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SUMMARY

The mechanism of antimicrobial action of hexahydro-1,3,5-tricthyl-s-triazine (HHTT) was studied using
the HHT T-resistant isolate, Pseudomonas putida 3-T-152, its HHTT-sensitive, novobiocin-cured derivative,
P. putida 3-T-152 11:21, P. putida ATCC 12633, Pseudomonas aeruginosa PAO1 and Escherichia coli ] S53(RP4).
HHTT was oxidized by P. putida 3-T-152, while respiration of P. putida 3-T-15% 11:21 was inhibited by
HHTT. Chemical assays showed that HHTT released formaldehyde. P. putida 3-T-15% was highly resistant
to formaldehyde, while P. putida 3-T-15? 11:21 was highly sensitive to formaldehyde. Both HHTT and
formaldehyde acted similarly to inhibit proline uptake in bacterial cells and to inhibit the synthesis of the
inducible enzymes, f-galactosidase and glucose-6-phosphate dehydrogenase. HHTT did not have uncou-
pler-like activity. P. putida 3-T-15% used either HHTT or ethylamine, a component of HHTT, as a nitrogen
source for growth, but neither HHTT, ethylamine or formaldehyde served as a carbon and energy source for
growth. We concluded that a major mechanism of antimicrobial action of HHTT was through its degradation

product, formaldehyde.

INTRODUCTION

Recent work from our laboratory has focused
on microbial resistance to industrial biocides. Can-
dal and Eagon [5] studied 16 isolates of Pseudo-
monas strains that showed various resistance pro-
files to four industrial biocides and to certain heavy
metals. These organisms were cultured from bioci-
de-treated kaolin slurries and, in one instance, from
paint. Many of the isolates were resistant to antim-
icrobial agents to which they had no known prior
exposure. One to four plasmids were detected in
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each of the biocide-resistant strains. Recently, Hall
and Eagon [10] presented indirect evidence that re-
sistance to one of the four biocides tested, hexah-
ydro-1,3,5-triethyl-s-triazine (HHTT) was plasmid-
mediated in at least one Pseudomonas putida isolate.

Many industries depend upon the use of biocides
to control unwanted microbial growth. Thus, the
occurrence of biocide-resistant organisms in prod-
ucts of such industries presents a serious problem.
Moreover, the use of biocides is regulated in some
cases by the Food and Drug Administration
(FDA), in other cases by the Environmental Pro-
tection Agency (EPA), and, in still other cases, by
both regulatory agencies. This severely limits the
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numbers and types of biocides that an industry is
permitted to use. Curiously, little information has
been reported in the literature on the mechanism of
antimicrobial action of industrial biocides. Even
less information has been reported on the mech-
anism of microbial resistance to biocides. With this
in mind, we selected HHTT as a model system to
study. The purpose of the experiments in this arti-
cle, therefore, was to élucidate the mechanism of
antimicrobial action of HHTT.

MATERIALS AND METHODS

Organisms. The HHTT-resistant organism used
in this study was one of several Pseudomonas strains
originally isolated from contaminated kaolin slur-
ries that had been treated with industrial biocides
[5]. This organism was later identified as Pseudo-
monas putida [10] and given the strain designation
3-T-15%. The HHTT-sensitive, novobiocin-cured
derivative of this strain was designated P. putida
3-T-152 11:21 [10]. P. putida ATCC 12633, Pseu-
domonas aeruginosa PAOl and Escherichia coli
J53(RP4) were also used in this study as control
and test organisms and for comparative purposes.

P. putida 3-T-152 was maintained on Luria (L)
agar plates (10 g tryptone, 5 g yeast extract, 10 g
NaCl, 15 g agar and deionized water to 1 liter) con-
taining in final concentration 500 ppm HHTT (v/v).
All other organisms were maintained on L-agar
slants stored at room temperature and transferred
every 2-3 weeks.

Cultivation of organisms. The organisms were
cultivated aerobically on a rotary shaker at 30°C in
the chemically defined basal salts medium pre-
viously reported [9] and supplemented with either
11 mM glucose (BSG) or 40 mM succinate (BSS).
The organisms were harvested in late exponential
phase by centrifuging (4°C) at 8000 x g and wash-
ing with 0.01 M potassium phosphate buffer, pH
7.5. These washed cells were used in the subsequent
experiments with the exception of the p-galactosi-
dase experiment.

