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Abstract .  Treponema denticola ATCC 35405, a human oral spirochete associated with peri- 
odontal  disease,  was shown to contain three enzymes (I, II,  and III)  with proline iminopept idase  
activity. I I  and I I I  were considered to be true iminopeptidases,  whereas  enzyme  I was found to 
be a benzoylarginine peptidase with iminopeptidase activity. Enzyme  II I ,  the dominant  proline 
iminopeptidase of  T. denticola in terms of  its activity toward N-L-prolyl-2-naphthylamine,  was  
considered to be a sulfhydryl peptidase: 0 .167/xM p-chloromercur ibenzoic  acid totally inacti- 
vated the enzyme,  and 1.0 m M  dithiothreitol restored 92% of  activity. The activity of  this 
enzyme was not affected by metal  chelators. Chemical modification of enzyme I I I  suggests that  
tyrosyl  (or histidyl) and carboxyl  groups may be necessary for its activity. The hydrolysis  of  N-  
L-prolyl-2-naphthylamine was found to be very characterist ic of  T. denticola ATCC 35405; out 
of  24 different N-L-aminoacyl-2-naphthylamines tested,  only the proline derivative was hydro-  
lyzed at a high rate. The substrate specificity of  the enzymes  discovered indicates that they may 
be important  for the nutrition of T. denticola. The iminopeptidase activity may be related to the 
pathogenicity of  this organism in periodontal  disease. 

Treponema denticola and other oral t reponemes 
have been found to be associated with human peri- 
odontal  disease [1, 9-11]. Electron microscopic 
studies have shown the cells of  T. denticola to ad- 
here to human epithelial cells in vitro [21]. T. denti- 
cola does not use carbohydrates  for energy, but 
grows well in various complex media supplemented 
with rabbit  serum [3, 10]. In the environment  of 
gingival plaque, T. denticola has access to finite 
amounts  of  proteins,  peptides,  and amino acids. 
The specific nutritional requirements  of  this organ- 
ism should be reflected in the number  and types of  
intra- and extracellular enzymes  elaborated by the 
cells, since such enzymes  would be needed to make 
peptides or amino acids available for the growth of 
the cells. The possible significance of Treponema 
enzymes  as potential  virulence factors  in the devel- 
opment  of  marginal periodontitis has been empha-  
sized recently [8, 18, 25]. Considerable emphasis  
has been placed on t reponemal  peptidases;  however ,  
chemical  information about  T. denticola peptidases 
is virtually nonexisting. The first a t tempts to purify 
Treponema proteolytic enzymes  were recently 
made [20, 24]. This report  describes a procedure  for 

partial purification and biochemical  characterist ics 
of  three pept idases  formed by T. denticola. These 
enzymes  were  d iscovered by using N-L-prolyl-2- 
naphthylamine (pro-2NA) as substrate and were,  
therefore,  tentatively designated as proline imino- 
peptidases.  

Materials  and M e t h o d s  

Cultivation and treatment of the cells. Cells of T. denticola 
ATCC 35405, originally isolated from human periodontal pockets 
[5], were grown aerobically for 48 h in 100-ml lots of tryptone- 
yeast extract-heart infusion broth containing 10% of heat-inacti- 
vated rabbit serum (but no agar, gelatin, or fatty acids) [20], The 
100 ml growth medium consisted of 90 ml of the broth kept for at 
least 10 days in an aerobic incubator and l0 ml of the seed culture 
in the above medium. The cultures were performed in capped 
250-ml flasks. The purity of the cells was checked by phase con- 
trast microscopy. The cells were harvested and sonicated as 
before [18]. The sonicates were centrifuged for 10 miu at 4500 g. 
The supernatant fluids obtained after sonication were used as 
starting material in the purification of the iminopeptidases. 

