
Biochemistry 1988, 27, 8641-8648 8641 

Matschiner, J. T., Bell, R. G., Amelotti, J. M., & Knauer, T. 

Nelsestuen, G. L. (1984) Methods Enzymol. 107, 503. 
Nelsestuen, G. L., & Suttie, J. W. (1973) Proc. Natl. Acad. 

Poser, J. W., & Price, P. A. (1 979) J .  Biol. Chem. 254, 43 1. 
Prowse, C. V., Mattock, P., Esnouf, M. P., & Russell, A. M. 

Shah, D. V., Swanson, J. C., & Suttie, J. W. (1984) Thromb. 

Stenflo, J. (1970) Acta Chem. Scand. 24, 3762. 
Stenflo, J. (1974) J.  Biol. Chem. 249, 5527. 

E. (1970) Biochim. Biophys. Acta 201, 309. 

Sci. U.S.A. 70, 3366. 

(1976) Biochim. Biophys. Acta 432, 265. 

Res. 35, 451. 

Suttie, J .  W. (1987) in The New Dimensions of Warfarin 
Prophylaxis (Wessler, S. ,  Becker, C. G., & Nemerson, Y., 
Eds.) p 3, Plenum, New York. 

Suttie, J. W. (1988) BioFactors 1, 55. 
Suttie, J. W., & Jackson, C. M. (1977) Physiol. Rev. 57, 1. 
Tarr, G. E. (1975) Anal. Biochem. 63, 361. 
Tuhy, P. M., Bloom, J. W., & Mann, K. G. (1979) Bio- 

chemistry 18, 5842. 
Walz, D. A., Hewett-Emmett, D., & Guillin, M.-C. (1986) 

in Prothrombin and Other Vitamin K-Dependent Proteins 
(Seegers, W. H., & Walz, D. A., Eds.) p 126, CRC, Boca 
Raton, FL. 

Differential Accessibility of the Carbohydrate Moieties of Cis-Cir-Cir-Cis, 
the Catalytic Subunit of Human Ci t  

Catherine A. Aude,* Monique B. Lacroix,* Girard J. Arlaud,*** Jean Gagnon,s*II and Maurice G. Colomb* 
Dgpartement de Recherches Fondamentales (Unit; INSERM 238), Laboratoire d’lmmunochimie, Centre d’Etudes Nucleaires de 

Grenoble, 85x, 38041 Grenoble Cgdex, France, and Conseil National de Recherches du Canada, Institut de Recherches en 
Biotechnologie, 6100 Avenue Royalmount, Montrsal, QuPbec, Canada H4P 2R2 

Received May 13, 1988; Revised Manuscript Received July 6,  1988 

ABSTRACT: The catalytic subunit of human CT, Cis-Cir-Cir-Cis ,  is a Ca*+-dependent tetrameric association 
of two serine proteases, CTr and C i s ,  which are glycoproteins containing asparagine-linked carbohydrates. 
With a view to investigate the accessibility and the possible functional role of these carbohydrates, the isolated 
proteases and their Ca2+-dependent complexes were submitted to deglycosylation by peptide:N-glycosidase 
F, an endoglycosidase that specifically hydrolyzes all classes of N-linked glycans. Treatment of isolated 
CTr and C i s  led to the removal of the carbohydrate moieties attached to their N-terminal a region, whereas 
those located in the C-terminal y-B catalytic domains were resistant to hydrolysis. Formation of the 
Ca2+-dependent Cis-Cis dimer and Cis-CTr-CTr-Cis tetramer induced specific protection of the single 
carbohydrate attached to the a region of C i s  and of one of the two carbohydrates located in the corresponding 
region of CTr. Sequence studies indicated that the carbohydrates protected upon homologous (Cis-Cis) 
or heterologous (Cir-Cis) interactions are attached to asparagine residues 159 of C i s  and 204 of CTr, 
a t  the C-terminal end of the EGF-like domain of both proteases. These data bring further evidence that 
Ca2+-dependent interactions between CTr and C i s  are mediated by their N-terminal a regions and strongly 
suggest that, inside these regions, the EGF-like domains play an essential role in these interactions. 

%e first component of the classical complement pathway 
is a macromolecular protease assembled from Clq ,  the rec- 
ognition unit, and from Cls-Clr-Clr-Cls, the catalytic unit, 
a Ca2+-dependent tetrameric association of two serine pro- 
teases, C l r  and Cls, that are sequentially activated upon C1 
activation [reviewed by Cooper (1985), Arlaud et al. (1987a), 
and Schumaker et al. (1987)l. In both cases, activation occurs 
through cleavage of a single Arg-Ile bond (Arlaud et al., 1985; 
Spycher et al., 1986), converting the single-chain proenzymes 
(Clr,  Cls) into active proteases (Cir,  Cis)’ comprising two 
disulfide-linked chains. Complete sequences of the N-terminal 
A chain and of the C-terminal B chain of each protein have 
been determined, indicating that the B chains are homologous 
to the catalytic chains of other mammalian serine proteases, 

whereas the A chains are subdivided into five structural units, 
referred to as I-V and including one EGF-like segment and 
two pairs of internal repeats (Arlaud & Gagnon, 1983; Joumet 
& Tosi, 1986; Leytus et al., 1986; Arlaud et al., 1987b; 
Mackinnon et al., 1987; Tosi et al., 1987). Each monomeric 
protease is organized in at least two independent domains: a 
catalytic domain, which includes the B chain, associated to 
y, the C-terminal portion of the A chain, and an interaction 
region a, derived from the N-terminal half of the A chain 
(Villiers et al., 1985; Weiss et al., 1986; Busby & Ingham, 
1987). The former is considered a true globular domain 
(Arlaud et al., 1986), whereas the latter is more likely divided 
into a series of small subdomains responsible for specific in- 
teractions (Arlaud et al., 1987a; Tosi et al., 1987). These 

+ A  preliminary report of this work was presented at the XIIth In- 
ternational Complement Workshop in Chamonix, France, September 
1987. 
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detected from absorbance at 230 nm, and PNGase F was 
contained in the second peak. SDS-PAGE analysis indicated 
that PNGase F ( M ,  34000) contained traces of a minor 
contaminant ( M ,  44 000) already described by Tarentino et 
al. (1985) but no detectable amount of endo-P-N-acetyl- 
glucosaminidase F (Endo F). The final preparation obtained 
from a 5-L culture was dialyzed against 20 mM Tris-HC1/100 
mM NaCl/l mM EDTA (pH 7.1) and concentrated by ul- 
trafiltration to 6.0 mL. Concentration of purified PNGase 
F was estimated spectrophotometrically by the method of 
Warburg and Christian (1941). 

