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Abstract
Six chimeric constructsof the sequentially similar growth factor-associated kallikreins
- epidermal growth factor
binding protein (EGF-BP) and the y-subunit of nerve growth factor (yNGF) - have been expressed, and their
ability to generatecomplexes with epidermal growth factor (EGF) and P-NGF, analogous to thehigh molecular
weight forms (7s NGF and HMW-EGF) found in the mouse submaxillary gland, evaluated. The chimerasdisare
tinguished by the interchange of three regions composing the amino, middle, and carboxyl terminal regions that
encompass four surface loops
possibly involved in specific growth factor interactions. Native
0-NGF (along with
native a-NGF) formed complexes indistinguishable from naturally occurring
7s NGF, characterized by an q P y 2
structure (where P-NGF is itself a dimer), with recombinant (r) y-NGF and with a chimera in which the amino
terminal region from EGF-BP was substituted. Two other chimeras containing either the middle
or carboxyl terminal regions of y-NGF showed weaker ability to form7s complexes. Thus, all chimeras containing twosegments
from y-NGF retained at least some ability to form the7s complex. rEGF-BP reacted weakly with EGF, but the
chimera composed of the amino and middle segments EGF-BP
of
and the carboxyl terminal segment of
y-NGF
formed a nativelike HMW-EGF complex. None of the other chimeras appeared
to bind EGF. These results identify amino acid positionswithin each kallikrein that participatein strong growth factor interactions and demonstrate that, outsideof active site contacts, different regions of thekallikreins are involved in the binding ofEGF
and 6-NGF, respectively.
Keywords: enzyme hybrids; epidermal growth factor; high molecular weight complex formation; mutagenesis;
nerve growth factor; recombinant proteins; surface loops

Epidermal growth factor
binding protein and the
y-subunit
of nerve growth factor are mouse glandular kallikreins
with the ability to stably and reversibly associate with epidermal growth factor and nerve growth factor, respectively (Varon et al., 1967, 1968; Taylor et ai., 1970, 1974).
Reprint requests to: Ralph A. Bradshaw, Department of Biological
Chemistry,College of Medicine,UniversityofCalifornia,lrvine,
California 92717.
Presentaddress:InstituteofMolecularBiology,Universityof
Oregon, Eugene, Oregon 97403.
'Present address: Mayo Clinic, 4500 San Pablo Road, Jacksonville,
Florida 32224.
Abbreviations: EGF, epidermal growth factor; EGF-BP, epidermal
growthfactorbindingprotein;
a-,P-, y-NGF, a-,P-, y-subunits of
7 s nerve growth factor (7s NGF) complex; r-EGF-BP and r-y-NGF,
recombinantforms of EGF-BPand7-NGF;HMW-EGFcomplex,
highmolecularweight EGF complex;SDS,sodiumdodecylsulfate;
NAGE, native acrylamide gel electrophoresis; TES, 2-([2-hydroxy-I,
l-bis(hydroxymethyl)-ethyl']amino)ethane sulfonicacid;BisTris,
2-bis([2-hydroxymethyl]-amino-2-[hydroxymethy~]-l,3-propanediol).
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These kallikreins have also been implicated as possible
processing enzymes for the precursor forms of their
specifically associated growth factors (Freyet al., 1979; Edwards et al., 1988; Blaber et al., 1989; Jongstra-Bilen
et al., 1989). Thus, they may function to both generate
the mature forms of
these growth factors and
subsequently serve as protective or carrier proteins (Nichols&
Shooter, 1985).
The details of the specific interactions between the kallikreins and their associated growth factors are not
known. However,
observations indicate that the
primary interaction involves the carboxyl terminal arginine of the growth factor(in both cases) within the substrate binding pocket of the kallikrein (Greene et
1969; Server et al., 1976; Bothwell & Shooter, 1978).
Other significant contacts outside of the substrate binding pocket 3('
to 1' positions) for both growth factor
complexeshavebeenproposedbased
on kineticcriteria
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(Blaber et al., 1989). Because the majority of the amino
acid substitutions distinguishing EGF-BP (Blaber etal.,
1987) and y-NGF (Thomas et al., 1981; Ullrich et al.,
1984) are localized to specific surface loops that border
on the catalytic face of this family of molecules (Bode
et al., 1983), these regions have been postulated as the
most likely locale for the additional binding contacts necessary for stable formation of the growth factor complexes (Blaber et al., 1989).
To identify the actual aminoacid residues of the kallikreins that are required for forming thespecific growth
factor complexes, a series of six chimeric cDNA constructs of EGF-BP and y-NGFwere made and expressed,
and the protein products were tested for their ability to
form stable EGF or NGF
complexes. Their kineticproperties are described in the accompanying paper (Blaber
et al., 1993). In each case, the proteinwas subdivided into
three regions, and thechimeras formed by the interchange
of each segmentwere delineated by four generalized surface loops (Kinemages 1, 2; Blaber et al., 1990). Chimeras that would form high molecular weight complexes
with either the EGF or NGFwere identified, thus defining
a group of amino acid residues of EGF-BP and y-NGF
that are necessary for complex formation. The results
confirm that stable growthfactor-kallikrein complexes,
in both cases, require specific interactions outside of the
substrate binding pocket, and that the location ofthese
regions in the topology of each enzyme differs for EGFBP and y-NGF.
Results and discussion