Enzyme determinations. Iminopeptidase activity was assayed as 
previously described using pro-2NA as substrate [15]. The com- 
pounds tested as substrates and the respective methods were as 
follows: 24 different N-aminoacyl-2-naphthylamines (NA) [15], 
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Fig. I. Purification of  iminopeptidases I, I1, and 1II from the 
ceils of  Treponema denticola ATCC 35405. (Inset) FPLC of  a 
concentrated cell sonicate on a Superose gel column. The elution 
buffer was 50 m M  Tr is-HCl ,  pH 7.0, containing 1 m M  CaCI2 and 
50 mM NaCI. The active fractions (19-22 min) were pooled, 
concentrated, and applied on the Mono Q anion exchange 
column. The elution buffer was 10 mM Tris-HCl, pH 7.0 (con- 
taining 0.1 mM CaCI2 and, up to 31 min, a liner NaCI gradient 
from 0 to 0.1 M; the NaCI concentration was thereafter in- 
creased to 1.0 M). The enzymes eluted from the column were 
designated as 1 (16 min), 11 (26 min), and 111 (32 min), respec- 
tively. 

column of the FPLC system. The enzyme obtained from the gel 
column yielded three enzymes with iminopeptidase activity. 
These enzymes were designated as I, II, and Ili, in the order of 
elution from the column with the NaC1 gradient shown (Fig. 1). 
Because of loss of activity, enzymes 1 and II were not purified 
further, but enzyme III, eluted from the column with 1.0 M 
NaC1, was further purified by hydrophobic interaction chroma- 
tography on a phenyl-Sepharose CL-48 column (0.7 cm • 10 
cm; elution with 10 mM Tris-HCl buffer, pH 7.0). The enzyme, 
applied on the column in the form of 30% (NH4)zSO4 solution, 
was bound to the gel and finally desorbed with the above buffer 
containing 50% ethylene glycol. Ethylene glycol and excess salt 
were removed by dialysis, and the resulting enzyme was sub- 
jected to characterization studies. The purification of enzyme III 
was repeated four times starting from 100-ml cultures. 

Chemical modification of enzyme Ill.  Diazotized sulfanilic acid 
(DSA), diethylpyrocarbonate (DEP), tetranitromethane (TNM), 
and 1-(ethoxycarbonyl)-2-ethoxy-l,2-dihydroquinoline (EEDQ) 
were used in chemical modification studies as described previ- 
ously [13, 16, 17]. The modifications were performed at +4~ 
except in the case of EEDQ, which was tested at +40~ [13]. 
Stability controls without the modifiers were included [16], and 
the effect of the modifiers on the enzyme assay methods them- 
selves was considered. 

Kinetic studies. Plots of l/v versus I/[S], [S]/v versus v, and v/[S] 
versus v, where [S] is the substrate concentration and v is the 
initial velocity, were used to calculate the Km value of proline 
iminopeptidase III. 

Na-benzoyl-DL-arginyl-p-nitroaniline (BAPNA) [7, 14], phenyl- 
azobenzyloxycarbonyl - t - prolyl - leucylglycyl - L - prolyl - O - argi- 
nine (a collagenase substrate) [26], azocoll [4, 19], azocasein 
[23], elastin-orcein [22], and bovine serum albumin [6]. These 
substrates were obtained from Sigma Chemical Company 
(St. Louis, Missouri). Protein was determined by the Bio-Rad 
protein assay method [2]. 

Fast protein liquid chromatography (FPLC) and electrophoresis. 
All chromatographic separations were carried out on a complete 
Pharmacia FPLC system (Uppsala, Sweden) as previously de- 
scribed [18]. A Superose-6 gel column was used in the determina- 
tion of the molecular weight of the enzymes. Sodium dodecyl 
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was 
performed as previously described [20]. 

