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biological
We have developed a photoactivatable, heterobifunc-coupled to cross-linker and then introduced into the
tional, reversible, radioactively
labeled,
chemical
system (1-3).
A good example of the problemsinvolved in the analysisof
cross-linking reagent, 3 [( 2 -nitro- 4 - azidophenyl ) - 2
protein-protein interactions is the glycoprotein fibronectin.
aminoethyldithiol-N-succinimidyl propionate,
for
studyingtheinteractionsofproteins
in situ. When Fibronectin is a major constituentof connective tissue in vivo,
reacted in the dark with a purified protein, it forms a and is involved in the adhesion of cells to substrata in cell
covalent derivative which can be purified and reconsticulture (4-9). Immunofluorescence and electron microscopic
tuted into biologicalsystems. This derivativewill form studies show that
fibronectin forms extracellular fibrils whose
cross-links to neighboring macromolecules only upon arrangement is related to that of the microfilament system
photolysis; reduction cleaves the cross-link and trans- inside the cells (10-14).
fers the radiolabel to the second molecule, which can
How does fibronectin participate in these interactions bethen be identified by standard techniques.
We have tween cells and extracellular substrata? Interactionsbetween
tested the cross-linker using the binding of gelatin to purified fibronectinandother
macromolecules have been
fibronectin. The cross-linker gives the proper chemical
behavior under biological conditions,reacts with high studied extensively in. vitro. It hasbeen shown to bind specifyield and with a very low level of nonspecific cross- ically to other molecules of fibronectin, to gelatin, collagen,
linking, and canbe used to identify protein-protein andfibrin, heparin, and other glycosaminoglycans, and to actin
other interactions at the cell surface and elsewhere. and DNA (4-9).
How relevant are these interactions
for the functions of
The advantages, limitations and possible uses for this
fibronectin in situ? Using symmetrical bifunctional cross-linkreagent are discussed.

-

-

The structures, organization and functions of cytoskeletal
filaments, membranes, and extracellular matrices depend on
specific interactions between manymacromolecules. A major
problem which faces cell biologists is to identify these specific
interactions. One approach is to isolate macromolecules and
is limited
examine their interactionsin vitro, but this approach
by the difficulty of extrapolating results to the situation in
living cells. The in vitro approach needs to be supplemented
with methods for analyzing protein-protein interactions in

situ.

Interactions within assemblies of proteins have been difficult to analyze in situ because of their complexity. Chemical
cross-linking reagents have been applied in several complex
systems (seeRef. 1 for review), but cross-linking reagents also
have limitations. Simple bifunctionalcross-linkers produce
verycomplexcross-linking
patterns which are difficult to
analyze.Het,erobifunctionalcross-linking
reagents lead to
some simplifaction; in principle, one canlimit the cross-linking
t.0 the neighbors of a single protein, which is covalently
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ers, it hasbeen shownthat fibronectin can be cross-linkedinto
large aggregates (15).More informative results were obtained
when heterobifunctional cross-linking reagents were attached
monofunctionally to fibronectin before it was added back to
cells (16). These reagents cross-linked the added fibronectin
to proteoglycans and to othermolecules of fibronectin. These
resultsareconsistent
with the in vitro studiesbut leave
important questions unanswered. The cross-linking reagents
were not sensitive enough to detect protein-protein contacts
which, though functionally important, are likely to comprise
only a small fraction of the total interactions. In particular,
the membrane-binding site for fibronectin remains unidentified.
In this paper,we report the developmentof a radiolabeled
heterobifunctional, photoactivatable, cleavable, cross-linking
reagent which should greatly extend thesensitivity of crosslinking studies. This reagent may be useful for investigating
protein-proteininteractions in many systems, suchasthe
fibronectin cell system discussed above.
EXPERIMENTALPROCEDURES

MuteriuZs- '%labeled cystamine (1.7 Ci/mmol) was provided by
Dr. Mark Staples of New England Nuclear. FNPA' and DTSP were
from Pierce. 85% m-chloroperoxybenzoicacid,cystamine-HCI,
and
triethylamine were from Aldrich. Triethylamine was treated with
succinic anhydride and distilled under nitrogen. Dioxane and chloro-