NGF complex formation
The 7s NGF
complex (composed of
2a, 27, and
a /3 dimer)
can be readily distinguished from theindividual components by NAGE at pH6.8 (Fig. 1A). By substituting the
native y-subunit with recombinant chimeras, this assay
can determine which regions of the y-subunits interact
with the /3 polypeptide to stabilize the 0-y interface. It
should be noted that these assays presuppose that no significant interactions occur between a- and y-subunits in
the 7s complex, as suggested by sedimentation velocity
experiments (Silverman& Bradshaw, 1982). If it is eventually shown that significant a-y interactions occur in the
7s complex, or that they-subunits have significant interactions between themselves, this could alter
the interpretation of these results.
To verify the specificity of the assay and to show that
7 s NGF canbe formed with recombinant proteins, native
EGF-BP and r-y-NGFwere substituted for native y-NGF
(Fig. lA, lane 1; Fig. lB, lane 4). The 7s complex was
readily formed by r-y-NGF but notwith EGF-BP (r-EGFBP was equally ineffective in forming 7s NGF; data not
shown). Thus, the recombinant protein,which lacks the
singlecarbohydratesidechain
of nativey-subunit
(Thomas et al., 1981) and which is incompletely processed
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at internal sites (Blaber et al., 1993), is able to function
appropriately in forming the 7 s complex. However, its altered (slower) migration is undoubtedly due to these differences (Fig. IA, lanes 2, 5 ) .
Panels C-F of Figure 1 evaluate the formation of the
7s NGF complex with the six chimeras composed of the
amino, middle, and carboxyl regions of EGF-BP and
y-NGF. The comparison of r-y-NGF (Fig. lA, lanes 1,2),
chimera BPl-y2-y3' (Fig. lD, lanes 3, 4), chimera BP1BP2-y3 (Fig. 2E, lanes 1, 2), and r-EGF-BP (data not
shown) in fact monitors the ability of y-NGF
to form the
7s NGF complex as itis converted stepwise (from amino
to carboxyl terminal) into EGF-BP. Clearly, chimera
BPl-y2-y3 is able to substitute for y-NGF in the quantitative formation of a stable 7s NGF complex, whereas
BPI-BP2-y3 cannot. The conversion of y-NGF into
EGF-BP from the
converse direction (carboxylto amino)
is represented by the series of r-y-NGF (Fig. 1A, lanes 1,2),
chimera yl-y2-BP3 (Fig. lC, lanes 3, 4), chimera y l BP2-BP3 (Fig. lF, lanes 1, 2), and rEGF-BP (data not
shown). Chimera y 1-72-BP3 does not quantitatively form
7s NGF, although thesmall amount of 7s NGF observed
suggests a weak interaction does occur. There is a complete lack of complex formation by chimera y 1-BP2-BP3.
However, chimera y 1-BP2-BP3 does not resolve adequately within the electrophoretic system utilized, making it somewhat more difficult to evaluate it accurately.
Nonetheless, no 7s complex was observed (for eitherchimera). Of the remaining two chimeras, BP1-72-BP3
(Fig. lF, lanes 3,4) does not forma detectable complex,
while chimera y 1-BP2-y3 (Fig. lF, lanes 5 , 6) shows low
amounts of 7s NGF, suggestive of a weak interaction.
These results, summarized in Table 1, suggest that regions 2 and 3 of y-NGF make themaximal contributions
to the formation of a stable 7s NGF complex, because
chimera BPI-y2-y 3is indistinguishable from native y-NGF
in this regard. However, neither alone is able to form a
complex, as judgedby the absence of 7s NGF formation
in experiments with the chimeras BP1-72-BP3 and BPIBP2-73. Interestingly, these regions can form some complex
when combined with the y l domain. This observation
suggests that there is some contribution provided by the
amino terminal region that is obscured by the stronger interactions associated with the middle and carboxyl terminalregions.It
is onlyevident when the y l region is
combined with either the y2 or y3
regions alone. Thenet
effect of these strong and weak contributions is that when
any two y-like regions are present, thereis at least some
complex formation observed.
From kinetic analyses, the middle region of these two
kallikreins was shown to dictate the fundamentalcatalytic