Met hods 
Deglycosylation of C i r  and C i s  by PNGase F. CTr, Cis ,  

the (Y-B)~  catalytic domains of Ci r ,  and the Ca2+-dependent 
complexes Cis-Cis and Cis-Cir-Cir-Cis were incubated 
with 3-12% (w/w) PNGase F at 25, 30, or 37 OC and for 
varying periods as indicated in the text. Unless otherwise 
stated, all incubations were performed in 145 mM NaCl/l 
mM iPr2P-F/ 15 mM triethanolamine hydrochloride (pH 7.4) 
containing 2 mM EDTA or 2.5 mM CaCl, as indicated. 
Protein deglycosylation was monitored by SDS-PAGE analysis 
of the samples after reduction and alkylation, using 8.75% or 
12.5% polyacrylamide gels as described by Laemmli (1970). 
Protein staining was performed with Coomassie blue, and 
carbohydrate-containing bands were identified by specific 
staining as described by Kapitany and Zebrowski (1973). 
Bovine serum albumin ( M ,  67 000), ovalbumin ( M ,  45 000), 
glyceraldehyde-phosphate dehydrogenase ( M ,  36 000), car- 
bonic anhydrase (M,  29 000), bovine trypsinogen (M,  24000), 
soybean trypsin inhibitor ( M ,  20 loo), and lactalbumin ( M ,  
14 200) were used as molecular weight markers. 

Native and deglycosylated proteins were analyzed by 
high-pressure gel permeation on a TSK-G3000 SW column 
(7.5 mm X 600 mm) (LKB) equilibrated in the same buffer 
as used for deglycosylation and run at 1.0 mL/min. The 
esterolytic activity of native and deglycosylated C i r  and C i s  
was determined from the rate of hydrolysis of the synthetic 
substrate N-a-acetylglycyl-L-lysine methyl ester by using a 
spectrophotometric assay based on the measurement of 
methanol released upon hydrolysis (Herzberg & Rogerson, 
1985). 

Location of the Single Carbohydrate Removed upon 
Treatment of Isolated C i s  with PNGase F. Monoglycosylated 
Cis  was prepared by incubation of native C i s  (5.0 mg) in 145 
mM NaC1/1 mM iPr2P-F/2 mM EDTA/l5 mM tri- 
ethanolamine hydrochloride (pH 7.4) for 2 h at 30 OC in the 
presence of 6% (w/w) PNGase F, and the protein was dialyzed 
at 4 OC against 0.5% (v/v) acetic acid and freeze-dried. 
Reduction of monoglycosylated Cis, alkylation by iodo[2- 
3H]acetic acid, and separation of A and B chains were per- 
formed as described previously for CSr (Arlaud et al., 1982). 
The reduced and S-3H-carboxymethylated monoglycosylated 
Cis A chain (3.4 mg) was dissolved in 70% (v/v) formic acid 
(2.0 mL) and cleaved with CNBr (100 mg) for 24 h at 4 OC 
in the dark. The CNBr digest was fractionated by gel filtration 
on a Sephadex G-75 superfine column (2.5 cm X 120 cm) 
equilibrated in 6 M urea/50 mM NH4HC03 (pH 8.0) as 
described by Spycher et al. (1 986) for CNBr-cleavage peptides 
obtained from intact C i s  A chain. Five pools were collected, 
and peptides CB2 and CB4, which contain the two glycosy- 
lation sites of Cis, were found in pools 3 and 5, respectively. 
CB4 was further purified by reversed-phase HPLC using 
solvent system 2, whereas CB2 was used without further pu- 
rification. 

Location of the Single Carbohydrate Removed from Clr  

include calcium binding, formation of the Ca2+-dependent 
CTs-Cis dimer and C i s -C i rXi r -C i s  tetramer, and probably 
interactions between the tetramer and C lq  upon assembly of 
the C1 complex. 

CTr and C i s  are glycoproteins containing Asn-linked car- 
bohydrates: four glycosylation sites are present on CTr, two 
in the a region and two in the B chain (Arlaud & Gagnon, 
1983; Arlaud et al., 1987b), whereas C i s  contains only two 
carbohydrates, one being located in the a region and the other 
in y (Spycher et al., 1986; Mackinnon et al., 1987; Tosi et al., 
1987). Thus, in contrast with the remarkable homology that 
exists between the two proteases with respect to their amino 
acid sequence and domain structure, they widely differ from 
each other by their glycosylation patterns. The objective of 
the present study, based on the use of PNGase F, an endo- 
glycosidase that specifically hydrolyzes all classes of Asn-linked 
glycans, was to investigate the accessibility and the possible 
functional involvement of these carbohydrate moieties, par- 
ticularly in Ca2+-dependent interactions between the two 
proteins. It is shown that, in each isolated protein, the car- 
bohydrate moieties located in the a regions are accessible to 
the endoglycosidase, in contrast with those located in the y-B 
catalytic domains. Formation of the Ca2+-dependent Cis-Cis 
dimer and Cis-Cir-Cir-Cis tetramer induces in each protein 
specific protection of a carbohydrate located at equivalent 
position in the a regions. 

EXPERIMENTAL PROCEDURES 

Materials 
Flavobacterium meningosepticum (ATCC 33958) was ob- 

tained from the American Type Culture Collection and cul- 
tured for production of PNGase F as described by Tarentino 
et al. (1985). Trypsin (treated with Tos-Phe-CH,Cl) was 
obtained from Worthington Biochemical Corp., and purified 
PNGase F was from Genzyme Inc. TSK HW-55(S) was 
obtained from Merck. Iod0[2-~H]acetic acid (106 Ci/mol) 
was from the Radiochemical Centre, Amersham. CNBr was 
obtained from Aldrich Chemical Co. 

