
amino residues of the Hin peptide, is not 
sufficient to elicit s~ecific binding. to DNA. " 
There may be additional nucleotide recogni- 
tion elements within the COOH-terminal 
52-amino acid residue sequence. 

These experiments demonstrate the use- 
fulness of solid matrix peptide synthesis for 
studying structure-function relations in pro- 
teins. It is especially noteworthy that the 
52mer binds DNA without the need for 
purification after synthesis. Peptides, such as 
the 52mer and analogs that incorporate 
specific reporter groups, will provide pow- 
erhl  tools for further dissecting precise de- 
tails of DNA protein interactions. 
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Epitope Mapping by Chemical Modification of 
Free and Antibody-Bound Protein Antigen 

A monoclonal antibody bound to a protein antigen slows the rate of chemical 
modification of amino acid residues located at the epitope. By comparing the degree of 
acetylation of 18 lysine and 7 threonine residues in free and antibody-bound horse 
cyt6chrome c, a discontiguous, conformational epitope was characterized on this 
protein antigen. The new approach is particularly suitable to probe discontiguous and 
conformational epitopes, which are dif3cult to analyze by other procedures. 

E PITOPES OF PROTEIN ANTIGENS complements existing methods for probing 
have been classified as contiguous epitopes on protein surfaces. The rationale is 
and discontiguous (1, 2 ) .  Contigu- to compare the relative rate of chemical 

ous epitopes are composed of residues that modification of residues of a protein antigen 
are close to each other in the polypeptide in the presence or absence of a specific 
sequence, whereas discontiguous epitopes monoclonal antibody and to deduce the 
consist of residues that are distant-in the location of the e~ i tope  from the differential 

L L 

polypeptide sequence but adjacent on the chemical reactivity of amino acid side chains. 
protein surface. The term "conformational" This type of differential chemical modifica- 
designates the dependence of antibody bind- 
ing on the spatial conformation of the epi- 
tope. The classification of epitopes is opera- 
tional, as it depends on the method used for 
their detection. In one way or another exist- 
ing methods are based on the competition 
for the antibody-combining site between the 
parent antigen used to mount the immune 
response and species-related proteins, chem- 
ically modified proteins, or peptides ( 2 ) .  
Here we present a novel approach that 

tion 4;s applied successfully to map elec- 
tron-transfer interaction domains for phys- 

A. Burnens and H .  R. Bosshard, Biochemisches Institut 
der Universitat Zurich, Winterthurerstrasse 190, CH- 
8057 Zurich, Switzerland. 
S. Demotz and G. Corradin, Institut de Biochimie, 
Universitt de Lausanne, CH-1066 Epalinges, Switzer- 
land. 
H .  Binz, Institut fur Immunologic und Virologie der 
Universitat Zurich, Gloriastrasse 30, CH-8028 Zurich, 
Su~itzerland. 

*To whom correspondence should be addressed. 

SCIENCE, VOL. 235 



iological redox partners of cytochrome c (3, 
4). Lysine residues at the binding site for the 
redox partner were less reactive than lysines 
at othir positions. The same may hold for 
residues contained in various epitopes of 
cytochrome c (2, 5, 6). 

The relative rate of acenilation of lvsines 
and threonines in cytochrome c was mea- 
sured in the presence or absence of mono- 
clonal antibody 2.61 raised against native 
horse cytochrome c in SJL mice (7). Free 
and antibody-bound cytochrome c was 
treated with a trace of [3~]acet ic  anhydride. 
On average, only one out of four molecules 
of cytochrome c was acetylated with 3~ in 
this trace-labeling reaction. By this means, 
we ruled out the possibility that the acetyla- 
tion of one group inadvertently affected the 
rate of acetylation of a neighboring group 
(3). Antibody-binding remained unchanged 
after trace-labeling. Trace-labeled cyto- 
chrome c was fullv acetylated with nonra- 
dioactive anhvdride and mixed with homo- 
geneously I4d-acetylated cytochrome c. The 
ensuing mixture of chemically homoge- 
neous but isotopically heterogeneous cyto- 
chrome c derivatives was subjected to prote- 
olysis, and peptides were separated by high- 
performance liquid chromatography and se- 
quenced. With this protocol, the degree of 
acetylation of single residues during trace- 
labeling could be obtained from 3 ~ / ' 4 ~  
ratios (8 ,9) .  The degree of acetylation of 18 
lysines and 7 threonines was measured (10). 
These residues account for 25% of the se- 
quence and are quite evenly distributed over 
the entire molecular surface (11). Of these 
residues, only Lys60 and ~~s~~ were signifi- 
cantly less reactive in the antigen-antibody 

Table 1. Ratio of the degree of acetylation of 
lysine and threonine residues of horse cytochrome 
c free and bound to monoclonal antibody 2.61. 