'

The nomenclature for the chimeric kallikreins indicates the origin
of the regions utilized in their construction, e.g., chimeric kallikrein BPIBP2-y3 comprises region 1 (EcoRI/PvuII fragment) from EGF-BP, region 2 (PvuIl/BunIIfragment) from EGF-BP, and region 3 (BunIl/PstI
fragment) from yNGF.
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Fig. I . NAGE assays for the determination
of mouse 7s complexes
NGFnative
with
and recombinant y-NGF, and native EGFBP and their recombinant chimeras. The
individual
combination
or
of native or
recombinant components in each lane is
indicated. All gels were stained with COOmassie brilliant blue. Each panel represents
aseparate gel (except B andE); several
lanes were excised photographically from
panel F (between lanes 4 and 5) to remove
redundancy. The migration positions of 7s
NGF, y-NGF, and a-NGF foreach gel are
marked. All components wereaddedat l O p g
unless otherwise indicated (value
in parentheses in pg).
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nature of each molecule, with the chimeras being readily
classed as BP- or y-like based solely on the presence of
region 2 (Blaber et al., 1993). Specific, but less dramatic,
alterations in kinetics are contributed by regions 1 and 3.
Interestingly, an analysis of the kinetic constants for the

various chimeras indicates that the ability of region 3 to
form a stable NGFcomplex (with region 2) does not correlate with altered binding interactions within the substrate S3 to S, binding sites. Thus, region 3 of y N G F
appears to contribute binding interactions with P-NGF
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Table 1. Summary of the growth factor binding
characteristicsfor native (n) and recombinant (r)
y N G F and EGF-BP and for the recombinant chimeras