' The abbreviations used are: FNPA, 4-fluoro-3-nitrophenylazide;
BSA, bovine serum albumin; DTSP, dithio-bis-(succinimidylpropionate);
DTSPO,
dithio-bis-(succinimidyl propionate)-S,S-dioxide;
HSA,humanserumalbumin;
NAC, his-N-(2-nitro-4-azidophenyl)cystamine;PBS,phosphate-buffered saline; PMSF,phenylmethylsulfonyl fluoride; SDS, sodium dodecyl sulfate; SDS-PAGE, sodium
dodecyl sulfate-polyacrylamide gel electrophoresis; XL, 3-[(2-nitro-4azidophenyl)-2-aminoethyldithio)-N-succinimidyl
propionate.
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form were treated with activated alumina and dimethylformamide
with silica gel immediately before use.
Gelatin was prepared by boiling collagen from Vitrogen CO. for 5
min. Fibronectin was isolated from fresh human plasma on gelatinSepharose CL-4B described (17,18). Human IgG was isolated from
fresh human plasma on protein A-Sepharose.
Synthesis of NAC-NAC was prepared by a modification of the
procedure of Huang and Richards(19). 10.0 mCi %-labeled cystamine
at 250 mCi/mmol (40.0 w o l ) was dissolved in 0.30 ml of methanol,
and 40 mg ofFNPA (215pmol) and 25 pl of triethylamine were added.
After 48 h in the dark a t 35 "C, the dark red precipitate was collected
by centrifugation, washed with methanol, and used immediately. The
precipitate contained one main product (r90%)which co-migrated
with unlabeled NAC on thin layer chromatography on silica gel with
ethyl acetate and with benzene. The yield was 71% by radioactivity.
Synthesis of DTSPO-0.91 g of 85%m-chloroperoxybenzoicacid in
50 ml of chloroform was added dropwise over 1 h to a solution of0.97
g of DTSP (2.32 mmol) in 350ml of chloroform stirring under
nitrogen. The reaction was stirred for 4 h on ice, then for 1 h a t room
temperature. The solvent was removed by rotary evaporation and the
residue was washed with benzene. The crude product was extracted
with 60 ml of dioxane and precipitated with a minimum amount of
hexane. The yield was 0.40 g (40%).The product migrated as a single
spot on thin layer chromatography in two solvent systems. In methylene ch1oride:acetone:formic acid (100:25:1), RF = 0.30; in ethyl
acetate, RF = 0.50. IR peaks characteristic of the succinimide ester
appeared at 1810, 1780, and 1680 cm". Structure 1 shows the NMR
assignments for DTSPO.
Synthesis of XL-Reactions were kept in the dark as much as
possible, and all manipulations were carried out in dim light. 6.9 mg
of dithiothreitol (43 p o l ) and 10 pl of triethylamine were added to
7.05 mCi of NAC a t 250 mCi/mmol (28 pmol) in 1.0 ml of chloroform.
After 1h at room temperature, 40 mg ofDTSPO (91pmol) was added,
and the reaction was stirred for 20 min during which time all the
DTSPO dissolved. The solvent was evaporated under a stream of
nitrogen and the residue was extracted with 2 ml of toluene. This
solution was applied to a silicic acid column (5 X 0.7-cm) packed in
toluene, and thecolumn was washed with toluene to elute unreacted
NAC. The product was eluted with chloroform which had been
bubbled with nitrogen. The solvent was evaporated under a stream of
nitrogen, the product was dissolved in toluene, centrifuged 12000 g
X 10 min to remove silica fines, and storedin the dark undernitrogen
at -20 "C. The product undergoes negligible decomposition under
these conditions for 2-3 weeksand continues to give goodbiochemical
results for 6 weeks.XL migrated as a single spot on thin layer
chromatography as above in two solvents. In benzene, RF = 0.06; in
ethyl acetate, RF = 0.77.
Cross-linker prepared by the same procedure with unlabeled cystamine co-migrated on TLC with the radioactive compound. Unlabeled cross-linker was analyzed by IR, UV-visible, and NMR spectroscopy. UV-VIS: Amx = 437 nm in water. E = 4290 M" cm". I R
, , ,X
= 2125cm"
(azide); 1707cm",1782cm",
and 1840cm"
(succinimide ester). Structure 2 shows the NMR assignments.
Preparation of Gelatin- and Fibronectin-XL Derivatives-XL
stored in toluene was evaporated to dryness under a stream of
nitrogen and the residue dissolved in 5 pl of dimethylformamide. This
wasmixed with 0.2-1.0 ml of PBS containing 0.3-2.0 mg/ml of
fibronectin or gelatin, and incubatedfor 20 min at room temperature
in the dark. The protein derivative was separated from unreacted XL
on a Sephadex G-25 column equilibrated with PBS. The protein
eluted in the exclusion volume and contained 1540% of the initial
radioactivity in different experiments.
Photolysis-XL has absorption maxima a t 437 and 270 nm, but
absorbs continuously through the near UV. Photolysis was carried
out in the UV with a longwave 100-watt mercury arc lamp with a
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1. NMR assignments for DTSPO. a, singlet at 2.8