Partial purification of proline iminopeptidases. The supernatant 
fluids of the cell sonicates resulting from the 100-ml cultivations 
were concentrated from 10 ml to 1 ml using Amicon Centriflo 
CF25 membrane cones (cutoff 25,000 tool wt; Amicon, Lex- 
ington, Massachusetts). The l-ml concentrates were treated with 
0.2 ~ ACRO LC13 filters (Gelman Sciences, Ann Arbor, Michi- 
gan) and chromatographed in 0.4-ml portions on the Superose 
column. One major enzyme with iminopeptidase activity ap- 
peared in the chromatograms. The most active fractions of each 
separation were pooled (3 ml) and concentrated to 0.5 ml with 
Amicon Centricon-30 Microconcentrators (cufoff 30,000 mol 
wt). The concentrates were injected into the anion exchange 

Results 

Specific activity o f  Treponema denticola sonicates. 
T h e  s o n i c a t e s  o f  T. denticola e x h i b i t e d  r e m a r k a b l y  

n a r r o w  s u b s t r a t e  spec i f i c i t y  t o w a r d  N - a m i n o a c y l - 2 -  

n a p h t h y l a m i n e s .  T h e  o n l y  s u b s t r a t e  t ha t  w a s  h y d r o -  

l y z e d  at  a c o n s i d e r a b l e  r a t e  u n d e r  t h e s e  c o n d i t i o n s  

w a s  p r o - 2 N A  ( T a b l e  1). T h e s e  r e su l t s  sugges t  t ha t  

t h e  h y d r o l y s i s  o f  p r o - 2 N A  is v e r y  c h a r a c t e r i s t i c  o f  

1". denticola A T C C  35405. 

Purif icat ion o f  iminopept idases .  F i g u r e  I s h o w s  the  

s e p a r a t i o n  o f  t h e  i m i n o p e p t i d a s e s  on  the  ge l  a n d  

a n i o n  e x c h a n g e  c o l u m n s .  F P L C  on  the  gel  c o l u m n  

n o r m a l l y  y i e l d e d  o n e  m a j o r  e n z y m e  p e a k  w i t h  

i m i n o p e p t i d a s e  a c t i v i t y ,  w h i l e  t he  s u b s e q u e n t  a n i o n  

e x c h a n g e  s e p a r a t i o n  o f  th is  p e a k  p r o d u c e d  t h r e e  

m a j o r  e n z y m e s .  E n z y m e s  I a n d  I I  c o i n c i d e d  w i t h  

s y m m e t r i c  p r o t e i n  p e a k s .  A t t e m p t s  to  pu r i fy  t h e s e  

e n z y m e s  f u r t h e r  w e r e  n o t  s u c c e s s f u l  as  a r e su l t  o f  

t h e i r  l o w  a c t i v i t y .  E n z y m e s  I a n d  I I ,  o b t a i n e d  a f t e r  

F P L C  o n  the  M o n o  Q c o l u m n ,  and  e n z y m e  I I I ,  ob -  

t a i n e d  a f t e r  t he  h y d r o p h o b i c  i n t e r a c t i o n  c h r o m a t o g -  

r a p h y ,  w e r e  all  h o m o g e n e o u s  in r e c h r o m a t o g r a p h y  

o n  t h e  ge l  a n d  a n i o n  e x c h a n g e  c o l u m n s ,  w i t h  t he  

p r o t e i n  p e a k s  ( d e t e r m i n e d  a t  214 nm)  c o i n c i d i n g  
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with enzyme activity peaks. Enzyme III was ob- 
tained in sufficient amounts for SDS-PAGE, where 
one protein band coinciding with iminopeptidase 
activity was detected. The molecular weight of the 
dominant enzyme III was 100,000. Enzymes I and 
It occurred in smaller and varying amounts. The 
increase in the specific activities of enzyme III dur- 
ing purification is shown in Table 2. 

Substrate specificity. All three enzymes displayed 
narrow substrate specificity with regard to the 
amino acid 2NAs tested. Enzymes II and III hydro- 
lyzed pro-2NA at a high rate and were thus consid- 
ered true proline iminopeptidases. Enzymes II and 
III hydrolyzed BANA and BAPNA at equal, low 
rates and had no detectable activity toward the pen- 
tapeptide collagenase substrate, nor did enzymes II 
and III hydrolyze the other proteinase substrates 
mentioned above. Introduction of an OH group to 
the pyrrolidine ring (for hydroxyproline) decreased 
the rate of the hydrolysis significantly. Enzyme I 
hydrolyzed BANA (Table 3), BAPNA, azocasein, 
and the collagenase substrate at clearly measurable 
rates, and azocoll, serum albumin, and elastin-or- 
cein at a very low rate. This enzyme may be an 
endopeptidase with iminopeptidase and benzoyl- 
arginine peptidase activity. 