1223

values for EGF-like substrates)than native EGF-BP. This
may be due toa lack of glycosylation or altered internal
processing of the recombinant kallikrein, resulting from
its production in Escherichia coli. An effect of this lowKallikrein
NGF complex
formationa
EGF complex
formation”
ered affinity is that formation of the HMW-EGFcomplex
y-NGF
with r-EGF-BP is detectable by gel exclusion chromatog+
EGF-BP
+
raphy (Blaber et al., 1990) but is not as stable to NAGE
r-y-NGF
+
(Fig. 2B, lane 7). Thus, the main bandobserved (Fig. 2A,
r-EGF-BP
+/lanes 6 , 7) with r-EGF-BP is not complexed with EGF.
BP 1-BP2-y 3
+
However, much lesser amounts of faster material that mi1-72-BP3
+/BPI-y2-y3
+
grate similarly to the authentic complex of native subunits
y 1-BP2-BP3
(“)b
(Fig. 2A, lane 3) apparently represent HMW-EGF.
BPI”y2-BP3
Despite this limitation, analysis of the various chimey 1-BP2-y3
+/ric kallikreins yielded the surprising result that one particular chimera (BP1-BP2-y3; Fig. 2B, lane 11) forms a
a + indicates quantitative formation of the growth factor complex,
+/- indicates partial formation of the growth factor complex, and - stable complex detectableby NAGE. In fact, twoelectrophoretic forms of thischimera can beseen (Fig. 2A, lane
indicates no detectable formation of the growth factor complex.
Recombinant chimera did not resolve in NAGE system at pH 6.8;
11) and both clearly bind EGF. However, unlike the sitcomplex identification is therefore tentative.
uation with NGF, none of the other chimeras
shows any
affinity for EGFin this assay. Thus,it can be concluded
that the bindingof EGF to EGF-BP
does not involve the
carboxyl terminal region and that binding requires resithat occur outsideof the S3 to S, regions of the substrate
dues in both the amino and middle domains.
binding pocket. The existence of such “external” binding
The enhanced ability of the recombinant chimera BP - 1
interactions has been previously postulated (Blaber et al.,
BP2-y3 to forma stableEGF complex over recombinant
1989).
EGF-BP suggests that region 3 from y-NGFincreases the
affinity of this chimera for EGF. Kinetic analyses have
shown
that chimera BP
1-BP2-y 3 is very similar to EGFEGF complex formation
BP for a variety of EGF- and NGF-like substrates (Blaber
et al., 1993). The kinetic differences between recombinant
The complexation of EGF with the native andrecombinant kallikreins, as also judged by a NAGE assay, is
EGF-BP and chimera BP1-BP2-y3 are only slight, but
there is a reproducible lowering of K , values for EGFshown in Figure 2. This assay differs in several aspects
from thatused for the determinationof the 7s NGF comlike substrates with the chimera BP1-BP2-y3
(Blaber et al.,
plex. Unlike the NGFcomplex, the HMW-EGFcomplex
1993). Thus, the y-subunit carboxyl terminalregion ap(which is composed of only two subunits: EGF and
pears to have improved the binding affinity within the
EGF-BP) does not migrate differently enough from the
substrate binding pocket, which apparently has compenfree kallikrein (EGF-BP) to provide a definitive assignsated for the increase in K , values associated with the
ment of complex formationbased on altered mobility of nonglycosylated r-EGF-BP.
the unbound kallikrein. The formation of the EGF com- The substitution of region 1 of EGF-BP with y-NGF
plex is also difficult to monitor based on altered mobilhas no effect upon thecatalysis of a small EGF-like subity of the EGF moiety because in this native gel system
strates (which probes substrateS3to SI contacts; Blaber
EGF does not migrate asa focused band but rather runs et al., 1993). Thus, region 1 of EGF-BP, which is required
as a diffuse “smear” (Fig. 2B, lane 1). However, the for- for complex formation, also interacts with EGF outside
mation of the HMW-EGF
complex can be confirmed by
of theS3 to SI positions. As such, this binding site is simthe sequestration ofEGF by the kallikrein using a Westilar to thatprovided, at least in part, by the carboxyl terern blotting procedure with anti-EGF antisera. Figure 2A
minal domain in the bindingof0-NGF.Table1also
shows the NAGE analyses of the native, recombinant,
summarizes the EGF bindingcharacteristics for the varand chimeric kallikreins with and without EGF, andFigious chimeras.
ure 2B is the Western blot of these same gels. Thus, the
sequestration of EGF, as revealed by the Western blots,
Proteolysis of EGF
is only significant in the positions ofkallikrein (or complex) migration shown in Figure 2A. This sequestration
Analysis of the Western blot in Figure 2suggests that the
is, as expected, observedfor naturally derived EGF-bindlengthy incubation of EGF with many of the native and
ing protein, but not for y-NGF (Fig. 2, lanes 3, 5 ) .
recombinant kallikreins results in thegeneralized loss of
signal for EGF and theconcomitant increase in the low
As has been reported (Blaber et al., 1990), r-EGF-BP
has a lower affinity for EGF(reflected also in higher K ,
molecular weight bands appearing near the dye front
(see
”
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especially Fig. 2B, lanes 15, 17, 19, 21). One possible explanation is proteolysis of EGF. The primary sequence of
EGF (Savage et al., 1972) contains three internal arginine
residues (Fig. 3). These arginines are located toward the
carboxyl terminus ofthe matureprotein and are themost
likely sites for proteolytic degradation of EGF by these
enzymes. The residues on the aminoterminal side of two
of these arginines are either leucine or threonine. Threonine-arginine and leucine-arginine are in fact the carboxyl
terminal residues of 0-NGF and EGF,respectively. Thus,
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FiR. 2. NAGE assays (A) and corresponding anti-EGF Western blot analyses (R)for
the determination of mouse HMW-EGF
complexeswithnativeandrecombinant
EGF-BP, y-NGF, and their recombinant
chimeras.Lane I represents EGFalone;
lanes 2-9 are mixtures of native and r-EGFBP and
y-NGF,
with
and
without
EGF;
andlanes 10-21 showthe six chimeras,also
with and without EGF. Each panel represents threegels (lanes 1-5, lanes 6-13, and
lanes 14-21). Gels in A were silver stained.
The Western blots(B)ofthesame
gels were
obtained after blotting onnitrocellulose followed by incubation
with
rabbit
anti-EGF
(see Materials and methods). One microgram of
andEGF
I O pg of kallikrein were
used in all cases. The arrowsindicate the location of an EGFIkallikrein complex that
was observed for EGF-BP and the mutant
BPI-BP2-73.