ppm; b + c, unresolved multiplet at 3.4 ppm; d
multiplet at 3.1 ppm.
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STRUCTURE
2. NMR assignments for cross-linker (XL). a,

singlet at 2.85 ppm; b + c, unresolved multiplet at 3.04 ppm; d, triplet
a t 2.95 ppm, j = 0.027 ppm; e, quadruplet at 3.68 ppm, j = 0.026 ppm;
f, broadened triplet a t 8.21 ppm, j = 0.020 ppm; g, doublet a t 6.92
ppm, j = 0.37 ppm; h, double doublet at 7.14 ppm,j = 0.010 and 0.037
ppm; i, doublet at 7.86 ppm, j = 0.010 ppm. Frequencies are given as
parts per million (pprn), with accompanyingj values for splittings.
maximum output at 365 nm and a cutoff at 320 nm, or in the visible
with a 100-watt slide projector with a tungsten lamp. The rate of
photolysis was determined by photolyzing samples containing fibronectin-XL and gelatin-Sepharose heads as described in the following
section. Samples were held approximately 6 inches from the source
for various times. Both light sources gave 90% complete reaction in 5
min, and no detectable cross-linker-independent damage to proteins
for at least 20 min. Photolysis was carried out for 10 min at 6 inches
from the source in all subsequent experiments. The two light sources
were used interchangeably and gave identical results.
Cross-linking of Fibronectin-XL to Gelatin-Sepharose-2 pgof
fibronectin-XL with approximately 10 cross-linkers/molecule in 20
pl wasmixed with 100 pl of packed gelatin-Sepharose beads and
incubated 30 min in the dark. The appropriate samples were photolyzed as described, were reduced by incubating with 25 mM dithiothreitol for 30 min a t 37 "C and/or were denatured by boiling in 0.5%
SDS in PBS for 5 min. All samples were washed 3 times by suspending
in 3 ml of PBS containing 0.5% NP40 and centrifuging, and the
radioactivity still associated with the beads was measured by suspending the heads in 10 ml of scintillation fluid and counting.
Cross-linking of Gelatin-XL to Fibronectin in Solution-2 pgof
gelatin with approximately 1.4 cross-linkers/molecule was mixedwith
10 pg of fibronectin, plus indicated amounts of carrier proteins in 100
pl of PBS. Samples were incubated 30 min in the dark andphotolyzed
as described. They were divided in half and boiled for 5 min in lysis
buffer (0.1 M, pH 6.8, Tris with 2% SDS, 10% glycerol, 2 mM PMSF,
and 2 mM EDTA). Reduced samples contained 20 mM dithiothreitol,
and nonreduced samples contained 2 mM ethylmercuric phosphate to
prevent disulfide exchange. Samples were run on SDS-polyacrylamide
gels according to Laemmli (20). Gels were impregnated with
ENHANCE (New England Nuclear), dried, and autoradiography was
performed with preflashed Kodak XAR-2 film at -80 "C.
Cross-linking of Gelatin-XL to Fibronectin on NIL8Cells-NIL8
cells were grown to confluence in 10-cm tissue culture plastic dishes
in Dulbecco's modified Eagle's medium supplemented with 5% fetal
bovine serum. 24 h before the experiment they were transferred to
0.3% serum. Each dish was incubated in 5 ml of serum-free medium
containing 35 pgof gelatin-XL with approximately 4 cross-linkers/
molecule for 6 b in the dark a t 4 "C. The cells were photolyzed as
described, the medium removed, and the cells lysed in 0.3 ml of lysis
buffer. Samples were analyzed on gels as described in the previous
paragraph.
RESULTS