Residue Ratio* Residue RatioX 

*The avera e ratio for all residues except Lys6O and LysY' 
is 0.98 * f 3 5 .  Ratios above 1.7 (nvo siandard devi- 
ations above unitv) are taken to be significantl~, different 
from unin~, that Is, to indicate lower reactivih? in anti- 
body-bound cvtochrome c. Values for h~sines 22, 55,60, 
72, '73, 86, 87, 88, 99, and 100 weie obtained from 
independent analysis of chymotnrptic and thermoh'tic 
De~tides. The correlation between the nvo sets of data 
L L 

was Rchvmotiyptic = 0.81 x Rthermolytic + 0.09; correla- 
tion coefficient = 0.89. 

complex (Table 1). The decrease of reactiv- 
ity of Lys60 and ~ y s ~ ~  was rather small, 
because free and antibody-bound cyto- 
chrome c are in a dynamic equilibrium 
during acetylation and because the small 
reagent molecule can probably penetrate 
between antigen and antibody. 

In the crystal the €-amino groups of Lys60 
and ~~s~~ are brought together to within a 
distance of 7 A by folding of the polypeptide 
chain on the backside of the molecule (11). 
Thus, antibody 2.61 seems to recognize a 
discontiguous epitope in this region. How- 
ever, from the acetylation experiment alone 
we cannot strictly rule out the possibility 
that residues 60 or 99 or both are outside of 

antibody. Therefore, a conventional compe- 
tition analysis with different cytochromes 
and CNBr-cleaved fragments was undertak- 
en to clarifi this point (Fig. 1 and Table 2). 
The pattern of cross-reactivities obtained 
correlates best with sequence changes at 
Glu9*, since all "nonbinders" have a replace- 
ment in position 92. ~ ~ l s ~ ~  or ThrS9 contrib- 
utes little to bindin because the beef pro- 
tein, which has L y 8  and ~ h r ' ~  replaced by 
Gly, was strongly cross-reacting. However, 
a derivative of horse cytochrome c with W -  
4-carboxy-2,6-dinitrophenyllysine (CDNP- 
Lys) in position 60 (12) showed considera- 
bly less cross-reactivity. Steric interference 
by this bulky substituent with binding to 

the epitope and were made less reactive by a antibody 2.61 strengthens the notion that 
change of conformation induced by the Lys60 is part of the epitope. Changes at 

Fig. 2. Stereo view of tuna ferricytochrome c. The three residues marked in very heavy line are Gln9* 
(top), Lysy9 (left), and Asn60 (lower right). They are at positions equivalent to Gluy2, Lys9', and Lys60 
of horse cytochrome c (11, 18). The approximate distance between side chains of residues 92 and 99 is 
10 .& between 92 and 60, 14 A, and between 99 and 60, 7 I$. Residues marked in heavy line are less 
than 15 A from Glu9' but were equally reactive in free and antibody-bound cytochrome c (top left: LysS 
and Lys8; top middle: Lys13; top right: LysX7, L~s", and ThrX9). Atomic coordinates were obtained 
from Protein Data Bank, Brookhaven National Laboratory, The heme is omitted for clarity. 

Fig. 1. Competition assay in 
which various cvtochromes - 100 
c are compared for thelr 5 
ability to inhibit blnding of 
monoclonal antlbody 2.61 2 80 

to '2SI-labeled horse cyto- .;, 
chrome c. Cytochromes 
tested were: horse A , beef g (V), C D N P - L ~ S ' ~  'horse g 
(O), rabblt (0), mouse (0), 
human (A) ,  dog (V), chrck- 

