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We have  examined  the  induct ion  of  g lutathione-de-  
p e n d e n t  formaldehyde  d e h y d r o g e n a s e  (GS-FDH) ac- 
t iv i ty  in Escherichia coli and Hemophilus influenza. 
F o r m a l d e h y d e  was  found  to induce  e n z y m e  act iv i ty  in 
both  E. coli and H. influenza at concentra t ions  be- 
t w e e n  0.6 and 20 ppm. Higher  formaldehyde  concen-  
trat ions  were  toxic.  Methano l  concentrat ions  up to 
20% (200,000 ppm) and s o d i u m  formate concentra t ions  
up to 2% (20,000 ppm) gave  negl igible  amounts  o f  in- 
duct ion.  The basic  m e c h a n i s m  of  induct ion  was  probed  
by i n d u c i n g  GS-FDH act iv i ty  in the  presence  o f  rifam- 
pic in  to inhibit  RNA synthes i s  or ch loramphen ico l  to 
inhibi t  prote in  synthesis .  Both  reagents  inhibi ted  GS- 
FDH induct ion,  d e m o n s t r a t i n g  that regula t ion  occurs  
at the  level  of  transcript ion.  These  results  indicate  
that  at least  one  funct ion  of  GS-FDH in Gram-negat ive  
bacter ia  is to detoxi fy  e x o g e n o u s  formaldehyde  en- 
c o u n t e r e d  in their  e n v i r o n m e n t  and that GS-FDH in- 
ducibi l i ty  may  be a c o m m o n  feature  o f  Gram-negat ive  
bacteria. © 1997 A c a d e m i c  Press  

The glutathione-dependent formaldehyde dehydro- 
genases (GS-FDHs) are ubiquitous enzymes found in 
plants, animals, and bacteria (1-5). The finding that  
the mammalian GS-FDHs are homologous to the 
mammalian  Class III alcohol dehydrogenases (3,6) 
demonstrated that  the GS-FDHs are members  of the 
superfamily of zinc containing alcohol dehydrogenases. 
GS-FDH catalyzes the first of two enzyme catalyzed 
reactions involved in the oxidation of highly toxic form- 
aldehyde to formic acid. 

GSH + CH20 ~ GS-CH2-OH + NAD ÷ GS-F~H 

GS-CHO + NADH + H20 = GSH + HCOOH 

1 To whom correspondence should be addressed. Fax: 615-327- 
6442. 

The true substrate  for this enzyme is hydroxymethyl 
glutathione, the adduct formed (without enzyme catal- 
ysis) between formaldehyde and the SH group of gluta- 
thione. The highly conserved nature of this enzyme and 
its widespread distribution indicates that  it represents 
the predecessor to the entire family of dimeric Zn ADHs 
found in plants and animals (4,5,7). 

In methylot rophic  bacter ia  GS-FDHs are involved 
in the oxidation of methanol  and other  one-carbon 
(C1) genera t ing  metabol i tes  (8). A rela ted t r imeric  
cofactor dependen t  FDH, which uses  a sulfhydril  
containing cofactor other  than  glutathione,  has  
been identified in some gram-posi t ive bacter ia  when 
grown C1 subs t r a t e s  (9-11), and this  cofactor has  
recent ly  been identified as mycothiol  (1-O-(2'-[N- 
acetyl - L - cysteinyl]  - amido - 2 '  - deoxy - a - D - glucopy- 
ranosyl)-D-myo-inositol) (12). A re la ted  cofactor in- 
dependent  formaldehyde dehydrogenase  has been 
character ized from Pseudomonas p utida (13,14). GS- 
FDH act ivi ty is found in the Gram-negat ive  methylo- 
t roph Paracoccus denitrificans upon growth on C1 
subs t ra t e s  bu t  not  upon growth on succinate (15). 
Bacter ial  GS-FDHs are also found in non-methylo- 
trophic bacter ia ,  such as E. coli (4, 16), and the pres- 
ence of high levels o fp lasmid  encoded GS-FDH activ- 
i ty is associa ted with res is tance to the  biocidal ef- 
fects of formaldehyde in several  en terobacter ia  
(including E. coli) (17-19) and in yeas t  (20,21). 