mature EGF contains internalsequences predicted to be
efficiently processed by EGF-BP and y-NGF, respectively
(Blaber et al., 1989). It is unclear from previous studies
whether or not such truncated derivatives would still bind
EGF-BP. It is known that modification of the carboxyl
terminus of native EGF, e.g., by treatment with carboxypeptidase B to remove the arginine, prevents formation
of the EGF complex with EGF-BP (Server et al., 1976).
If juxtaposition of this residueto the"external" binding
site is critical for HMW-EGF formation, thenproteoly-
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some of the recombinant kallikreins.
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sis at these internal sites of EGF would probably also preclude formation of the EGF complex.
Similar potential EGF fragments are also observed in
the incubations of EGF with native EGF-BP and y-NGF
(Fig. 2B, lanes 3,5). They are more prominentwith y-NGF
(where no high molecular complex forms) than with EGFBP. Nonetheless, this suggests that degradation can proceed with even the native ligand and probably represents
a side reaction that occurs, to a greater or lesser degree,
with all of the kallikreins. The extent to which this contributes to loss of free EGF ligand (available to form complex) in any of the derivatives studied is unclear.
Structural analyses

Figure 4 and Kinemages 1 and 2 show the amino
acid differences between EGF-BP and y-NGF divided into the
natural segments with the three regions utilized in constructing the chimeras emphasized.Figure 5A and B di-
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agrams the three-dimensional C a backbone of EGF-BP
and y-NGF, showing the locationsof the heterogeneous
amino acid positions for three regions used in construction of the chimeras. The chimeric molecules identify a
small number of amino acid positions of EGF-BP and
7-NGF that are of particular importance in the specific
complexation with EGF and P-NGF, respectively.
Region 1 of EGF-BP, which is at least partly necessary
for complex formation with EGF, contains four heterogeneous amino acid positions when compared to y-NGF.
Within this set are three residues (Asn A22, Glu A23, and
Ile A25) with solvent-accessible side chains on the active
site face of themolecule (Fig. 4A). Theseamino acid positions are candidates for residues in EGF-BP that interact
directly with EGF during formation of the HMW-EGF
complex.
Region 3 of y-NGF, which appears to have an analogous
role in the formation of the 7s NGF complex, contains
14 heterogeneous amino acid positions in comparison

4444

6 7 7 77 7
8 8 8
7 71 92 23
4 7
L SFL Y R H N 1

5

555

4567 0
YEEN S

789
YEE

DDNY W

FKD

5
4567 0

7 89

4444

3

4

5 55

A

F AIP F M M K
6 777 7 7 8 8 .
R,
7 1 2 37 9 2 4 7

5+ 5

L

B

88

89

1
1
2

1

2
1

6

3

3

3

4

6

9

0

3

EGF-BP

C

y-NGF
L

4 4 4 4

4

1 3 4 5 8

6
1

7

7

0

1

8

7

1 1
4 5

2
3

3
7

Fig. 4. Amino acid residue differences between EGF-BP and y-NGF. The sequences are taken from Blaber et al. (1987), Thomas
et al. (1981), and Ullrich et al. (1984). The A, B, and C segments correspond to natural fragments arising from limited proteolmiddle; F,,C-terminal. Numberysis; the segmentsused to prepare the chimeras are indicated
by shading: -, N-terminal; 0,
ing above theline is for the fragments(Blaber et al., 1989). below the line for thewhole proteins. Asterisks indicate residue positions
of EGF-BP postulated to contribute to a secondary binding site required for stable complex formationwith EGF; pluses indicate positionsof y-NGF postulated to participate in the secondary bindingsite involved in stable complex formation with P-NGF.
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A

B

Fig. 5. Stereo diagrams of theCa trace of EGF-BP (A) and yNGF (B),showing the side chain atoms forthe amino acid positions thatdiffer in the two molecules for thethree regions used in construction of thechimeric kallikreins. The aminoterminal
residues are in green, the middle segment residues are inblue, and the carboxyl terminal residues are inred. The atomiccoordinates are derived from comparative molecular modeling of porcine pancreatic kallikrein (Bode et al., 1983; see also Bax et al.,
1993). Positions A82-A84 are not shown due totheir absence in porcine pancreatic kallikrein. The numbering scheme is from
Blaber et al. (1989). The active site is marked by the tripeptide substrate characteristic ofeach bound growth factor (displayed
in a space-filling motif). Additional modeling information is provided in the accompanying paper (Bax et a]., 1993).