4o 
en (*I, pigeon (.I, and 
tuna (0) Methods Iz51-la- ? 
beled horse cytochrome c 
(24,000 to 35,000 cpm; 2 20 

to 3 ng) was Incubated wlth 
serial dilutions (1.3) of varl- 
ous unlabeled cytochromes o 
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2.61 (50 ng) was added (fi- Cytochrome c added (log M) 

nal volume 300 ~ 1 ,  phos- 
phate-buffered saline buffer, pH 7 4, supplemented wlth 10% normal rabblt serum), and the mlxture 
was incubated at 4°C overnight Antigen-antlbody complexes were precipitated bv 50% saturated 
ammonlum sulfate. Precipitate and supernatant were counted in a gamma counter. Concentrations of 
cytochromes c were determined photometrically. 
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Asn'03 probably do not diminish binding to 
monoclonal antibody 2.61, as the human 
and mouse proteins (no change at position 
103) behave like the do and chicken pro- % teins, which have Asn' replaced by Lys 
and Ser, respectively. Hence, ~ l u ~ ~  seems to 
be the immunodominant residue and possi- 
bly an immunogenic residue of horse cyto- 
chrome c for SJL mice. was also the 
determinant for a class of affinity-purified 
polyclonal antibodies (2, 6). As expected for 
a discontiguous and conformational epitope, 
apocytochrome c and the CNBr fragments 66 
to 80 and 81 to 104 (13) were not competing 
with the native protein under the conditions 
of the experiment shown in Fig. 1. 

Inspection of a model of horse cyto- 
chrome c (Labquip) reveals eight acetylated 
residues that are less than 15 i% away from 
G I u ~ ~ :  lysines 5 ,  8, 13, 60, 87, 88, 99, and 
Thrs9 (distances measured along the molec- 
ular surface). Given the approximate size of 
an antibody-combining site that is roughly 
700 A2 (14), any of the above residues 
might be protected by an antibody directed 
against G I u ~ ~ .  Quenching of only iys60 and 
 is^^ (10) therefore strongly indicates that 
the epitope for antibody 2.61 extends over 
the backside (1 1 ) of the molecule (Fig. 2). 

Could a residue of the epitope have es- 
caped detection because its reactivity did not 
change? A residue at the intermolecular in- " 
terface must be sterically less accessible for 
acetic anhydride. Van der Waals' contacts 
and ionic br hydrogen bonds with residues 
of the paratope will also decrease reactivity. 
Preferential binding of acetic anhydride to 
the intermolecular interface or a large drop 
of the pK, of the €-amino group through 
binding to the antibody could cancel these 
effects. Hence, equal reactivity need not 
indicate necessarili that a residue is outside 
the epitope. Lower reactivity in the antigen- 
antibody complex, however, indicates 
strongly that a surface-located residue is 
covered by the paratope. Lower reactivity by 
itself is not a sufficient criterion for direct 
protection by the antibody. 

By a combination of differential chemical 
modification and classical inhibition experi- 
ments an epitope can be outlined in terms of 
members of G o  classes of residues: those 
that are antigenic andor immunogenic be- 
cause they are species-specific ( ~ l u ~ ~ )  and 
those that are covered by the antibody- 
combining site yet need not be antigenic or 
immunogenic ( L ~ S ~ O  and L j ~ s ~ ~ ) .  Residues 
of the latter type far outnumber the former 
in a conservative protein like cytochrome c. 
They cannot be detected by a conventional 
competition assay. ~ifferential modification 
of surface-located Asp and Glu is also possi- 
ble (15) and maj7 permit more precise map- 
ping of an epitope (1 6). 
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Leader Peptidase of Escherichia coli: Critical Role of a 
Small Domain in Membrane Assembly 
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Ross E. DALBEY AND WILLIAM WICIWER* 

Leader peptidase spans the Escbericbia coli plasma membrane with its amino-terminal 
domain facing the cytoplasm and its carboxyl terminus facing the periplasm. It is made 
without a cleavable leader sequence. The three apolar domains near the amino 
terminus of the peptidase are candidates for internal "signal sequences" and they 
anchor the protein to the lipid bilayer. Oligonucleotide-directed deletion was used to 
show that only the second domain has an essential function in membrane assembly. 
While this second apolar domain is crucial for membrane assembly, its continued 
function when disrupted by arginine suggests that its apolar character per se is not its 
only important feature. 

M ANY MEMBRANE PROTEINS ARE 

synthesized without a cleavable, 
amino-terminal leader peptide 

(1). Their membrane assembly has been 
proposed (2) to require internal, uncleaved 
"signal sequences," short amphipathic do- 
mains which initiate the translocation of 
other regions of the protein. Bos et al. (3)  
have shown that a viral hemagglutinin con- 
tains such a sequence. It has also been 
suggested (4) that membrane proteins may 
form spontaneous insertion domains which 
integrate into the bilayer. The sequence and 
structural characteristics of such domains 
have yet to be determined. 