C i r  and C i s  were purified from human plasma as described 
previously (Arlaud et al., 1979), and their concentrations were 
estimated by using respective values of A(280 nm, 1%) = 11.5 
and 13.7, as determined by Sim et al. (1977) or calculated by 
the method of Edelhoch (1967) from the number of Trp, Tyr, 
and disulfides (Tosi et al., 1987). The (7-B), catalytic domains 
of C i r  were obtained from autolytic cleavage of the native 
protease and purified by high-pressure gel permeation (Arlaud 
et al., 1986). Quantitative estimation of the (Y-B)~  fragment 
was based on a value of A(280 nm, 1%) = 15.0, calculated 
by the method of Edelhoch (1967). 

PNGase F was purified from cultures of F. meningosepti- 
cum by a modification of the method described by Tarentino 
et al. (1985). After step I1 [gel filtration on TSK HW-SS(S)], 
fractions containing PNGase F were identified by SDS-PAGE 
analysis and from their ability to produce partial de- 
glycosylation of isolated CTr and Cis .  Active fractions were 
pooled, concentrated by ultrafiltration (PM- 10 membrane, 
Amicon Corp.) to 2.0 mL, and dialyzed against 0.1 M 
Na2HP04/1 mM EDTA (pH 7.1). Final purification of 
PNGase F was realized by high-pressure hydrophobic inter- 
action chromatography on a TSK-phenyl 5PW column (7.5 
X 75 mm) (LKB). The dialyzed material was loaded onto 
the column equilibrated in 0.1 M Na2HP04/ 1 mM EDTA/ 1.5 
M (NH4)2S04 (pH 7.1), and elution was realized by de- 
creasing the concentration of (NH4)2S04 from 1.5 M to 0 in 
30 min (flow rate = 1 mL/min). Three major peaks were 
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upon Partial Deglycosylation of C i s - C i r C i r - C i s  by 
PNGase F. A mixture containing 21.0 mg of both C i r  and 
C i s  was prepared in 145 mM NaCI/15 mM triethanolamine 
hydrochloride (pH 7.4), and CaCI, was added to 10 mM. The 
resulting C i s - C i r C i r - C i s  tetramer (0.67 mg/mL) was 
submitted to partial deglycosylation by incubation for 1 h a t  
25 "C in the presence of 6% (w/w) PNGase F and cooled on 
ice. The tetramer was then dissociated by addition of 10 mM 
EDTA and, after dialysis at 0 "C against 5 mM EDTA/ZO 
mM Na2HP04 (pH 7.4). C i r  and C i s  were applied to a 
DEAE-cellulose column (Whatman DE 52) equilibrated in 
the same buffer and separated as described by Arlaud et al. 
(1979). C i r  eluted from DEAE-cellulose was dialyzed against 
0.5% (v/v) acetic acid, freeze-dried, reduced, and alkylated 
by iodo[2-'H]acetic acid, and the A and B chains were sep 
arated by high-pressure gel permeation as described previously 
(Arlaud et al., 1982). The reduced and S-'H-carboxy- 
methylated monoglycosylated C i r  A chain (4.5 mg) was 
submitted to CNBr cleavage in 70% (v/v) formic acid as 
described above for C i s  A chain, and the digest was frac- 
tionated by gel filtration on a Bio-Gel P-100 column (2.5 cm 
X I IO cm) equilibrated in 9% (v/v) formic acid. Five pools 
were collected. Peptide CNIa  was contained in pool I ,  
whereas pool 5 contained peptides CN2a and CN4h. which 
were separated by reversed-phase HPLC with solvent system 
2. C N l a  was submitted to full tryptic digestion as described 
previously for C i r  B chain (Arlaud & Gagnon, 1983). and 
peptide CNlaT3 was purified by fractionation of the digest 
by reversed-phase HPLC with solvent system 1. 

Peptide Separation by Reuersed-Phase HPLC. Separations 
were performed on a Nova-PAK CI8 column (Waters Asso- 
ciates) with two solvent systems as described previously 
(Arlaud & Gagnon, 1983). Briefly, system 1 consisted of 0.1% 
NH4HCOl and acetonitrile, and system 2 consisted of 0.1% 
trifluoroacetic acid and acetonitrile/methanoI/propan-2-01, 
1:l:l v/v/v). Peptides were detected from absorbance at 215 
nm. 

Amino Acid Analysis and N-Terminal Sequence Deter- 
mination. Samples were hydrolyzed for 24 h under reduced 
pressure at 110 "C in constant-boiling HCI containing 0.1% 
(v/v) 2-memaptoethanol and 1% (w/v) phenol. Analyses were 
performed either on acid hydrolysates with a Beckman 7300 
amino acid analyzer using ninhydrin for detection or by re- 
versed-phase HPLC of amino acid phenylthiocarbamyl de- 
rivatives with a Pi-Tag amino acid analysis system (Waters 
Associates) using the standard procedure recommended by the 
manufacturer. The latter method was also used for identi- 
fication of phenylthiocarbamylglumsamine, which was resolved 
from phenylthiocarbamylserine by lowering the pH of the 
starting buffer from 6.4 to 5.3 as recommended by Waters 
Associates. Automated Edman degradation was performed 
in an Applied Biosystems Model 470 A gas-phase protein 
sequencer, and identification of amino acid phenylthio- 
hydantoin derivatives was performed according to the protocol 
recommended by Applied Biosystems on a Model 120 A 
HPLC system. 

Peptide Nomenclature. Peptides obtained from CNBr 
cleavage of C i s  and C i r  A chains are designated according 
to the nomenclature used in the original articles reporting their 
purification (Spycher et al., 1986; Gagnon & Arlaud, 1985; 
Arlaud et al., 1987b). 