to EGF-BP (Fig. 4). Of these positions, five are solvent
accessible and on the active site face of the molecule:
Thr B52, Phe C3, His C67, Asp C74, and Met C75. The
residues most likely to interact with 0-NGF during formation of the 7 s complex are in this subset. The individual amino acids involved in these contacts are presently
being identified by site-directedmutagenesis. A more detailed model of EGF-BP andits interactions with EGF is
described in the accompanying paper (Bax et al., 1993).
Materials and methods

Construction of chimeras
The preparation of the EGF-BP andy N G F chimeras is
described inthe accompanying paper (Blaber
et al., 1993).
Briefly, construction of the chimeras involvedthe homologous substitution of cDNA fragments, utilizing conserved restriction sites, representing three regions of the

kallikrein protein and resulting in six unique chimeras.
These three regions contain four generalized surface
loops -termed loop 1, loop 2, the kallikrein loop, and the
autolysis loop (Bode et al., 1983)"that have most of the
amino acid replacements characterizing the two kallikreins (Evans et al., 1987; Blaber et al., 1990a). When
compared to the known three-dimensional structure of
the related porcine pancreatic kallikrein, they are also located nearthe substrate binding pocket (Bode et al.,
1983)
(Fig. 1). Each chimeric cDNAwas inserted into anE. coli
expression vector (Blaberet al., 1990), and theexpressed
protein was subsequently purified (Blaber et al., 1993).

Evaluation of growth factor-kallikrein
complex formation
Formation of the high molecular weight NGF complex
(7s NGF), assessed usinga BisTris NAGE system
(Chram-