Like many proteins of the inner mem- 
brane of Eschevichia coli, leader peptidase has 
no cleaved leader peptide (5). This enzyme 
spans the plasma membrane, with a short 
domain near the amino terminus exposed to 
the cytoplasm and a large, polar carboxyl- 
terminal domain exposed to the periplasm 
(5). The active site of the enzyme is at the 
periplasmic membrane surface (6). Howev- 
er, its amino-terminal domain, which faces 
the cytoplasm, is essential for its in vitro 
catalytic activity (7). We have used drugs 
and mutants to study its membrane assem- 
bly in vivo. Leader peptidase requires both 
the electrochemical membrane potential (8) 
and the function of the secA and secY genes 
(9) for membrane assembly. As with essen- 
tially all exported bacterial proteins, its 
membrane insertion is not coupled to ongo- 
ing polypeptide chain growth (8). Prior to 

membrane assembly, leader peptidase is in a 
conformation which is more readily degrad- . - 
ed by protease than the final, transmem- 
brane form (8). Deletion of 182 amino acids 
from the carboxyl-terminal end of the pro- 
tein (10) blocks its membrane assembli 

0;r ;orking model of the orientatiAn of 
leader peptidase across the plasma mem- 
brane (Fig. 1A) is based on the sequence of 
the prote:in (5) and on its topology (1 1).  
Early studies (5) revealed that trypsin can 
only remove approximately 60 residues 
from the amino teiminus of leader oeotidase 
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in sealed, inverted plasma membrane vesi- 
cles. More recently ( l l ) ,  it was shown that 
all but the amino-terminal part of leader 
peptidase:, including the first two apolar 
domains, is accessible to digestion by pro- 
teinases added to intact sohe~oolasts. TO-test 
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which apolar domains of leader peptidase 
form an internal, uncleaved "signal," which 
are essential for stable anchoring to the 
membrane, and which affect catalytic activi- 
ty, we have inserted arginyl residues into 
these regions, or deleted them entirely, by 
~li~onu~leotide-directed mutagenesis . ( ~ i g .  
1B). These mutant leader peptidase genes 
are called "XR." where X is the amino acid 
residue which is replaced by arginine, or AX- 
Y, indicating deletion of residues X to Y. Of 
the ionizable amino acids, arginine was cho- 
sen because itspK, (dissociation constant) is 
the furthest from neutrality. Each mutant 
leader peptidase gene was sequenced in 
M13mp8 and transferred into a plasmid 

where its expression was regulated by the 
ara promoter. The plasmids bearing these 
mutants under arabinose promoter regula- 
tion are termed pRDXR or pRDAX-Y. 

The membrane assembly of each mutant 
leader peptidase was assayed in intact cells. 
Addition of arabinose to E ,  coli pRD9W 
HJM114 induces the synthesis of leader 
peptidase 9R. Synthesis bas assayed by la- 
beling cells with [35S]methionine, immuno- 
precipitation with antiserum to leader pepti- 
dase, and SDS-PAGE (polyacrylamide gel 
e~ectro~horksis) and fluorography (Fig. i ~ ,  
first lane). To determine whether leader 
peptidase 9 R  can assemble across the plasma 
membrane, labeled cells were treated with 
tris, sucrose, and EDTA to permeabilize the 
outer membrane, then incubated with tryp- 
sin. Leader peptidase was accessible to t&h- 
sin digestion (Fig. 2B), indicating that it 
had assembled across the plasma membrane. 
Most cell proteins (Fig. 2-A) and, in particu- 
lar, an abundant cytoplasmic marker protein 
(the amino-terminal fragment of ribulokin- 
ase) (Fig. 2B) remained inaccessible to di- 
gestion unless the inner membrane perme- 
ability barrier was abolished by ultrasound. 
This confirmed that the plasma membrane 
remained intact during these studies. 

Three further criteria were used to ascer- 
tain that leader peptidase 9R  assembles nor- 
mally into the plasma membrane: (i) Dis- 
ruption of the most apolar segment of the 
protein might have led to its complete ex- 
port into the periplasm. T o  test this, cells 
(Fig. 3A, lane 4; total protein) were treated 
with tris, sucrose, and EDTA to permeabi- 
lize their outer membrane and release the 
periplasmic contents (Fig. 3A, lane 6). 
Leader peptidase 9 R  was entirely recovered 
with the treated cells (Fig. 3B, lane 5) and 
not with the periplasm (Fig. 3B, lane 6). (ii) 
Trypsin treatment of right-side-out inner 
membrane vesicles from such cells not only 
degraded the leader peptidase 9 R  (Fig. 4, 
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