Cross-linking Scheme-The synthetic scheme and the
structure of the cross-linking reagentXL are shown in Fig.1.
The succinimide ester readily reacts with amino groups on
proteins under mildconditions to form a covalent derivative.
The attached cross-linkerresidue is 15-16 A long. Upon
photolysis, the phenylazide is converted to a highly reactive
nitrene which can react with many groups on proteins
to form
a covalent bond at a second site. Upon reduction, the disulfide
bond is cleaved, and the radiolabel is left attached to the
second reaction site, as shown in Fig.2.
Cross-linking Fibronectin-XL to Gelatin-Sepharose-To
determine if the cross-linking reagentbehaves as predicted in
the presence of protein, we studied its behavior in a simple
model system. Gelatincoupled to Sepharose CL-4B binds

2345

Radioactive Cross-linking Reagent

FIG. 1. Synthesis of cross-linker

XL.

fibronectin with high effkiency and a defined stoichiometry
(4-9). This provides a convenient means for determining the
location of the radiolabel after photolysis and reduction.
Fibronectin labeled with approximately 10 cross-linkers/
protein molecule was bound to gelatin-Sepharose and then
photolyzed, reduced, and boiled in SDS. Control samples
remained without the various treatments. Samples were
washed to remove unbound radiolabel and the radioactivity
bound to the beads was counted.
The results of two such experiments show that before
photolysis only 10-13% of the radioactivity remained bound
after denaturation in SDS (Table I). After photolysis, SDSresistant radioactivity increased to 46-54% (Table I, line 6).
Taking the level before photolysis as background, these data
indicate that 36-41% of the fibronectin became covalently
attached to the gelatin-Sepharose beads via the cross-linker.
Similarly, the radioactivity resistant to dithiothreitol increased from 3-5% to 29-43% after photolysis, indicating that
a minimum of 24-40% of the cross-linker reacted to form a
covalent bond through the azide end (Table I, line 7). After
treatment with dithiothreitol and SDS, the radioactivity
bound to thebeads increased from 6 4 %before photolysis to
15-26% after photolysis. This indicates that 10-18% of the
cross-linker reacted with the gelatin-Sepharose (Table I, line
8). Note that since there is initially a multiplicity of crosslinkers on the fibronectin, and since a nitrene may react with
its own protein rather than cross-linking to another protein,
these values need not be identical. For example, in the samples
in line 7, 10-18% of the cross-links were between fibronectin
and the gelatin beads (see Table I, line 8) while the others
must be within or between fibronectin molecules which are
removed by the SDS in line 8.
Therefore, in this favorable situation, more than one-third
of the known fibronectin-gelatin contacts become converted
into covalent bonds and, after reduction, 10-20% of the distal
parts of the cross-linker remain covalently attached to the
target (gelatin beads).
Cross-linking Gelatin-XL to Fibronectin in Solution-To
determine the ratioof specific to nonspecific cross-linking,we
studied the cross-linking of gelatin-XL to fibronectin in the
presence of carrier proteins which do not interactwith either.
Gelatin-XL and fibronectin were mixed in solution with or
without variable amounts of other proteins, photolyzed, and
reduced. Controls were kept in the dark and unreduced. The
proteins were separated by SDS-PAGE, and radioactivity
determined by autoradiography.
The results of an experiment in which gelatin-XL was mixed
with fibronectin alone are shown in Fig. 3. The unphotolyzed
and unreduced samples show the characteristic gelatin pattern
with a1 and a2 chains, and the /3 dimer (tracks 1 and 3).When