RFSULTS 
Deglycosylation of Isolated Cir .  C i r  was incubated for 

2 h a t  30 OC in the presence of 6% (w/w) PNGase F, and 
deglycosylation was monitored by SDS-PAGE analysis of 

+ 
FIGURE I :  SDS-PAGE analysis of the deglymsylation of isolated CIr 
by PNGase F. Cir (0.5 mg/mL) in 145 mM NaCI/I mM iPr,P- 
F/15 mM triethanolamine hydrochloride (pH 7.4) was incubated with 
6% (w/w) PNGase F for increasing periods at 30 OC. R e d u d  and 
alkylated samples were analyzed with 12.5% polyacrylamide gels as 
described under Methods. (Lane 1) Untreated Cir: (lanes 2-8) Cir 
incubated with PNGase F for I!, 20, 30.45, 60.90, and 120 min. 
respectively; (lane 9) control Clr incubated for 120 min without 
PNGase F. (A) A chain; (B) B chain; (MG) monoglymsylated species; 
(AG) aglycosylated species. 

reduced samples using 12.5% polyacrylamide gels (Figure I). 
Under these conditions, the intact A chain (M, 54000), which 
carries two carbohydrate moieties, was rapidly converted to 
its monoglywsylated form (M, 51 000) and then more slowly 
to its aglycosylated form (M, 48000). Specific staining of 
carbohydrate (not shown) indicated that the intermediate 
species was still glycosylated, whereas the final species was 
not, thus demonstrating that deglycosylation was responsible 
for the observed increases in electrophoretic mobility. The B 
chain (M, 37 OOO) was much less susceptible to deglywsylation, 
as only small amounts of the monoglycosylated form (M. 
34000). which in this system mmigrated with PNGase F, were 
obtained after 2 h. Increasing the temperature to 37 OC had 
no significant effect on the deglycosylation of the B chain, 
whereas deglymsylation of the A chain was facilitated at this 
temperature and reduced at 20 OC. 

Native C i r  submitted to high-pressure gel permeation eluted 
as a major peak corresponding to the dimer, with a small 
amount of aggregated material in the void volume. After 
removal of both carbohydrate moieties from the A chain, the 
major peak almost completely disappeared without significant 
increase of the material eluted in the void volume, indicating 
that most of the protein was lost, probably bound to the 
column. Complete deglycosylation of the A chain of C i r  had 
not effect on the esterolytic activity of this protease. 

The accessibility of the carbohydrate moieties located on 
the B chain was further investigated by deglywsylation studies 
performed on the isolated (Y-B)~ domains. Incubation of these 
domains with up to 12% (w/w) PNGase F only led to partial 
removal of a single carbohydrate moiety from the B chain. 
Incubation for 3 h at 37 'C produced less than 50% of the 
monoglycosylated species, whereas no detectable amount of 
the aglycosylated species could be obtained. Partial de- 
glycosylation of the B chain had no significant effect on the 
esterolytic activity of the (Y-B)~ domains. 

Deglycosylation of Isolated Cis .  Incubation of Cis with 
3% (w/w) PNGase F a t  30 OC in the presence of EDTA led 
to deglycosylation of the A chain (M, 57000). which was 
progressively converted to a species of M, 54000 that, as 
judged from specific staining, still contained carbohydrate and 
therefore corresponded to a monoglycosylated form. The 
second carbohydrate of the A chain was entirely resistant to 
PNGase F, as no detectable amount of the aglycosylated form 
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FIGURE 2 SDS-PAGE analysis of the deglymsylation of isolated Cis 
by PNGase F. Cis (1.0 mg/mL) in 145 mM NaCI/I mM iR,P-F/IS 
mM triethanolamine hydr&hloride (pH 7.4) was incubated &th'3% 
(w/w) PNGase F for varying periods at 30 "C in thepresence of 
EDTA or CaCI,. (Lane I )  Untreated Cis: (lanes 2-5) CIS incubated 
with PNGase F for 15, 30, 60, and I20 min, respectively, in the 
presence of 2 mM EDTA: (lane 6) control Cis incubated for I20 min 
in the presence of 2 mM EDTA without PNGase F: (lanes 7 and 8) 
Cis incubated for 120 min with PNGase in the presence of 2.5 and 
IO mM CaCI,, respectively. Other experimental conditions are as 
described in the legend to Figure I 

could be obtained, even on prolonged incubation in the presence 
of increasing amounts of PNGase F. 

When treatment with PNGase F was performed in the 
presence of calcium ions, deglycosylation of the A chain was 
completely prevented (Figure 2, lane 7), indicating that for- 
mation of the Ca,+-dependent Cis-Cis dimer prevented ac- 
cessibility of the only carbohydrate that is susceptible to hy. 
drolysis by PNGase F in monomeric Cis. 

Native C i s  was eluted by high-pressure gel permeation in 
EDTA as a major peak corresponding to the monomer and, 
in contrast with Cir,  partial deglycosylation only slightly in- 
creased the elution volume of the protein, without significant 
loss of material on the column. Using the same technique in 
the presence of calcium, monoglycosylated Cis was found to 
retain partially its capacity to dimerize and to form Cis- 
Cir-Cir-Cis tetramers when mixed with equal amounts of 
Cir.  As already observed with CTr, partial deglycosylation 
of Cis had no effect on its esterolytic activity. 

Location of the Single Carbohydrate Removed upon 
Treatment of Monomeric C i s  by PNGase F. With a view to 
identify which one of the two carbohydrates of C i s  is removed 
upon treatment with PNGase F, monoglycosylated C i s  was 
reduced and S-'H-carboxymethylated, and the mono- 
glycosylated A chain, separated from the B chain by high- 
pressure gel permeation, was submitted to CNBr cleavage (see 
Methods). Previous studies (Spycher et al., 1986; Mackinnon 
et al., 1987; Tosi et al., 1987) have shown that the two car- 
bohydrates of C i s  are located on the A chain and contained 
in the CNBr-cleavage peptides CB2 and CB4. CNBrcleavage 
peptides were fractionated by gel filtration on Sephadex G-75 
(SF) in the same conditions as originally used by Spycher et 
al. (1986). and five pools were collected (Figure 3). Amino 
acid analysis indicated that peptides CB2 and CB4 were 
contained in pools 3 and 5 ,  respectively. Compared to the 
separation obtained by Spycher et al. (1986), therefore, the 
elution position of CB4 was not modified, whereas the apparent 
M, of CB2 was significantly lower (Figure 3). Peptide CB4 
(residues 379422). further purified by reversed-phase HPLC, 
eluted as a single peak, and its N-terminal sequence was de- 
termined for 16 cycles (Figure 4). No residue was identified 
at cycle 13, indicating that this position (391 in Cis A chain) 

P 
E 4 

.. 
FRACTIONS 

FIGURE 3: Fractionation by gel permeation on Sephadex G-75FSF) 
of CNBr-cleavage peptides from reduced and S3Hcarboxymethylated. 
monoglycosylated CIS A chain. Radimaivity was measured on 6&#L 
aliquots, and p l s  were made as indicated by bars. The arrow 
indicates the approximate position of peptide CB2 in the fractionation 
obtained by Spycher et al. (1986). 