The observation of GS-FDH activity in Paracoccus 
denitrificans only upon growth on C1 substrates (15) 
indicates that  this enzymes activity is inducible in 
some of the organisms in which it is found. To further 
test  this possibility we have examined the levels of GS- 
FDH activity in E. coli and H. influenza as a function 
of added formaldehyde, time, and transcription (rifam- 
picin) or translation (chloramphenicol) inhibitors. To 
determine if other C~ compounds could induce GS-FDH 
activity we also tested methanol and formic acid as 
inducers of GS-FDH activity. The results of these stud- 
ies are presented below. 
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MATERIALS AND METHODS 

Bacterial strains and reagents. E. coli DH5a, JM109, XLIBlue, 
were from Dr. Gautham Chaudhuri (Meharry Medical College), E. 
coli strain K12 was obtained from Dr. Mark Levitch (Meharry Medi- 
cal College), and H. influenza Rd was obtained from Dr. Andrew 
Plaut (Tufts University Medical School). E. coli was grown in Lauria 
Broth and H. influenza in brain heart  infusion (BHI) supplemented 
with hemin (10 #g/ml) and NAD ÷ (10 #g/ml) at 37°C. Formaldehyde 
was obtained as a 20% solution in sealed ampules (Ladd Research 
Industries, Burlington VT). 

GS-FDH activity as a function of added formaldehyde, methanol, 
and sodium formate. GS-FDH activity was measured after expo- 
sure of E. coli strain DH5a to formaldehyde, as well as methanol 
and sodium formate, the more reduced and oxidized metabolites of 
formaldehyde. Saturated overnight cultures of E. coli strain DH5a 
were diluted 1 to 10 into 2.5 ml fresh LB media containing various 
amounts of formaldehyde, methanol, or sodium formate. After incu- 
bation for 30 rain at 37 °C the cultures were placed on ice for 15 min. 
The absorbance at 600 nm was measured to determine the extent of 
bacterial growth, I ml aliquotes were removed, the cells pelleted by 
centrifugation, and the pellets stored at - 80 °C. Cell pellets were 
resuspended in 300 #1 lysis buffer (50 mM Tris, pH 8.0, 150 mM 
NaC1, 10% sucrose, 0.1 mg/ml lysozyme), place on ice for 15 min, and 
then sonicated. Cell debris was removed by centrifugation, and GS- 
FDH activity in the supernatants assayed as described below. 

Time course of induction as a function of added formaldehyde. 
Induction was studied as a function both of added formaldehyde and 
time in E. coli strains DH5a, JM109, and XL1Blue as well as in H. 
influenza Rd. LB or BHI cultures prepared with varying amounts of 
formaldehyde (0-200 ppm) were inoculated 1 to 100 from saturated 
overnight cultures. At varying time intervals 1 ml aliquotes were 
removed, and placed on ice in eppendorf tubes. Cells were collected 
by centrifugation and stored frozen at -80  °C. Cells were lysed by 
t reatment  with 300 #l lysis buffer followed by sonication, centrifuga- 
tion to remove cell debris, and the supernatants assayed for GS-FDH 
activity. 

Effects of added rifampicin or chloramphenicol on GS-FDH induc- 
tion in E. coli. To determine if the induction of GS-FDH activity 
occurred at the level of transcription, translation, or via post-transla- 
tional modification, the effect of rifampicin (transcription inhibitor) 
and chloramphenicol (translation inhibitor) were investigated. These 
experiments were performed by diluting a saturated overnight cul- 
ture of E. coli strain K12 1 to 10 into fresh culture with or without 
6.3 ppm formaldehyde and with or without either 150 #g/ml rifampi- 
cin or 20/~g/ml chloramphenicol. As a control the same experiment 
was performed for fl-galactosidase induction by 0.5 mM IPTG. The 
fl-galactosidase control necessitated the use ofE. coli strain K12 for 
this experiment. After 30 minutes aliquotes were removed, superna- 
tants prepared as described above, and assayed as described below 
for GS-FDH activity, or as described below to determine the fl-galac- 
tosidase activity. These experiments were performed in triplicate. 

GS-FDH assays. Extracts were assayed for GS-FDH activity by 
adding 100 #1 of the extract to 900 #1 assay reagent and following 
the time course of NADH formation at 340 nm. The assay reagent 
was prepared so that the concentration of reagents in the final assay 
mixture was 90 mM sodium phosphate (pH 8.0), 4.8 mM NAD +, 
1.0 mM formaldehyde, and 1.0 mM glutathione. The rate of NADH 
formation was calculated from the rate of absorbance change at 340 
nm using c~4°=6220 M -~ em ~. 

fl-Galactosidase assays, fl-Galactosidase assays were performed 
using o-nitrophenyl fl-galactoside (ONPG) as described in Miller (22). 
200 ttl of bacterial suspension was transferred to an eppendorf tube 
containing 1 drop of CHCla and 5 #l 10% SDS and the mixture vor- 
texed. To this was added 0.8 ml of 8 mg/ml ONPG in "Z-buffer" 
(100 mM sodium phosphate, 10 mM KC1, 1 mM MgS04, 50 mM 