Growth factor-associated kallikreins 11: Binding
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Bax, B., Blaber, M., Ferguson, G., Sternberg, M.J.E., & Walls, P.H.
bach et al.,
1976), involved the interaction of three
(1993). Prediction of the three-dimensional structures of the nerve
subunits: CY-,
0-,
and y-NGF(the &subunit being the neugrowth factor and epidermal growth factor binding proteins (kalronally active growth factor; Varon et al., 1968;Greene
likreins) and an hypothetical structureof the high molecular weight
complex of epidermal growth factor with its binding protein.
Proet al., 1969). Native CY-NGF(10pg) and either 10 pg or
tein Sci. 2, 1229-1241.
5 pg of 0-NGF were combined with 10 pg of either native
Blaber, M. (1990). A structure and function analysis of growth factor
or recombinant kallikrein at a concentration of 1 mg/mL
associating murine glandular kallikreins. Ph.D. Thesis, University
of California, Irvine, California.
in 50 mM TES, pH 6.8.These concentrations represent
Blaber, M., Isackson, P.J.,& Bradshaw, R.A. (1987). A complete cDNA
equimolar ratios of all the proteins, except in those cases
sequence for the major epidermal growth factor binding protein in
where 10 pg of P-NGF was added, where the molar ratio
Biochemistry 26,6742-6749.
the male mouse submandibular gland.
of 0-NGFwas twice that of the other proteins. The sam- Blaber, M., Isackson, P.J., & Bradshaw, R.A. (1990). The characterization of recombinant mouse glandularkallikreins from E. coli. Proples were incubated approximately 30 min at room temteins Struct. Funct. Genet. 7, 280-290.
perature and then
subjected to BisTris NAGE, followed by
Blaber, M., Isackson, P.J., & Bradshaw, R.A. (1991). Glandular kallikreins as growth factorprocessing enzymes. In Growth Regulation
staining with Coomassie brilliant blue. Under the condiand
Carcinogenesis, Vol. I1 (Paukovits, W.R., Ed.), PP. 179-198.
tions utilized for theBisTris NAGE analysis, 0-NGF, with
CRC-Uniscience, St. Louis, Missouri.
a basic PI value (Angeletti & Bradshaw, 1971),migrated
Blaber, M., Isackson, P.J., Burnier, J.P., Marsters, J.C., Jr., & Bradof mouse growth factorshaw, R.A. (1993). Synthetic chimeras
toward the cathode and did not enter the gel. a-NGF,
associated glandular kallikreins. I . Kinetic properties. Protein Sci.
which has an acidic PI (Isackson et al., 1984), migrated
2, 1210-1219.
toward the anode with the dye front of thegel. y-NGF,
Blaber, M., Isackson, P.J., Marsters, J.C., Jr., Burnier, J.P., & Bradshaw, R.A. (1989). Substrate specificities of growth factor associEGF-BP, r-y-NGF, r-EGF-BP, and most of the recomated kallikreins of the mouse submandibular gland.Biochemistry 28,
binant chimeras resolved within the gel. In this system,
7813-7819.
the 7s NGF moved within the gel with a characteristic low
Bode, W., Chen, Z . , Bartels, K., Kutzbach, C., Schmidt-Kastner, G.,
& Bartunik, H. (1983). Refined 2 A X-ray crystal structure of pormigration distance and was detected by the appearanceof
cine pancreatic kallikrein A, a specific trypsin-like serine protease.
a single band and the concomitantdecrease in free kalliJ. Mol. Bioi. 164, 237-282.
krein.
Bothwell, M.A. &Shooter, E.M. (1978). Thermodynamics of interaction of the subunits of 7 s nerve growth factor. J. Bioi. Chem. 253,
Formation of the HMW-EGF complex involves only
8458-8464.
two subunits: EGF and EGF-BP(Taylor et al., 1974).ReBurnette, W.N. (1981). Western blotting: Electrophoretic transferof procombinant kallikrein (10 pg) and 1 pg of native EGF
teins from sodium dodecyl sulfate-polyacrylamide gels to unmodified nitrocellulose and radiographic detection with antibody and
(GIBCO) were combined at a concentration of 1 mg/mL
radioiodinated protein. Anal. Biochem. 112, 195-203.
in 25 mM Tris, pH 7.5,and incubated at 37 "C overnight.
Chrambach, A., Jovin, T.M., Svendsen, P.J., & Rodbard, D. (1976).
These amounts ofkallikrein and EGFrepresent approxAnalytical and preparative polyacrylamidegel electrophoresis. An
objectively defined fractionation route, apparatus and procedures.
imately a 2.5-fold molar excess of kallikrein to factor.
In Methods of Protein Separation, Vol. 2 (Catsimpoolas, N., Ed.),
Formation of the HMW-EGFcomplex is a slow process
p. 129. Plenum Press, New York.
and required at least 4 h, preferably overnight, to form
Edwards, R.H., Selby, M.J., Garcia, P.D., & Rutter, W.J. (1988). Pro(Taylor et al., 1974;M. Blaber, unpubl. obs.). The same
cessing of the native nerve growth factor precursor to form biologically active nerve growth factor. J. Bioi. Chem. 263, 6810-6815.
BisTris NAGE system was utilized to visualize the HMWEvans, B.A., Drinkwater, C.C., & Richards, R.I. (1987). Mouse glanEGF complex; however, it had only a marginally differof the
dular kallikrein genes: Structure and partial sequence analysis
kallikrein gene locus. J. Bioi. Chem. 262, 8027-8034.
entmigrationdistancecomparedtononcomplexed
Frey, P., Forand, R., Maciag,T., & Shooter, E.M. (1979). The biosynkallikrein. Consequently, the resolved proteins
were
thetic precursor of epidermal growth factor and the mechanismof
transferred to nitrocellulose, and a Western blot proceits processing. Proc. Nati. Acad. Sci. USA 76, 6294-6298.
dure (Burnette, 1981), utilizing rabbit anti-mouse EGF
Greene, L.A., Shooter, E.M., & Varon, S. (1969). Subunit interactions
antisera (a generous gift from Dr. Harry Haigler, Depart- and enzymatic activity of mouse7 s nerve growth factor.Biochemistry 8, 3735-3741.
ment of Physiology, University of California, Irvine) was
Isackson, P.J., Ullrich, A , , & Bradshaw, R.A. (1984). Mouse 7 s nerve
used to detect the presence of EGF complexed with kalgrowth factor: Complete sequenceof a cDNA coding for the alphasubunit precursor and its relationship to serine proteases.
Biochemlikrein. The blotted proteins were detected by incubation
istry 23, 5997-6002.
with I'25-radiolabeledprotein A (agiftofDr.Dan
Jongstra-Bilen, J., Coblentz, L., &Shooter, E.M. (1989). The in-vitro
Knauer) followed by autoradiography.
processing of the NGF precursors by the gamma-subunit
of the 7 s
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