P.PIW 

CB4 

2,. 3.1 

E N  G G G G E Y H C A G-G S W 

,I. IS. 

CB2 K N C G V D C S G  

(CB3) P C P K E D T P N  
27s 

?08 

CN2a L L T F H T D F S N E E D  G T I 

101 

CNlaT3 C-Y S I  R 

FIGURE 4 N-Terminal sequences of selected glycopeptides obtained 
from partially deglymsylated Cir and Cis A chains. ResLdues are 
numbered according to their position in the sequence of Cls (CB4, 
CB2, CB3) or Cir (CNZa, CNlaT3). 

was still w p i e d  by an Asn-linked carbohydrate, in agreement 
with the identification of glucosamine in acid hydrolysates of 
CB4. 

Attempts to further purify peptide CB2 by reversed-phase 
HPLC were unsuccessful, and N-terminal sequence analysis 
was performed directly on the material contained in pool 3 
from Sephadex G-75. As shown in Figure 4, two sequences 
were obtained, a major sequence (approximately 90%) cor- 
responding to peptide CB2 and a minor sequence corre- 
sponding to peptide CB3, the major component of pool 4. 
Aspartic acid was unambiguously identified a t  position 6 of 
CB2, clearly indicating that the Asn-linked carbohydrate 
normally found at this position (159 in Cis A chain) had b a n  
removed upon treatment with PNGase F (Plummer et al., 
1984). in agreement with the absence of detectable amounts 
of glucosamine in acid hydrolysates of pool 3. 

Deglycosylation of the Ca"-Dependent C i s c f r C i t - C i s  
Tetramer. The Cis-Cir-Cir-Cis tetramer, assembled from 
equal amounts of C i r  and C i s  in the presence of calcium, was 
treated with PNGase Fat 30 OC, and deglycosylation of both 
proteins was monitored by SDS-PAGE analysis of reduced 
samples using 8.75% polyacrylamide gels, which allowed 
resolution of the native and various deglycosylated forms of 
the A chains of both proteins. Incubation of the tetramer for 
1 h in the presence of 2.5 mM CaCI, and 6% (w/w) PNGase 
F resulted in the removal of a single carbohydrate from C i r  
A chain, whereas no deglycosylation of Cis A chain was 
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& :(MG) 
-Clr A 
\cir A(MG) 
l c i r  A(AG) 
l c ’ i r  B 
-cir B(MG) 
LPNG~S.~ F + \ C i s  B 

FIGURE 5: SDS-PAGE anal sis of the deglyeosylation of CIr and 

by PNGase F. (Lanes I-3)_Untreated Clr. Cls. and Cls-Clr- 
CirCis;  (lane 4) Cis -Ci rCl rCis  incubated for I hat 30 OC with 
6% (w/w) PNGase F in the presence of 2.5 mM CaCI,: (lane 5 )  
Cis-Cir-Cir-Cis incubated as in lane 4 with further-addeion Of 
6% (w/w) PNGase F after 30 min; (lane 6) Cis-ClrClr-Cls 
incubated as in lane 5 in the presence of IO mM CaCI,. Electrophoresis 
was performed on 8.75% polyacrylamide gels. 

observed (Figure 5, lane 4). In the same conditions, further 
addition of 6% (w/w) PNGase F after 30 min led to the 
complete deglycosylation of C i r  A chain and to the removal 
of a single carbohydrate moiety from Cis A chain (Figure 5, 
lane 5 ) .  Increasing the concentration of CaC12 to IO mM 
markedly reduced the deglycosylation process, as a single 
carbohydrate of C i r  A chain was removed under these con- 
ditions, even when a second addition of PNGase F was per- 
formed after 30 min (Figure 5, lane 6). Similar results were 
obtained when incubations were performed at 25 or 37 OC. 

The intact Cis-Cir-Cir-Cis tetramer submitted to high- 
pressure gel permeation eluted as a single peak, and the elution 
profile was not modified after removal of a single carbohydrate 
from CTr A chain. In contrast, treatment of C i s -C i rC i r -  
C i s  with PNGase F under conditions leading to complete 
deglycosylation of C i r  A chain and to partial deglycosylation 
of C i s  A chain resulted in the dissociation of the tetramer. 
In agreement with the mults obtained with individual proteins, 
CTr was not recovered from the column, whereas C i s  eluted 
as a peak corresponding to the dimer. 

Location of the Single Carbohydrate Removed from C i r  
A Chain upon Partial Deglycosylation of C i s - C i r C i r C i s  
by PNGase F. The Caz+-dependent Cis -Ci r -Ci r -Cis  tet- 
ramer, assembled from 21.0 mg of both C i r  and Cis in the 
presence of IO mM CaCI, was treated with PNGase F under 
conditions (see Methods) where a single carbohydrate of C i r  
A chain is susceptible to hydrolysis. After dissociation of the 
tetramer in EDTA, CIr  was separated from C i s  by ion-ex- 
change chromatography and then reduced and alkylated by 
iodo[2-’H]acetic acid. The reduced and S-’H-carboxy- 
methylated, monoglycosylated C i r  A chain, separated from 
the B chain by high-pressure gel permeation, was cleaved with 
CNBr, and the digest was fractionated by gel filtration, as 
shown in Figure 6. C N l a  (residues 113-351), the large 
peptide containing one of the two glycosylation sites of the A 
chain (Arlaud et al., 1987b). was found in pool I ,  whereas 
pools 2 and 4 contained peptides C N l b  (residues 1-89) and 
CN3 (residues 352-376). respectively. Analysis of pool 3 by 
reversed-phase HPLC with solvent system 1 showed that it 
only contained peptide CN2b (residues 3 9 7 4 6 ) .  whereas the 
same pool obtained from CNBr cleavage of the intact A chain 
also contained CN2a (residues 96-1 12). the other glycopeptide 
of the A chain. Pool 5 contained both peptides CN4b (midues 
377-396) and CN2a. which were separated by reversed-phase 