Effect of pH on the rate of hydrolysis. The pH opti- 
mum for enzyme III was 7.0-7.5, whereas for en- 
zymes I and II a broader optimum between pH 7 
and 8 was obtained (Fig. 2). Tris-HCl buffer con- 
sistently yielded higher activity than did phosphate 
buffer. No iminopeptidase activity was observed at 
pH values below 5. 

Effect of chelators and other reagents on enzyme 
III. EDTA, 1,10-phenantroline, and 8-hydroxy- 
quinoline 5-sulfonic acid (metal chelators), tested at 
0.0167-0.00167 mM (104-105 • molar excess with 
respect to enzyme), had no effect on the rate of 
hydrolysis of pro-2NA. 0.167-0.0167 mM phenyl- 
methylsulfonyl fluoride, a reagent that has been 
used to probe active serine residues in enzymes, 
caused a 25-27% inhibition, whereas dithiothreitol 
(DTT) at these same concentrations had no effect. 
p-Chloromercuribenzoic acid (pCMB) was a potent 
inhibitor of the enzyme: 1.67 p~M reagent caused 
100% inhibition in 10 mM Tris-HCl, pH 7.0. Under 
the same conditions, 0.16/~M and 0.0167 p.M inhib- 
itor caused 90% and 85% inhibition, respectively. 
Addition of 1.0 mM DTT to a reaction mixture con- 
taining 1.67 p.M pCMB (no enzyme activity detect- 

Table 1. Substrate specificity of  the cell sonicate of  
Treponema denticola ATCC 35405" 

Specific activity 
Substrate (nmol min -~ mg ~) 

t.-Alanyl-2NA 0.30 
L-o~-Aspartyl-2NA 0.96 
L-Arginyl-2NA 0.37 
a-Benzoyl-L-arginyl-2NA (BANA) 1.32 
L-Cystinyl-2NA 0.3 
L-a-Glutamyl-2NA 0.18 
L-y-Glutamyl-2NA 0.71 
Glycyl-2NA 0.03 
Glycylprolyl-2NA 0.07 
Glycylglycyl-2NA 0.01 
I.-Histidyl-2NA 0.15 
L-Hydroxyprolyl-2NA 0.18 
L-Isoleucyl-2NA 0.19 
L-Leucyl-2NA <0.01 
L-Leueylglycyl-2NA 0.05 
L-Lysyl-2NA 0.07 
L-Methionyl-2NA 0.12 
L-Prolyl-2NA (pro-2NA) 16.90 
L-Pyrrolidonyl-2NA 0.38 
L-Seryl-2NA 0.02 
L-Threonyl-2NA 0.09 
L-Tyrosyl-2NA 0.09 
L-Tryptophyl-2NA 0.12 
L-Valyl-2NA 0.14 

" Tested in 0.1 M Tr is -HCl  buffer, pH 7.5. Substrate concentra- 
tions: 0.167 mM. The arithmetic means of three determinations 
are indicated. The sonicates were concentrated tenfold for this 
experiment with Amicon Centriflo CF25 membrane cones. 

able) restored 92% of activity. These results suggest 
that the activity of enzyme III may depend on SH- 
groups. 

