R67 DHFR, as presumably the internal viscosity of the E. coli cells would be
higher under the higher-osmolality conditions. These various considerations suggest
that viscosity effects could play a role but likely do not dominate.

Another factor is the identity of the osmoprotectants produced by the organism in
response to osmotic stress. E. coli produces trehalose, K�, and glutamate in response to
osmotic pressure (3–6). E. coli takes up betaine when it is added to media; this typically
allows cells to grow to higher osmolalities, as betaine has been proposed to be the
most excluded osmolyte from protein surfaces (7, 51). The preferential interaction
coefficient (�23/RT) measures whether a molecule prefers to be solvated by water or to
interact with osmolytes present. Table S4 provides predicted �23/RT values for the
substrates of the enzymes involved in this study with respect to trehalose and betaine.
A positive value indicates a preference for solvation by water, while a negative value
supports interaction with the osmolyte. A value of zero indicates that osmolyte and
water interact equally well. All the folates show negative to zero values, suggesting
their likely interaction with trehalose, betaine, and/or protein surfaces displaying these
functional groups.

Even though the above discussion indicates that many factors may be involved, the
prime effect in our experiments appears to be a decreased enzyme activity, modulated
by the protein concentration and/or the availability of substrate. Another possibility is
enzyme-osmolyte interactions that decrease kcat or kcat/Km. This statement arises from
the above discussion as well as the pKTS plasmid, which lets us target the effect of a
low protein dose for one specific protein in osmotic stress. Here we consider that all the
strains are related and have sufficient protein doses to grow at high osmolalities except
for the strain that underexpresses one protein. While the osmotic stress conditions
could affect other proteins, their dose is sufficiently high to be able to tolerate these
environmental changes. Rather it is the low-dose enzyme that is sensitive to the altered
milieu.

Which titrations worked and why? The activities of wt R67 DHFR, SHMT, MTHFR,
and CM are titratable in vivo by osmotic stress. One parameter associated with these
enzymes is that they all have relatively low kcat values (Table 1). This likely enables
titration of enzyme activity.
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Another observation is that all these enzymes are oligomers, which allows presen-
tation of multiple SsrA tags. Avidity effects due to multiple SsrA tags may aid prote-
olysis. Also, folding pathways that involve unfolded monomeric intermediates could
play a role.

While the folate pathway enzymes were predicted to be titratable based on their
�23/RT values (see Table S4), our results with chorismate mutase were a surprise. Why
might the activity of CM be sensitive to osmotic stress in vivo? Possibly the hexameric
mutant CM protein is unstable at low concentrations. Additionally, the presence of six
SsrA tags should lead to rapid degradation. Another possibility is effects of the
osmolytes on the enzyme.

Conclusion. Mutations that provide some resistance to osmotic stress in bacteria
identify differential expression of RNA polymerases, overproduction of osmolytes,
increased transport of osmolytes, defective N-acetylglucosamine catabolism, and mu-
tations in the cell shape-regulating protein MreB (82–85). In contrast, we took an
underexpression approach and found that in the absence of external osmolyte, four
different complemented strains can grow in minimal medium at a low protein dosage.
However, placing these cells under high-osmolality conditions blocks growth. What is
it about this combination of high osmolality and low enzyme activity that inhibits cell
growth? Our in vitro studies suggest that water activity is critically important to catalytic
efficiency and that weak folate-osmolyte interactions likely play a role, making it more
difficult for proteins to find and bind their substrates/inhibitors/cofactors. While other
factors may also be important (Table 2), our study introduces the new possibility of
osmolyte/crowder interactions with ligands influencing catalytic efficiency in vivo. This
scenario could be an example of negative design, as these difficulties are not normally
seen: protein expression levels are sufficient to allow cell growth at high osmolalities,
indicating that E. coli has evolved to deal with variations in the osmotic environment.
Further study will let us know whether these titrations are restricted to folate metab-
olism or whether the activities of other enzymes can be titrated.