Cis upon treatment of the Ca’ 1 dependent Cl_sCi+irCis-te*er 
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F R A C T Km S 
FIGURE 6: Fractionation by gel permeation on Bio-Gel P-100 or 
CNBr-cleavage p p t i d s  from reduced and S-3Hcdrtaxymethylatedd, 
monoglycosylated Cir A chain isolated from the PNGase-F-treated 
Cis-ClrClrCTs tetramer. Radioactivity was measured on 50-pL 
aliquots, and pools were made as indicated by bars, 

” 15 TWW)  30 45- 

FIGURE 7: Separation of CNBr-cleavage peptides CN4b and CN2a 
by reversed-phase HPLC. Pool 5 from Bic-Gel P-100 (see Figure 
6) was fractionated on a Nova-PAK CIS column using solvent system 
2 consisting of 0.1% trifluoroacetic acid and acetonitrile/metha- 
nol/propan-2-ol, l:l:l (eluent B). 

HPLC using solvent system 2 (Figure 7). CN2a was resolved 
into three peaks of identical amino acid composition. The 
complete sequence of each form was determined, with the 
exception of the C-terminal homoserine residues that could 
not be identified. The sequences obtained were identical 
(Figure 4). suggesting that the apparent heterogeneity of 
CN2a (which was also observed with the intact glycopeptide) 
was due mostly to this particular residue. Aspartic acid was 
identified at cycle 13 (Figure 4). indicating that the Asn-linked 
carbohydrate found at this position (108 in C i r )  had been 
removed by PNGase F, in agreement with the absence of 
detectable amounts of glucosamine in acid hydrolysates of 
CN2a. 

With a view to verify that the other carbohydrate moiety, 
linked to the asparagine residue at position 204 of Cir A chain, 
was still present, peptide C N l a  (residues 113-351) was sub- 
mitted to full tryptic cleavage, and peptide CNlaT3 (residues 
203-208), resulting from cleavage of arginyl bonds at positions 
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or partially resistant to the enzyme. PNGase F is known to 
hydrolyze all classes of Asn-linked glycans, provided that both 
the a-amino and carboxyl groups of the asparagine residue 
are in peptide linkage (Tarentino et al., 1985). In addition, 
although the detailed structure of C i r  and C i s  carbohydrates 
has not yet been determined, previous analyses have shown 
that they have comparable compositions (Sim et al., 1977). 
Furthermore, both carbohydrates of C i r  B chain, of which 
one is partially removed by PNGase F, whereas the other is 
not, have almost identical compositions with respect to N-  
acetylglucosamine, mannose, galactose, and sialic acid (Arlaud 
& Gagnon, 1983) and should therefore have comparable 
structures. Hence, the most likely hypothesis is that the ob- 
served lack of cleavage by PNGase F of the carbohydrate 
moieties located in the catalytic domains of CTr and C i s  is 
a consequence of a lack of accessibility, as was already ob- 
served for other native proteins (Tarentino et al., 1985). In 
the case of Cl r ,  a possible explanation could arise from the 
dimeric structure of the protein, considering that the carbo- 
hydrates of the B chain could be partly involved in mono- 
mer-monomer interactions, which occur through the y-B 
catalytic domains (Villiers et al., 1985; Weiss et al., 1986; 
Arlaud et al., 1986). This hypothesis, however, is not valid 
for Cis, which does not associate through its catalytic domains. 
The most likely hypothesis is therefore that the observed lack 
of accessibility of the carbohydrates located in the catalytic 
domains arises mostly from steric hindrances inherent in the 
globular nature of these domains, which could prevent access 
of the susceptible asparagine-N-acetylglucosamine bonds to 
the active site of PNGase F. In this respect, it is noteworthy 
that these domains are also particularly resistant to extrinsic 
proteolytic cleavage (Villiers et a]., 1985; Arlaud et al., 1986). 

From a functional point of view, the removal of the car- 
bohydrates located in the a region of C i r  and C i s  had no 
consequence on the esterolytic activity of either protease. 
However, this does not necessarily imply that the physiological 
enzymatic functions of C i r  and C i s  are unaffected by de- 
glycosylation. In the case of Cis,  this treatment did not 
apparently modify the overall stability of the protein, which 
also partially retained its ability to dimerize or to interact with 
C i r  in the presence of calcium. In contrast, the removal of 
the two carbohydrates of the a region of C i r  deeply modified 
the physicochemical properties of the molecule, which acquired 
a strong tendency to bind to the TSK G3000 SW matrix used 
for high-pressure gel permeation. This tendency, which could 
result from the exposure of hydrophobic amino acids, did not 
make possible further studies on the ability of deglycosylated 
CTr to associated with C i s  in the presence of calcium. 

Formation of the Ca2+-dependent Cis-Cis dimer com- 
pletely prevented the hydtolysis by PNGase F of the carbo- 
hydrate linked to the asparagine residue at position 159, 
thereby rendering the protein totally insensitive to de- 
glycosylation. Treatment of the Ca2+-dependent Cis-Cir- 
Cir-Cis tetramer with PNGase F showed that formation of 
the tetramer also resulted in protection of the same carboh- 
ydrate moiety and of the carbohydrate linked to the asparagine 
residue at position 204 of Cir,  whereas the accessibility of the 
carbohydrate linked to the asparagine residue at position 108 
of C i r  was not modified. Interestingly, this protective effect 
was reinforced by increasing calcium concentration to 10 mM, 
even in the presence of high amounts of PNGase F, probably 
due to an increased stability of the tetramer in these conditions. 
Thus, two carbohydrates, linked to asparagine residues at 
positions 204 of CTr and 159 of Cis, are specifically protected 
upon homologous (Cis-Cis) or heterologous (Cir-Cis) 
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FIGURE 8: Schematic representation of the hea r  structures of Cir 
and Cls. The positions of the P-hydroxyasparagine residues (N) and 
Asn-linked carbohydrates (4) are indicated (Arlaud et al., 1987b,c; 
Arlaud & Gagnon, 1983; Spycher et al., 1986; Mackinnon et al., 1987; 
Tosi et al., 1987). Disulfide bridge patterns are based on published 
data (Arlaud & Gagnon, 1985; Gagnon & Arlaud, 1985) and on 
homology with serine proteases and other proteins (Leytus et al., 1986; 
Arlaud et al., 1987a; Mackinnon et al., 1987). 