Chemical modification of enzyme III. Modification 
of enzyme III with DEP, DSA, TNM, and EEDQ 
was performed with several modifier concentra- 
tions, modification times, and buffers. The results 
are summarized as follows: Two consecutive addi- 
tions of DEP (at 0 and 30 rain; initial concentration 
in both cases, 1.0 raM) in 10 mM Tris-HCl (pH 7.0) 
caused in 60 min a total inactivation of the enzyme. 
DSA was tested in the above buffer containing 
Na2CO3 (final pH 9.5-10.4). The diazotization was 
initiated by adding a 50-nmol portion of the reagent 
and thereafter continued at 10-min intervals by add- 
ing similar portions of the reagent [16]. After 2-3 
additions, the enzyme lost more than 90% of its 
activity. TNM also caused a rapid inactivation of 
enzyme III; 1.0 mM reagent abolished all enzyme 
activity in 60 min. The sensitivity of enzyme III to 
DSA and TNM may result from the importance of 
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Table 2. Purification of  proline iminopeptidase 11I from the cells of  Treponema denticola ATCC 35405 

Total protein Specific activity 
Purification step content (mg) (/zmol m i n t  mg t),, 

Recovery of 
original enzyme 

activity (%) 

1) Cell sonicate after centrifugation at 4500 gb 
2) After Amicon treatment (cutoff 25,000) and 

FPLC on gel column 
3) After concentration on Amicon (cutoff 30,000) c 

and FPLC on anion exchange column 
4) After phenyl -Sepharose  

6.1 0.0048 100 
2.8 0.012 78 

0.25 0.06 26 

0.10 0.48 8 

The enzyme activity was determined at 30~ in 0.1 M Tris-HCl,  pH 7.0, with a [pro-2NA] of 0.167 mM. 
The cells were obtained from a 100-ml culture. 

c Enzymes 1 and II, obtained after step 3, gave a specific activity of  0.065 and 0.10/xmol min ] m g ' ,  respectively. 

Table 3. Relative rate of  the hydrolysis of amino acid 2NAs 
by enzymes I, II, and IIIa 

Substrate Enzyme I Enzyme II Enzyme III 

Pro-2NA 100 (10) 100 (15) 100 
BANA 600 (60) 1 (1) 4 
L-Hydroxypro-2NA 10 (2) 1 (1) 2 
L-Pyrrolidonyl-2NA 6 (1) 6(2) 2 
L-Threonyl-2NA 15 (2) 5 (1) 1 
L-a-Aspartyl-2NA 0 (0) 3 (1) 1 
L-y-Glutamyl-2NA 3 (0.5) 3 (0.5) 0.5 

a The reactions were performed in 0.1 M Tris-HC1 buffer, pH 7.5 
([S] = 0.167 mM).  The rate of  the hydrolysis of pro-2NA by each 
enzyme is marked as 100, and the others are given as relative 
values. The values in parentheses give the relative rates for en- 
zymes I and II when the hydrolysis of  pro-2NA by enzyme III is 
marked as 100. 

tyrosyl residues for enzyme activity, although these 
reagents may react with several other groups, in- 
cluding imidazole [16]. EEDQ (5 mM), tested in 0.1 
M phosphate buffer, pH 6.0, caused a complete loss 
of enzyme III activity in 60 min at 40~ These con- 
ditions were previously used to study the essential- 
ity of carboxyl groups for enzyme activity [13]. 

Michaelis-Menten constant. The three plotting 
methods gave for enzyme III a Km value of 0.152 -- 
0.015 m M  (n = 6) in the hydrolysis of pro-2NA in 
0.1 M Tris-HC1 buffer, pH 7.0 (30~ At [S] = 
0 .008-0.333 mM, the reaction followed normal 
Michaelis-Menten kinetics with no significant sub- 
strate inhibition. 
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Fig. 2. Effect of  pH on the rate of  the hydrolysis of  pro-2NA by 
enzymes 1, 11, and III in 0. I M Tr is -HCl  buffer and 0.1 M phos- 
phate buffer. [pro-2NA] = 0.167 mM. 