MATERIALS AND METHODS
Bacterial strains. The strains used in this work are listed in Table 3. The thyA ΔfolA::kan strain (named

TABLE 3 Strains and plasmids used in this study

Strain or plasmid Source Genotype or description

Strains
DH5� Invitrogen F� �80lacZΔM15(lacZYA-argF) U169 recA1 endA1 hsdR17 (rK

� mK
�) phoA supE44

�� thi-1 gyrA96 relA1
NM522 Howella supE thi Δ(lac-proAB) Δ(mcrB-hsdS) (r– m–) [F= proAB lacIqZΔM15]
NM522 thyA Howella supE thi Δ(lac-proAB) hsdS (r� m�) [F= proAB lacIqZΔM15] thyA
LH18 Howella NM522 thyA ΔfolA::kan
BW25113 CGSC F� Δ(araD-araB)567 ΔlacZ4787(::rrnB-3) �� rph-1 Δ(rhaD-rhaB)568 hsdR514
JW2535-1 CGSC BW25113 ΔglyA725::kan
JW3913-1 CGSC BW25113 ΔmetF728::kan
KA12/pKIMP-UAUC Colquhounb Δ(srlR-recA)306::Tn10 Δ(pheA-tyrA-aroF) thi-1 endA-1 hsdRl7 Δ(argF-lac) U169

supE44. The strain is complemented by the pKIMP plasmid (�pACYC184,
which confers chloramphenicol resistance and carries the pheC and tyrA
genes), which restores Phe and Tyr biosynthetic pathways.

Plasmids
CM-pKTS Kast and Hilvertc Ampicillin resistance, Ptet promoter control of CM expression, SsrA tag added
R67 DHFR-pKTS This studyd Ampicillin resistance, Ptet promoter control of R67 DHFR expression, SsrA tag

added, trimethoprim resistance when protein expressed
Quad4-pKTS This studyd Ampicillin resistance, Ptet promoter control of Quad4 expression, SsrA tag added,

trimethoprim resistance when protein expressed
MTHFR-pKTS This studyd Ampicillin resistance, Ptet promoter control of MTHFR expression, SsrA tag added
SHMT-pKTS This studyd Ampicillin resistance, Ptet promoter control of SHMT expression, SsrA tag added

aFrom reference 38.
bFrom references 59 and 60.
cFrom reference 27.
dCloning details provided in supplemental material.
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LH18) was constructed in 1988 (38). The Keio deletion strains (86) for metF and glyA were procured from
the Coli Genetic Stock Center (CGSC; http://cgsc2.biology.yale.edu/). The deletion strains were unable to
grow on Bonner-Vogel (BV) minimal media containing 40 �g/ml guanine, 50 �g/ml tyrosine, histidine,
and tryptophan, and 1 mM thiamine (39). The ΔfolA::kan strain required addition of 200 �g/ml thymidine,
30 �g/ml adenine, 10 �g/ml pantothenate, and 50 �g/ml glycine and methionine for growth (87). The
ΔmetF::kan strain required addition of methionine (50 �g/ml), while the ΔglyA::kan strain needed glycine
and serine (50 �g/ml each) for growth. Kanamycin (50 �g/ml) was added to select for the deletion strain.
Bonner-Vogel media for the chorismate mutase aroQ deletion strain included 20 �g/ml phenylalanine,
20 �g/ml tyrosine, and 20 �g/ml chloramphenicol (60).

Plasmids. Table 3 also lists the plasmids used. The pKTS plasmid was obtained from Donald Hilvert
and Peter Kast (ETH Zurich) (27). This plasmid enables control of gene expression via the Ptet promoter.
Addition of a C-terminal SsrA degradation tag targets the expressed protein to the ClpX protease,
decreasing the gene product concentration in vivo. The protein expression level can be less than that
associated with expression of the gene from the E. coli chromosome. The plasmid also confers ampicillin
resistance.

A supplemental data section and Table 4 describe mutagenesis to add NdeI and XhoI restriction
enzyme sites to the genes encoding methylene tetrahydrofolate reductase (MTHFR; metF) and serine
hydroxymethyl transferase (SHMT; glyA). These constructs were then cloned into the pKTS plasmid. The
R67 DHFR and Quad4 genes were synthesized by GenScript with NdeI and XhoI sites. All gene sequences
were confirmed at the Molecular Biology Resource facility (University of Tennessee, Knoxville, TN).