202 and 208, was purified by fractionation of the whole digest 
by reversed-phase HPLC using solvent system 1. CNlaT3 
was contained in a single peak, and its complete sequence was 
obtained, with the exception of the residue at position 204 
(Figure 4). This position was therefore still occupied by the 
Asn-linked carbohydrate, a conclusion that was also supported 
by the identification of glucosamine in acid hydrolysates of 
CNlaT3 and which confirmed that the single carbohydrate 
moiety removed by PNGase F is that attached to the Asn 
residue at position 108. 

DISCUSSION 

Preliminary experiments performed with commercially 
available PNGase F led to significant but restricted de- 
glycosylation of isolated Cf r  and Cis.  Further experiments 
conducted with high amounts (3-12% w/w) of PNGase F, 
purified from cultures of F. meningosepticum, gave identical 
deglycosylation patterns and allowed us to obtain more ex- 
tensive deglycosylation and to identify in each protein those 
carbohydrate moieties that are susceptible to hydrolysis. 

Treatment of isolated C i r  with purified PNGase F indicated 
that the two carbohydrates of the A chain, which are both 
attached to the N-terminal a region via Asn residues at 
positions 108 and 204 (Figure 8), were removed by the enzyme, 
although one was cleaved more rapidly than the other. In 
contrast, the B chain, which also contains two carbohydrates, 
attached to Asn residues at positions 497 and 564 (Figure 8), 
was much less susceptible to deglycosylation. One of these 
carbohydrates proved entirely resistant to the enzyme, whereas 
the other was only removed to a limited extent, even when 
PNGase F treatment was performed on the isolated ( Y - B ) ~  
domains. 

Cis  contains only two carbohydrate moieties, which are both 
located on the A chain (Figure 8). Again, treatment of the 
monomer indicated that these are not equally susceptible to 
PNGase F: the carbohydrate attached to Asn residue at  
position 159 in the N-terminal a region was removed by 
PNGase F, whereas that located in the C-terminal y region 
(Asn residue 391) was resistant to the enzyme. Thus, although 
C i r  and C i s  differ from each other by the number and location 
of their carbohydrate moieties, both proteins behave in a 
comparable manner with respect to PNGase F treatment: all 
carbohydrates located in the N-terminal a region are sus- 
ceptible to enzymatic hydrolysis, in contrast to those located 
in the C-terminal y-B catalytic domains, which are entirely 
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Caz+-dependent interactions. These asparagine residues are 
both located in the homologous region I11 of each protein 
(Figure 8), more precisely on each side of half-cystine residues 
that likely form the N-terminal disulfide bridge of these regions 
(positions 176-203 in CTr and 160-187 in Cis)  (Leytus et 
al., 1986; Arlaud et al., 1987a; Mackinnon et al., 1987). Thus, 
although these carbohydrates do not appear to be located at 
homologous positions from direct alignment of the sequences 
of C i r  and C i s  (Figure 8), they are likely located at ho- 
mologous positions in the three-dimensional structures of both 
proteins and hence can be considered as “functionally 
homologous”. 

Another interesting feature of these carbohydrates is their 
location at close proximity of the C-terminal end of homolo- 
gous regions I1 of CTr and C i s  (Figure 8). Both regions show 
extensive homology with epidermal growth factor, including 
six half-cystine residues distributed in the characteristic pattern 
of EGF-like domains. In addition, region I1 of CTr contains 
at position 150 an erythro-P-hydroxyasparagine residue re- 
sulting from posttranslational hydroxylation of an asparagine 
(Arlaud et al., 1987c; Leytus et al., 1986; Journet & Tosi, 
1986), and the same modified amino acid is probably found 
at position 134 of C i s  (Przysiecki et al., 1987; Tosi et al., 1987; 
Mackinnon et al., 1987). Similar cases of EGF-like sequences 
containing a P-hydroxyaspartic acid or P-hydroxyasparagine 
residue have been reported in other proteins, including protein 
C (Foster et al., 1985), protein S (Stenflo et al., 1987), blood 
coagulation factors IX and X (Anson et al., 1984; McMullen 
et al., 1983), and protein Z (Hojrup et al., 1985). Although 
the precise functional role of these sequences has not yet been 
fully established, their involvement in calcium binding has been 
proposed in the cases of factor IX (Morita et al., 1984) and 
factor X (Sugo et al., 1984) and indirectly shown in the case 
of protein C (Ohlin & Stenflo, 1987). This has led us to 
suggest that EGF-like regions I1 of Cf r  and C i s  contain a 
calcium-binding site involved in Cir-Cis and Cis-Cis in- 
teractions (Arlaud et al., 1987a). This hypothesis is strongly 
supported by the data discussed above and particularly by (i) 
the observed protection of the carbohydrates linked to as- 
paragine residues 204 of C i r  and 159 of C i s  upon formation 
of the Ca2+-dependent Cis-Cis dimer and Cis-Cir-Cir-Cis 
tetramer, (ii) the location of these carbohydrate moieties in 
the vicinity of EGF-like regions 11, and (iii) the fact that 
increasing the concentration of calcium ions increases this 
protection. 

It cannot be established whether the carbohydrate moieties 
of regions I11 are directly involved in Cir-Cis and Cis-Cis 
interactions or simply hidden upon these interactions due to 
a major involvement of the neighboring regions 11. The ob- 
served dissociation of the Cis-Cir-Cir-Cis tetramer upon 
removal of these carbohydrates favors the first hypothesis, 
although this effect could likely be the consequence of a local 
denaturation resulting from the removal of these carbohy- 
drates, particularly in CTr, which appears to be deeply mod- 
ified upon deglycosylation. Moreover, the fact that Cis  lacking 
the carbohydrate linked to asparagine residue 159 partially 
retains its interaction capacity would favor the hypothesis that 
the carbohydrate moieties attached to regions I11 are not 
essential participants of calcium-dependent interactions. 