Formaldehyde determinations. HHTT was exam-
ined for formaldehyde release using both the 2,4-

pentanedione reagent [16] and the phenylhydrazine
hydrochloride reagent [19]. Reagent grade formalin
was used as the formaldehyde standard.

Respirometry. The effect of HHTT on oxygen
uptake in P. putida 3-T-15% and 3-T-15% 11:21 was
studied by the manometric technique [20} using a
Gilson IC-14 differential respirometer (Gilson
Medical Electronics, Middleton, NJ). For this
study, washed BSG-grown cells were suspended in
0.01 M potassium phosphate buffer, pH 7.5, to a
concentration of approx. 1 mg protein/ml buffer.
Each reaction flask contained in final concentra-
tion: 1 ml cell suspension; 1.5 ml 0.01 M potassium
phosphate buffer, pH 7.5; 5 umol glucose (when
used), and various concentrations of HHTT as ap-
propriate in a total volume of 3 ml. All fiasks con-
tained 0.2 ml of 20% (w/v) KOH in the center well
to absorb CO,.

Proline uptake. The effect of formaldehyde and
HHTT on the uptake of ['*Cjproline was deter-
mined by the conventional membrane filtration
procedure. The organisms were grown in BSG,
washed in 0.01 M phosphate buffer, pH 7.5, and
suspended in the same buffer to a density of 1 g wet
weight/20 ml buffer. Incubation mixtures, held in
16 x 125 mm borosilicate tubes on a reciprocal
shaking water bath a 30°C, contained in final con-
centration as appropriate: 10 uM [**C]proline (5
uCi/umol), 125 ppm (0.73 umol) HHTT, 31 ppm (1
pmol) formaldehyde, 0.2 ml cell suspension, and
0.01 M phosphate buffer, pH 7.5, to a final volume
of 1 ml. Samples were removed at intervals, washed
on membrane filters and radioactivity determined
as previously described [11].

Intracellular ATP determinations. Washed BSS-
grown cells of P. aeruginosa PAO1 were suspended
to the original volume in 0.01 M phosphate buffer,
pH 7.5, and incubated on a rotary shaker for 2 h
at 30°C to reduce endogenous energy sources. Cells
were centrifuged (4°C) at 8000 x g, washed in 0.01
M phosphate buffer, pH 7.5, suspended to the origi-
nal volume in the same buffer and kept aerated on
a magnetic stirrer at ambient temperature until
used. In a reaction mixture of 10 ml final volume,
2 ml of cell suspension (containing between 0.5 and
1 mg protein/ml buffer) were incubated with either



0.01 M phosphate buffer, pH 7.5, alone or with the
addition of 40 mM succinate containing, as appro-
priate, 0.73 umol HHTT or 50 uM carbonyl cyan-
ide chloro-m-phenylhydrazone (CCCP).

Samples of 1 ml were removed at intervals over
a 5-min period and ATP was extracted in boiling
0.1 M sodium bicarbonate buffer plus ethylenedi-
aminetetraacetate (EDTA), pH 8.5, and intracellu-
lar ATP was measured using the firefly tail lucifer-
in-luciferase reaction according to the procedure of
Bancroft et al. [3].

Minimal inhibitory concentration (MIC). MIC
determinations in liquid media were done by the
two-fold serial dilution tube method of Anderson
[1] using Antibiotic Medium 3 (Difco Laboratories,
Detroit, MI). The results were recorded after 72 h
of incubation at 32°C.

Assay for B-galactosidase (EC 3.2.1.23 ). Cells of
E. coli J53(RP4) were grown overnight at 37°C in
200 ml of basal medium, pH 7.2, containing: 7 g
K,HPO,, 2 g KH,PO,, 1 g (NH,),SO,, 0.1 g
MgCl, - 6H,0, 2.5 g vitamin-free casein hydroly-
sate, and deionized water to 1 1. Cells were har-
vested in late exponential phase by centrifuging
(4°C) at 8000 x g, washed with 0.05 M sodium
phosphate buffer, pH 7.5, and centrifuged again.
Cells were suspended to the original volume in the
same buffer and aerated on a rotary shaker for 10
min at 37°C. The cell suspension was then separated
into five flasks (40 ml each) and incubated on a ro-
tary shaker at 37°C to which, in final concentration,
10 mM lactose were added, and, as appropriate,
125 ppm (0.73 umol) HHTT, 31 ppm (1 umol) for-
maldehyde, or 50 uM chloramphenicol. Samples
were removed at 15-min intervals over a 2-h period
and assayed for f-galactosidase according to the
procedure described by Dobrogosz [7].