Complementation. Each deletion strain was transformed with several pKTS constructs. The deletion
strain was complemented with the pKTS vector containing the corresponding gene; these are the
complemented or rescued strains. The complemented strains could grow on minimal medium contain-
ing tetracycline, indicating that the plasmid restored prototrophy to the bacteria. For example, the ΔmetF
strain was complemented by transformation with the MTHFR-pKTS clone. Vector controls consisted of
deletion strains transformed with the pKTS vector containing genes encoding other folate pathway
enzymes. For example, transformation of the ΔmetF strain by the SHMT-pKTS or R67 DHFR-pKTS plasmid
did not rescue cells from methionine auxotrophy (data not shown).

Tetracycline titrations. The complemented strains were grown overnight in Luria-Bertani broth with
50 �g/ml kanamycin and 100 �g/ml ampicillin. The cells were centrifuged and the pellet washed with
1� BV salts (39). These steps were repeated and the cell pellet was resuspended in 1� BV salts to a
turbidity of 1.0 at 600 nm; 10 �l of solution was then streaked on solid media. The plates contained 50
�g/ml kanamycin, 100 �g/ml ampicillin, and various tetracycline concentrations (0, 10, 25, 50, 75, 100,
200, and 500 ng/ml). The plates were incubated at 37°C for up to 5 days. Good growth was defined as
confluent growth without an overlay of single (suppressor) colonies. Table 5 lists the tetracycline
concentrations used for each construct.

Osmotic stress titrations. Once the appropriate tetracycline concentration was determined, osmotic
stress titrations were performed. As described above, cells were streaked on BV minimal media containing
different concentrations of sorbitol or NaCl and growth was monitored for up to 5 days at 37°C. The plates
were incubated in the dark. To determine if the results of our osmotic stress titrations were affected by the
identity of the major osmolyte present in the cell, BV medium containing 1 mM betaine was used.

The water activity of the solid medium was measured at room temperature using an AquaLab dew
point water activity meter 4TE (Decagon Devices, Inc., Pullman, WA). Then, the osmolality was calculated
using equation 1:

Osmolality 	
ln AH2O


0.018
(1)

where AH2O is the water activity.
A positive control is the growth of the cells on BV-supplemented media containing increasing

concentrations of sorbitol or NaCl. This allows discrimination between the lack of cell growth due to loss
of free water in the cell (7) from the effect of osmolytes on enzyme activity. Each experiment was done
at least in duplicate.

Osmotic stress titrations of trimethoprim resistance. The activity of chromosomal E. coli DHFR is
inhibited by trimethoprim, but R67 DHFR provides resistance to this drug. E. coli strain DH5� was
transformed with R67 DHFR-pKTS or Quad4-pKTS vectors. The ability of these clones to confer TMP
resistance was assessed by the ability of the transformed cells to grow on BV minimal media containing
20 �g/ml TMP, 100 �g/ml ampicillin, 100 ng/ml tetracycline, and various concentrations of sorbitol (0 to
1.50 M). The plates were incubated at 37°C and cell growth was observed for 5 days. As a control to

TABLE 4 List of PCR primer sequences used to introduce NdeI and XhoI restriction enzyme sitesa

Enzyme (plasmid) Primer sequence

MTHFR (pCAS30) 5= TATTTACATATGAGCTTTTTTCACGCCAGC 3= (NdeI)
5= AAGGGGTTATGCTAGTTATTGCTCA 3= (reverse primer)

SHMT (pBSGlyA) 5= GGGAGGAGGCATATGTTAAAGCGTGAAATGAACATTGCCGATTATGATGCC 3= (NdeI)
5= GAGAGAGAGCTCGAGTGCGTAAACCGGGTAACGTGC 3= (XhoI) (reverse primer)

aIntroduced restriction enzyme sequences are underlined.
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evaluate the concentration of sorbitol that blocked DH5� growth, cells were grown on BV minimal media
with increasing sorbitol concentrations but without antibiotics.