It appears now clearly that the structures responsible for 
the Ca2+-dependent assembly of Cis-Cir-Cir-Cis, the 
catalytic subunit of CT, are all located in the N-terminal a 
region of each protein (Villiers et al., 1985; Weiss et al., 1986; 
Busby & Ingham, 1987). The data presented in this paper 
entirely support this scheme and strongly suggest that the 

binding of calcium by EGF-like regions I1 is an essential step 
in this process. However, further investigations will be needed 
to elucidate the precise mechanism of Cir-Cis interaction, 
particularly with respect to the possible involvement of other 
structures of regions a. 
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Amino-Terminal Nucleotide-Binding Sequences of a Lactobacillus 
Deoxynucleoside Kinase Complex Isolated by Novel Affinity Chromatography? 
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ABSTRACT: A highly efficient new affinity medium for deoxycytidine kinase, deoxycytidine S-tetra- 
phosphate-Sepharose (dCp4-Sepharose), has been constructed. A dCp4-Sepharose column effects a one-step, 
19 000-fold, purification to homogeneity of dCyd kinase from the ammonium sulfate fraction of Lactobacillus 
acidophilus R-26 extract, with 60% recovery. dCTP, a potent end-product inhibitor, is used as an  eluent, 
and it also stabilizes the extremely labile purified enzyme. A noncompeting deoxyadenosine kinase activity 
accompanies the deoxycytidine kinase activity eluted. Native polyacrylamide gel electrophoresis shows a 
single protein band, which coincides with both deoxycytidine kinase and deoxyadenosine kinase activities 
a t  several gel concentrations. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis reveals a single 
polypeptide band of 26 000 daltons. Since the native enzyme is known to have an M, of 50 000, it appears 
that the enzyme is composed of two subunits of similar size. Sequence analysis of the intact protein from 
the N-terminus reveals but a single amino acid species per residue up to the 17th residue; at the 18th, 21st, 
26th, and 27th residue positions of the sequence, however, there appear to be two different amino acids 
in almost equal amounts. This may indicate that the enzyme is composed of two nonidentical subunits having 
the same amino acid sequence near the N-terminus. Residues 6-13 contain the highly conserved Gly-X- 
X-Gly-X-Gly-Lys sequence found a t  the active sites of kinases and other nucleotide-binding proteins. 

Lactobacillus acidophilus R-26 has two unique paired de- 
oxynucleoside kinases, namely, dCyd/dAdo kinase and 
dGuo/dAdo kinase (Deibel & Ives, 1977a). Kinetic studies 
have revealed that these two paired activities do not share a 
common active site in either case but exhibit positive allosteric 
interactions (Deibel et al., 1977; Chakravarty et al., 1984). 
The dGuo/dAdo enzyme was purified to homogeneity in very 
small amounts, with a combination of broadly specific affinity 
media, and shown to consist of a monomeric polypeptide. 
Selective chemical inactivation of its dGuo phosphorylation 
site concurrently eliminated the ability of dGuo, mediated by 
that site, to stimulate dAdo phosphorylation (Chakravarty et 
al., 1984). 

In sharp contrast with the Lactobacillus enzyme, compe- 
tition and mutation experiments with human cytosol dCyd 
kinase have revealed that its multiple deoxynucleoside spe- 
cificities are associated with a common active site, which 
phosphorylates dCyd, dAdo, and dGuo with varying effi- 
ciencies (Verhoef et al., 1981; Hershfield et al., 1982; Bohman 
& Eriksson, 1988). A human mitochondrial deoxypyrimidine 
kinase isoenzyme also appears to phosphorylate both dCyd and 
dThd at the same active site (Lee & Cheng, 1977). Only one 
other bacterial dCyd kinase has been characterized; a 
dCyd/dAdo kinase isolated from Bacillus subtilis exhibited 
weak mutual inhibition by these substrates, while dCTP or 
dATP was each most effective in inhibiting the phosphorylation 
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of its own cognate deoxynucleoside (Mdlgard, 1980). This 
behavior suggests the possibility of separate but noninteracting 
sites on the B. subtilis kinase. 

Studies on the structure-function relationship of the in- 
teresting multifunctional-type deoxynucleoside kinases of L. 
acidophilus have been impeded by the extremely small 
amounts of purified proteins attainable by conventional pu- 
rification procedures (Chakravarty et al., 1984). We have 
developed several affinity media using deoxynucleosides linked 
to Sepharose through the 3’-hydroxyls or through various 
positions on the purine or pyrimidine bases. Although deox- 
ynucleoside kinases from other sources were purified suc- 
cessfully on some of these media, none of them retained the 
bacterial kinases effectively (Ikeda et al., 1984). Greater 
success was attained with multisubstrate-type affinity media 
(dNp,A-Sepharose) directed specifically toward the dCyd, 
dAdo, or dGuo sites (Ikeda & Ives, 1985). Copurification of 
two activities (dCyd/dAdo or dGuo/dAdo kinase) on these 
media, in conjunction with competition experiments, has 
provided further proof of the existence of two distinct active 
sites on each protein. However, even these highly specific 
media had relatively limited capacity for the Lactobacillus 
kinases. Recently, we have found that natural triphosphate 
end products (dNTP)’ bind still more tightly (Ki = 0.4-3 pM) 

~~~~ ~~ 

’ Abbreviations: dNp,A, deoxynucleoside 5’-adenosine 5”’-P’,P- 
tetraphosphate; dNTP, deoxynucleoside triphosphate; SDS, sodium do- 
decyl sulfate; PAGE, polyacrylamide gel electrophoresis; Tris, tris(hy- 
droxymethy1)aminomethane; dNp,A, deoxynucleoside 5’-adenosine 5”’- 
P1,P3-triphosphate; dCp,-Sepharose, deoxycytidine 5’-tetraphosphate- 
Sepharose. 
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