TABLE 1 

Effect  of  Methanol,  Forma ldehyde ,  or  S o d i u m  F o r m a t e  on 
E. coli DH5cr G r o w t h  (A 6°°) and  G S - F D H  Act iv i ty  

Activity 
% MeOH A s°° (pM/min) 

Methanol 

20 0.86 0.10 
6.3 1.13 0.27 
2.0 1.16 0.23 

0.63 1.13 0.18 
0.20 1.18 0.34 

Activity 
ppm CH20 A 6°° (pM/min) 

Formaldehyde 

630 0.95 0.19 
200 1.00 0.12 

63 1.05 0.10 
20 1.17 3.36 

6.3 1.17 3.59 

Activity 
%HCOONa A 6°° (pM/min) 

Formate 

2.0 0.87 0.03 
0.63 1.00 0.24 
0.20 1.07 0.25 

0.063 1.15 0.33 
0.020 1.15 0.32 

mercaptoethanol, pH 7.0). After 45 min the reactions were stopped 
by the addition of 0.5 ml of 1 M Na2CO3, and the absorbance read 
at 420 nm. Blanks for rifampicin were included to account for the 
significant absorbance of rifampicin at 420 nm. 

RESULTS 

G S - F D H  i n d u c t i o n  in  E. coli s t r a i n  D H 5 a  by a d d e d  
f o r m a l d e h y d e ,  m e t h a n o l ,  a n d  s o d i u m  fo rma te .  T a b l e  
i s u m m a r i z e s  t h e  e f f e c t  o f  a d d e d  f o r m a l d e h y d e ,  m e t h a -  
nol ,  a n d  s o d i u m  f o r m a t e  on  t h e  g r o w t h  a n d  G S - F D H  
a c t i v i t y  o f  E. coli  D H 5 ~ .  T h e s e  r e s u l t s  d e m o n s t r a t e  
i n h i b i t i o n  o f  b a c t e r i a l  g r o w t h  b y  h i g h  c o n c e n t r a t i o n s  
o f  a l l  t h r e e  c o m p o u n d s .  A t  t h e  l o w e r  c o n c e n t r a t i o n s  o f  

a l l  t h r e e  c o m p o u n d s  t h e  b a c t e r i a  a r e  s e e n  to  g r o w  to  
a n  A s°° o f  1 .15.  T h e  G S - F D H  a c t i v i t y  o f  c u l t u r e s  g r o w n  
in  t h e  p r e s e n c e  o f  f o r m a l d e h y d e  i n c r e a s e s  a b o u t  10 
fold ,  w h e r e a s  m e t h a n o l  a n d  s o d i u m  f o r m a t e  h a v e  no  

d e t e c t i b l e  e f f ec t .  

T i m e  course  o f  G S - F D H  i n d u c t i o n  in  E. coli s t r a i n  
X L I B l u e  a n d  H.  i n f l u e n z a  R d  as  a f u n c t i o n  o f  a d d e d  
f o r m a l d e h y d e .  F i g u r e  1 s u m m a r i z e s  t h e  e f f e c t  o f  
v a r y i n g  a m o u n t s  o f  f o r m a l d e h y d e  o n  t h e  t i m e  c o u r s e  
G S - F D H  a c t i v i t y  o f  E. coli s t r a i n  X L 1 B l u e  a n d  H. in- 

694 



Vol. 238, No. 3, 1997 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

"~ 3 

2 "~. 

~Z 1 

A 

0.5 1.0 1.5 2.0 2.5 
Time (hrs) 

0.6 

? 
I 0.4 

0.2 

d~ o 
I I I I I I 

0 0.5 1 1.5 2 2.5 3 
Time (hrs) 

FIG. 1. Time course of GS-FDH induction in (A) E. coli strain 
XL1Blue and (B) H. influenza Rd as a function of the following con- 
centrations of added formaldehyde: II, 0.63 ppm; D, 2.0 ppm; e, 6.3 
ppm; O, 20 ppm; a n d . ,  63 ppm. 

fluenza Rd. S imi lar  r e su l t s  were  also ob ta ined  for E. 
coli s t ra ins  DH5a  and  JM109.  

Effects of rifampicin or chloramphenicol of  GS-FDH 
induction in E. coli strain K12. Figure  2 summ ar i ze s  
the  effect of added r i fampic in  or chloramphenicol  on 
G S-F DH induct ion in E. coli stain K12, and  the  control  
expe r imen t  of the  effect added  r i fampicin or chloram- 
phenicol  on t3-galactosidase induct ion by IPTG.  Both  
G S-F DH and p-galac tos idase  induct ion are  inhib i ted  
by  the  addit ion of r i fampic in  or chloramphenicol .  