Assay for glucose-6-phosphate dehydrogenase
(EC 1.1.1.49). Washed BSS-grown cells of P. pu-
tida ATCC 12633 were incubated on a rotary shak-
er at 32°C in 11 mM glucose in 0.01 M potassium
phosphate buffer (pH 7.5) and containing in final
concentration as appropriate: 125 ppm (0.73 umol)
HHTT, 31 ppm (1 umol) formaldehyde, or 300 uM
chloramphenicol. Samples of 200 ml were removed
at intervals over a 3-h period. The samples were
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centrifuged, washed with 0.01 M phosphate buffer,
pH 7.5, and suspended in 5 ml of the same buffer.
Cell extracts of the samples were prepared by pass-
ing the cells twice through a French pressure cell at
15000 1b/in2. Cell debris and intact cells were re-
moved by centrifuging (4°C) for 30 min at 20 000
x g. The supernatant fluid was assayed for glu-
cose-6-phosphate dehydrogenase according to the
method of Maurer et al. [14].

Other. Protein was determined by the Lowry
procedure as modified by Markwell et al. [13].
[*4C]Proline was purchased from New England
Nuclear, Boston, MA. Formalin (37% formalde-
hyde), reagent grade, was obtained from the J. T.
Baker Chemical Co., Phillipsburg, NJ. All other
chemicals in the highest state of purity were pur-
chased from commercial sources.

RESULTS

Effect of HHTT on respiration

In order to determine what effect HHTT might
have on respiration, manometric studies were car-
ried out to measure oxygen consumption. As shown
in Fig. 1, HHTT did not inhibit the oxygen uptake
by HHTT-resistant P. putida 3-T-152. Instead, oxy-
gen uptake due both to endogenous respiration and
to glucose catabolism was increased in the presence
of HHTT, and oxygen uptake increased as the
HHTT concentration increased (Fig. 1A and C). In
contrast, HHTT inhibited endogenous respiration
and strongly inhibited respiration due to glucose
catabolism by HHTT-sensitive, novobiocin-cured
P. putida 3-T-15211:21 (Fig. 1B and D). These data
strongly suggest, therefore, that the HHTT-resist-
ant strain was able to metabolize HHTT.

Determination of formaldehyde release by HHTT
Experiments were done to determine whether
HHTT was a formaldehyde-releasing compound.
As shown in Table 1, between 2.1 and 2.4 mol of
formaldehyde were released per mol of HHTT. The
theoretical yield is 3 mol of formaldehyde per mol
of HHTT. As controls, a known formaldehyde-re-
leasing agent, 3,5-dimethyltetrahydro-1,3,5-(2H)-
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Fig. 1. Endogenous respiration of HHT T-resistant P. putida 3-
T-152 (A) and of HHTT-sensitive, novobiocin-cured P. putida
3-T-152 11:21 (B), and glucose-driven respiration of P. putida
3-T-152 (C) and of P. putida 3-T-152 11:21 (D) in the absence
and presence of HHTT as indicated. In addition to cells, buffer
and glucose, when used, the reaction flasks contained: O, no
HHTT; @, 1.095 umol HHTT; [, 2.19 umol HHTT; A, 4.38
umol HHTT; A, 8.76 umol HHTT; A, 17.55 umol HHTT. Res-
piration was calculated as pl oxygen uptake/mg protein. See
Materials and Methods for further details.

thiadiazine-2-thione (DTT) [4], and a biocide not
reported to release formaldehyde, 1,2-benzisothia-
zolin-3-one (BIT), were also used. Between 1.3 and
1.6 mol of formaldehyde were released per mol of
DTT, the theoretical yield being 2 mol of formal-
dehyde per mol of DTT, and no formaldehyde was
released by BIT (Table 1).

MIC of HHTT and of formaldehyde

Since HHTT was shown to release formalde-
hyde, MIC determinations were made on the var-
ious test organisms to compare their susceptibility
to both HHTT and formaldehyde. The results are
indicated in Table 2. HHTT-resistant P. putida 3-
T-15? was shown to be highly resistant to both
HHTT and formaldehyde and novobiocin-cured,

Table 1

Analysis of formaldehyde release by three industrial biocides
using two analytical procedures

Biocide mol formaldehyde released/mol biocide
phenylhydrazine-HCl 2,4-pentanedione
reagent® reagent®

HHTT® 24 2.1

DTT¢ 1.3 1.6

BIT® 0 0

* Final pH of assay was 6.34.