Isolation and characterization of suppressors. Overgrowing colonies were frequently observed on
plates with low tetracycline concentrations and/or high osmotic stress conditions. Plasmids were isolated
from these colonies and retransformed into the appropriate deletion cells. Plasmid DNA from those
transformants that were still able to grow on media containing 1 M sorbitol were sequenced to identify
the mutation(s).

Measurement of growth in liquid media and doubling time calculations. Cell growth was
monitored on an automated 96-well plate reader (BioTek Cytation 5) in liquid BV minimal medium with
shaking at 37°C. Turbidities at 600 nm of triplicate samples were observed every 20 min for 36 h. A
gas-permeable sealing membrane (Breathe Easy; Diversified Biotech) for microtiter plates (Costar; 3370)
reduced evaporation. Osmotic stress was applied using either sorbitol or NaCl. The osmolality of liquid
medium was measured with a vapor pressure osmometer (VPO; Wescor Vapro; 5520). Natural log values
of absorbance were plotted against time to obtain the slope, which was used to calculate the doubling
time (DT) as per equation 2:

DT 	 ln(2) ⁄ slope (2)

The solution osmolality increased �5% over 24 h. At longer times (36 h), the osmolality increased by
�11%. The water activity meter is typically used to measure dry, solid foods while the VPO measures
solutions. This difference in sample type led us to standardize and compare the Aqualab dew point water
activity meter with the Vapro pressure instrument. The osmolalities of standard solutions with
increasing concentrations of sorbitol (0 to 1.5 M) or NaCl (0 to 0.7 M) were determined using both
instruments. A graph of the osmolalities from these two different instruments was used to correct
the AquaLab values.
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TABLE 5 Antibiotic concentrations and supplements used for each strain

Strain

Antibiotic
Supplement(s) for growth
in minimal mediaKanamycin Ampicillin Tetracycline

DH5� NAa NA NA NA
DH5� � R67 DHFR-pKTS NA (20 �g trimethoprim/ml) 100 �g/ml 100 ng/ml NA
DH5� � Quad4-pKTS NA (20 �g trimethoprim/ml) 100 �g/ml 100 ng/ml NA
NM522 NA NA NA NA
NM522 thyA8 NA NA NA 200 �g/ml thymidine
LH18 (ΔfolA) 50 �g/ml NA NA 200 �g/ml thymidine, 50

�g/ml methionine and
glycine, 30 �g/ml
adenine, 10 �g/ml
pantothenate

LH18 (ΔfolA) � R67 DHFR-pKTS 50 �g/ml 100 �g/ml 200 ng/ml for agar plates
(100 for liquid media)b

NA

LH18 (ΔfolA) � Quad4-pKTS 50 �g/ml 100 �g/ml 200 ng/ml for agar plates
(100 ng/ml for liquid
media)

NA

BW25113 NA NA NA NA
JW3913-1 (ΔmetF) 50 �g/ml NA NA 50 �g/ml methionine
JW3913-1 (ΔmetF) �

MTHFR-pKTS
50 �g/ml 100 �g/ml 100 ng/ml for agar plates

(75 ng/ml for liquid
media)

NA

JW2535-1 (ΔglyA) 50 �g/ml NA NA 50 �g/ml glycine and
serine

JW2535-1 (ΔglyA) �
SHMT-pKTS

50 �g/ml 100 �g/ml 75 ng/ml for agar plates
(50 ng/ml for liquid
media)

NA

KA12/pKIMP-UAUC NA (50 �g/ml chloramphenicol) NA NA 50 �g/ml phenylalanine
and tyrosine

KA12/pKIMP-UAUC � CM-pKTS NA (50 �g/ml chloramphenicol) 100 �g/ml 200 ng/ml NA
aNA, not applicable.
bWe used 200 ng/ml of tetracycline for the LH18::ΔfolA � R67 DHFR-pKTS titration, compared to 100 ng/ml for DH5�� R67 DHFR-pKTS, to avoid overgrowing
colonies at lower osmotic stress.
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