D i s c u s s i o n  

The overall substrate specificity of the sonicates of 
T. denticola toward aminoacyl-2-NAs can be con- 
sidered exceptional. Substrates that usually are 
readily hydrolyzed by crude bacterial preparations 
at a high rate, i.e., N-L-leucyl-2NA, N-L-alanyl- 
2NA, etc., were hydrolyzed by the present T. denti- 
cola enzymes at a surprisingly low rate compared 
with the rate of the hydrolysis of pro-2NA. For ex- 
ample, lactobacilli, streptococci, and other organ- 
isms displayed high aminopeptidase activity toward 
various aminoacyl-2NAs [12]. Treponema denticola 
ATCC 35405 appeared to be a good producer of 
iminopeptidase activity, and this enzyme activity 
can be claimed to be characteristic of this organism. 
The biological significance of T. denticola imino- 
peptidases may be related to the nutritional re- 
quirements of the organism or its ability to protect 
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itself against salivary and crevicular immunoglobu- 
lins. In both cases it is important  to consider the 
fact that collagen, the hinge region of immunoglobu- 
lins, and various salivary peptides are rich in pro- 
line. Treponema denticola has been shown in this 
laboratory to produce a collagenolytic enzyme [18]. 
It  is possible that the iminopeptidases and the colla- 
genolytic enzymes  of T. denticola act concertedly 
on some of the biomolecules  mentioned above.  The 
importance of iminopeptidases in oral biology was 
exemplified in a recent  study that demonst ra ted  the 
presence  of this enzyme activity in several  clinical 
isolates of  T. denticola [18]. 

The modification studies of enzyme II I  were 
aimed at the elucidation of the nature of  the enzyme 
to facilitate its classification. It  can be concluded 
that the modification of  this enzyme with DEP,  
TNM,  and DSA resulted in effective inactivation. 
Under  the conditions involved, DEP  has been re- 
garded as a suitable probe  for active histidyl resi- 
dues, although tyrosyl  and lysyl residues, for exam- 
ple, may also react  with this reagent [16]. DSA and 
T N M  were used to explore the possible involve- 
ment  of  tyrosyl  residues, although particularly the 
former  reagent also reacts  with other groups [16]. 
Both reagents effectively inactivated the enzyme.  
Combined,  these modification studies suggest that 
the activity of  enzyme I I I  may depend on tyrosyl  
residues. The E E D Q  studies may be easier to inter- 
pret  chemically,  because  this reagent is relatively 
specific to enzyme carboxyl  groups [13]. The rela- 
tively rapid inactivation of  enzyme I I I  by E E D Q  at 
40~ suggests that the activity of  this enzyme may 
depend on active carboxyl  groups. Further  studies 
with various carbodiimides,  Woodward  Reagent  K, 
and other modifiers are needed for more final con- 
clusions. 

Inhibition of enzyme I I I  by pCMB and the al- 
most  total recovery  of  enzyme activity by DTT 
speaks for the involvement  of  an active SH group in 
the activity of  the enzyme.  The modification, inhibi- 
tion, and specificity studies suggest that enzyme II I  
is a proline iminopeptidase that is highly specific 
toward pro-2NA. The enzyme  may not be classified 
as a meta l loenzyme,  but it most  likely contains at 
least one active sufhydryl group, an active carboxyl  
group, and an active tyrosyl  (or histidyl) group as 
well. Because PMSF,  a reagent for active serine 
residues, caused a marginal 25%-27% inhibition 
only, the dominant  iminopeptidase of  this organism 
may  at this stage be called a sulfhydryl peptidase.  
Other  studies have shown that T. denticola pos- 

sesses a distinctive BAPNA-hydrolyz ing  enzyme 
which apparent ly  does not degrade proteins [20]. 
The presence  of this enzyme plus the iminopepti- 
dases described here suggest that these peptidases 
may  be necessary  for the nutrition of T. denticola 
in dental plaque. Basic amino acids and imino 
acids would be present  in collagen fragments  that 
could exit f rom the tissue in the gingival crevicular  
fluid. When periodontal  disease is present ,  there is 
increased b reakdown of  collagen in the gingival tis- 
sue. These degradation products  could provide the 
necessary  nutrients for the increased proteolysis  of  
spirochetes that are characterist ic of  periodontal  
disease [11]. 
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