® Final pH of assay was 12.8.

¢ Hexahydro-1,3,5-triethyl-s-triazine, a pure technical product
with some water of reaction present.

4 3,5-Dimethyl-1,3,5-(2 H)-tetrahydrothiadiazine-2-thione, a
24% solution plus 9% isopropanol (in final concentrations)
dissolved in 10% NaOH.

¢ 1,2-Benzisothiazolin-3-one, a 35% solution (in final concen-
tration) in 25% ethylenediamine.

HHTT-sensitive P. putida 3-T-15% 11:21 was ex-
tremely sensitive to both HHTT and formaldehyde.

Effect of HHTT and formaldehyde on proline uptake

Both HHTT and formaldehyde strongly inhibit-
ed proline uptake in P. putida ATCC 12633 (Fig.
2) and in P. aeruginosa PAO1 (data not shown).
Proline is taken into these organisms by active
transport energized by the proton motive force [21].
Thus, since HHTT inhibited oxygen uptake in sen-
sitive organisms (Fig. 1), this effect could be due to

Table 2

MIC values of HHTT and formaldehyde against organisms used
in this study

Organism MIC values (ppm of agent)
HHTT formaldehyde

P. putida 3-T-15% 1000 1000

P. putida 3-T-15% 11:21 31 16

P. putida ATCC 12633 125 31

P. aeruginosa PAO1 125 31

E. coli J53(RP4) 125 .31
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Fig. 2. Inhibition of proline uptake in P. putida ATCC 12633 by
formaldehyde and by HHTT. Symbols: O, no formaldehyde or
HHTT added; @, 1 mM formaldehyde; [, 0.73 mM HHTT.
See Materials and Methods for further details.

ATP (nmoles/mg protein)
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TIME (minutes)
Fig. 3. Effect of HHTT on intracellular ATP levels in P. aeru-
ginosa PAO1. Symbols: [], buffer only; @, 40 mM succinate;
O, 40 mM succinate plus 50 M CCCP; B, 40 mM succinate
plus 0.73 umol HHTT. See Materials and Methods for further
details.
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the inability of the membrane to form a proton
motive force required for proline transport.

Effect of HHTT on intracellular ATP level

Certain ring-structured antimicrobial agents act
as uncouplers (i.e., as proton ionophores or proton
conductors that collapse the proton gradient across
the membrane). Thus, experiments were carried out
to determine whether HHTT had uncoupler activ-
ity by determining its effect on intracellular ATP
formation or depletion. P. aeruginosa PAO1 was
used as the test organism for the results shown in
Fig. 3. The results indicated that HHTT did not act
as an uncoupler. When an authentic uncoupler,
CCCP, was added to the reaction, there was an im-
mediate and rapid depletion of intracellular ATP.

180
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0/50

ENZYME ACTIVITY

NADPH formed
(nmoles min~' mg protein™)

o e 120 8o
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Fig. 4. Inhibitory effect of HHTT and of formaldehyde on the
induction of f-galactosidase by E. coli J53(RP4) (A) and on the
induction of glucose-6-phosphate dehydrogenase by P. putida
ATCC 12633 (B). Symbols: O, buffer only; @, buffer plus 10
mM lactose or 11 mM glucose as indicated; M, buffer and sub-
strate plus 0.73 mM HHTT; [J, buffer and substrate plus 1 mM
formaldehyde; A, buffer and substrate plus 50 yM chloram-
phenicol (A) or 300 um chloramphenicol (B). See Materials and
Methods for further details.
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When the organisms were incubated in buffer alone,
the intracellular level of ATP remained at a steady
level. Addition of succinate stimulated ATP pro-
duction. Addition of both succinate and HHTT re-
sulted in a transient increase in ATP followed by a
small decrease of ATP to a steady-state level. These
experiments were also carried out with P. putida
ATCC 12633 with closely parallel results (data not
shown). We interpret these results to indicate that
the inability of these organisms to synthesize ATP
in the presence of HHTT was most likely due to the
inhibition of respiration by HHTT (see Fig. 1B and
D).

Effect of HHTT and formaldehyde on inducible en-
zyme formation

In an effort to measure the effect of HHTT and
formaldehyde on protein synthesis, the effect of
these two agents on the synthesis of two inducible
enzymes was determined. The well-documented in-
ducible p-galactosidase of E. coli was selected as
one of the enzymes, while the inducible glucose-6-
phosphate dehydrogenase of P. aeruginosa and P.
putida [12] was chosen as the other enzyme. Thus,
the results shown in Fig. 4 using P. putida ATCC
12633 clearly show that neither inducible enzyme
was synthesized in the presence either of HHTT or
of formaldehyde. The same results were obtained
when P. aeruginosa PAO1l was used (data not
shown).