DISCUSSION 

The  resul ts  p re sen ted  above demons t r a t e  t h a t  GS- 
F D H  activi ty can be induced  by exogenously  added 
fo rmaldehyde  in several  s t r a ins  ofE.  coli, as well  as in 
H. influenza Rd. This  demons t r a t e s  t ha t  the  inducibil-  
i ty  of this  enzyme is a genera l  fea ture  ofE.  coli st ra ins ,  
and  possibly Gram-nega t ive  bac ter ia  in general .  E. coli 
s t ra ins  res i s t an t  to 200 ppm (0.02%) fo rmaldehyde  
demons t r a t e  a cons t i tu t ive  GS-FDH act ivi ty  which is 
unaf fec ted  by the  addi t ion of fo rmaldehyde  (18). Some 
level of const i tut ive express ion  m a y  the re fore  be a re- 
q u i r e m e n t  for res i s tance  to h igh levels of fo rmaldehyde  
in o rder  to p reven t  to subs tan t i a l  cel lular  dam ag e  from 
occurr ing prior  to induct ion  of sufficiently h igh  levels 
of GS-FDH act ivi ty for protect ion.  

Severa l  mechanis t i c  aspects  of GS-FDH induct ion 
were  invest igated.  I t  is possible t h a t  GS-FDH activi ty 
would be induced  not  by  fo rmaldehyde  directly, bu t  by 
its oxidation,  reduct ion,  or d ispropor t ionat ion  products.  
A p receden t  for this possibil i ty is the  observat ion tha t  
fo rmaldehyde  is the effector for induct ion of me thano l  
dehydrogenase  act ivi ty in Paracoccus denitrificans 
(23). Me thano l  and sodium formate  were  both tes ted  
for the i r  abi l i ty  to induce G S -F D H  act ivi ty (Table 1) 
and  were  found  not to induce GS-FDH activity. These  
resu l t s  demons t r a t e  the  me thano l  or formate  a re  not  
responsible  for  the observed induct ion.  Induct ion  of  GS- 
F D H  act ivi ty  m a y  occur t h rough  severa l  possible mech- 
an isms  including regula t ion  of t ranscr ip t ion ,  t rans la-  
tion, or m R N A  or prote in  degradat ion .  The effect of 
r i fampicin  inhibi t ion of t r ansc r ip t ion  and  chloram- 
phenicol  inhibi t ion of t r ans l a t ion  were  tes ted  as inhibi- 
tors  of fo rmaldehyde  induced GS-FDH activity. The  re- 
sults  f rom this  exper imen t  (Figure 2) demons t r a t e  the 
both  t r ansc r ip t ion  and t r ans l a t ion  are  requi red  for sig- 
nif icant  induct ion  of GS-FDH act ivi ty  in E. coli, and 
t h a t  regu la t ion  occurs a t  the level of t ranscr ip t ion.  

The observa t ion  of induct ion of GS-FDH act ivi ty  in 
the  non-methylo t rophic  E. coli and  H. influenza by ex- 
ogenously added  formaldehyde  demons t ra t e s  t h a t  at  
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FIG. 2. (A) GS-FDH activity in E. coli strain DH5a in the absence 
(0) or presence (+F) of 6.3 ppm formaldehyde and in the absence (0) 
or presence of 150 pg/ml rifampicin (+R) or 20 #g/ml chloramphenicol 
(+C). (B) Control experiment for/3-galactosidase induction in the 
absence (0) or presence (+I) of 0.5 mM IPTG and in the absence or 
presence of rifampicin or chloramphenicol as in A. 
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least one function of this enzyme in vivo is to detoxify 
formaldehyde. The Km of the E. coli GS-FDH for hy- 
droxymethyl glutathione is 94 #M (4) which corre- 
sponds to 3 ppm formaldehyde. This is at the lower end 
of the concentration range where significant induction 
is observed in E. coli (Figure 1) and it appears that 
the formaldehyde level at which induction occurs is 
matched to the kinetic properties of GS-FDH. The GS- 
FDHs from prokaryotes show higher Km's and kcat's 
than those from eukaryotes, which indicates a role in 
formaldehyde detoxification for GS-FDH in prokary- 
otes and the maintenance of low formaldehyde levels 
in eukaryotes (24). These observations are all consis- 
tent with a role for GS-FDH in the detoxification of 
exogeneous formaldehyde in E. coli and possibly in 
other non-methylotrophic Gram-negative bacteria such 
as H. influenza. 
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