Use of HHTT and ethylamine as a nitrogen and car-
bon source for growth

HHTT-resistant P. putida 3-T-15% could use
HHTT as a nitrogen source for growth when
HHTT was used in BSG medium as the nitrogen
source instead of the (NH,4),SO, normally used
(data not shown). Moreover, P. putida 3-T-15% also
used ethylamine, a component of HHTT, as a ni-
trogen source for growth. This is further evidence
that HHTT degrades to its component parts, ethy-
lamine and formaldehyde. However, neither
HHTT, nor ethylamine nor formaldehyde could
serve as a carbon source for growth of P. putida
3-T-152.

DISCUSSION

The objective of this study was to determine the
mechanism of antimicrobial action of HHTT.
Thus, we presented evidence that: (a) HHTT was
metabolized by HHTT-resistant P. putida 3-T-152
as shown by oxygen uptake in respirometric ex-
periments, but HHTT inhibited oxygen uptake by
HHTT-sensitive, novobiocin-cured P. putida 3-T-
152 11:21; (b) in chemical assays for release of for-
maldehyde, HHTT was shown to degrade to yield
formaldehyde to give 70-80% of the theoretical
yield; (¢) HHTT-resistant P. putida 3-T-15% was al-
so highly resistant to formaldehyde while HHTT-
sensitive, novobiocin-cured P. putida 3-T-15% 11:21
was highly sensitive to formaldehyde; (d) both
HHTT and formaldehyde inhibited proline uptake
in P. putida ATCC 12633 and in P. aeruginosa
PAO1 more or less equally, suggesting inhibition of
active transport; (e) although HHTT partially in-
hibited oxygen uptake in sensitive organisms, it did
not act as an uncoupler in that intracellular ATP
was neither depleted nor produced appreciably
when cells were incubated with HHTT; (f) both
HHTT and formaldehyde inhibited the induction
of B-galactosidase and glucose-6-phosphate dehy-
drogenase; and (g) HHTT-resistant P. putida 3-T-
152 could use either HHTT or ethylamine, a com-
ponent of HHTT, as a nitrogen source for growth,
but neither of these substances could be used as a
carbon source for growth nor could formaldehyde,
the second component of HHTT.

Our data, therefore, showed that both HHTT
and formaldehyde demonstrated parallel effects.
Thus, we conclude that a major mechanism of an-
timicrobial action of HHTT is through its degra-
dation product, formaldehyde. Whether HHTT it-
self has antimicrobial activity could not be dis-
cerned from our experiments.

It should be mentioned that even though neither
HHTT, nor ethylamine nor formaldehyde could be
used as a carbon source for growth, this does not
preclude one or more of these substances being ox-
idized by P. putida 3-T-15%. Thus, this would be an
explanation for the oxygen uptake noted when this



organism was incubated with HHTT. Indeed, as is
shown in our accompanying paper [8], P. putida
3-T-152 has an active formaldehyde dehydrogenase.

There has been no overall agreement whether
HHTT releases formaldehyde under practical con-
ditions of use as an antimicrobial agent. Although
HHTT is often referred to as a formaldehyde-re-
leasing compound [4,17], other authors have pre-
sented evidence that HHTT does not release for-
maldehyde [6]. While HHTT is generally regarded
to be stable under alkaline conditions it has also
been reported, conversely, that formaldehyde-re-
leasing preservatives in general are unstable at high
pH [4]. Nevertheless, under the conditions of dilu-
tion and assay used in the experiments reported
herein, HHTT was found to readily degrade to for-
maldehyde. Our experiments, however, did not per-
mit us to discern whether HHT T-resistant P. putida
3-T-152 could degrade HHTT through enzymatic
action.

The objective of this study was not to study the
mechanism of action of formaldehyde. There is
considerable information, however, on this subject.
Thus, formaldehyde has been reported to cross-link
proteins through the amino groups of amino acids.
There is also suggestive evidence that formaldehyde
reacts with the amino groups of nucleic acids and
nucleoproteins. In the case of mammalian DNA,
formaldehyde is thought to be able to induce sin-
gle-strand breakages (for reviews see Refs. 2, 15 and
18).
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