photolyzed, the gelatin bands greatly diminish and the radioactivity at the top
of the gel increases, indicating the formation
of cross-linked complexes (trucks 2 and 4). On reduction of
unphotolyzed samples, nearly all the radioactivity is lost
(tracks 5 and 7).On reduction of photolyzed samples, most of
the radioactivity moves downinto the gelatin and fibronectin
bands (trucks 6 and 8). This is the behavior one would expect
according to Fig. 2, when gelatin corresponds to PI and fibronectin to Pz.
To testfor nonspecific cross-linking
(Fig. 2, steps 5c and 6 c ) ,
we repeated this experiment with excesscarrier proteins (Fig.
4). In the presence of a 5-50-fold mass excess of human IgG
and chicken ovalbumin, the nonreduced samples (data not
shown) appeared very similar to those in Fig. 3 (trucks 1 - 4 ) .
The reduced samples (Fig. 4A) were also similar to those in
the experiment without carrier, although self-labeling of gelatin occurred at a lower level. Most important, even in the
presence of a 50-fold mass excess (150- and 500-fold molar
excess for IgG and ovalbumin, respectively), the specific labeling of fibronectin wasonly slightly decreased, and the
nonspecific labeling of carrier proteins was barely detectable.
This experiment was also carried out using an NP40 extract
of NIL8 cells as carrier protein (Fig. 4B), and showing the
dependence of the transfer of label on the fibronectin concentration. In the presence of the complex mixture of proteins
and NP40 detergent, some label appeared on top of the gel,
but no other proteins appeared as labeled bands on the gel.
The label at the top of the gel could be nonspecific trapping
during electrophoresis or could represent reaction of crosslinker with large molecules such as proteoglycans, which are
known to interact bothwith collagen and with fibronectin.
These experiments indicate that large excesses or complex
mixtures of carrier proteins do not pick up radioactivity from
the cross-linker-modified gelatin and that cross-linking and
transfer of label to fibronectin occurs specifically and efticiently.
Additional experiments of this general type did however
reveal potential difficulties with nonspecific labeling. Fig. 5A
shows a nonreduced gel of an experiment in which gelatin-XL
was mixedwith a very large excess of human serum. In tracks
1 and 2 one can see that most of the radiolabel has been
transferred from the gelatin to the serum albumin, with or
without photolysis. Nearly all of this label was removed from
the albumin in the unphotolyzed sample by reduction (not
shown), suggesting that it had become associated with the
free sulfhydryl on the albumin by disulfide interchange. When
ethyl mercury phosphate, which reacts very rapidly with
sulfhydryl groups to form a tight complex, wasadded, transfer
of radiolabel to albumin was prevented (trucks 3 and 4 ) ,which
supports this hypothesis. The experiment shown in Fig. 4B
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20 timesasmuchas
withovalbumin. If these values are
normalized for the large mass excess of carrier protein, we
calculate that thecross-linker exhibits a preference for fibronectin over carrier which is approximately 160 for BSA and
900 for ovalbumin. In the experiment whereIgG and ovalbumin were present in excess, the cross-linker showed a400-fold
preference for fibronectinover IgG, and an800-fold preference
over ovalbumin. These values arelikely to underestimate the
specificity of the cross-linker for fibronectin, since gel bands
with such a high concentration of protein will tend toconcentrate background radioactivity. The background appearing at
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Cross-linking of fibronectin-X1 to gelatin-Sephnrose
Lines 1-4 show binding in the absence of photolysis. Nearly all of
the radioactivity is removed by SIN and/or dithiothreitol (DTT).
Lines 5-8 show binding after photolysis and the right-hand columns
show the photolysis-dependentradioactivity corrected for binding in
the absence of photolysis. Line 6 represents the percentage of fibronectincovalently attached via cross-linker.Line 8 representsthe
percentage of cross-linker which reacts covalently with the beads.
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FIG. 2. Cross-linking scheme. 1, The succinimide ester moiety
on the cross-linking reagent reacts with amino groups on proteins to
form an amide linkage. S denotes the radiolabeled sulfur. '"S label
allows determination of the number of cross-linkers per molecule of
is reconstitutedwith other proteins,
protein. 2, the labeled protein (PI)
cells, etc. In general, there will be interactingproteins (Pd and
noninteracting proteins (PJ.
3, a t any stage before photolysis, reduction cleaves the disulfide link to remove the radiolabeled sulfur. No
proteins should remainlabeled. 4, photolysis converts theazide group
to a highly reactive nitrene. 5, the nitrene can react a t a second site
to form a covalent bond. In general, this may take the form of selfspecific cross-linking (b), nonspecific cross-linking ( c ) ,
reactions (a),
or abortive reaction with solvent ( d ) .If samples are analyzed a t this
point without reduction, radiolabel will be found both in the starting
complexes. 6,
protein PI. and in varioushighermolecularweight
reduction cleaves the disulfide link so that theradiolabel is associated
with the second reaction site. The reaction products in 5 lead to selfspecific labeling of proteins which interact with PI (b),
labeling (a),
and nonspecific labeling of proteins which are nearby but do not
show that nonspecific labeling
directly interact with PI (c). Our results
( c ) is very low whereas specific labeling (6) isreadily detected.

was also conducted in the presence of ethyl mercury phosphate and, although a detergent extract of cells would be
expected to contain many
free sulfhydryls,nonspecific transfer
of label was very low.
Fig. 5B shows the cross-linkingbetween gelatin-XL and
firbonectin in the presence of a high concentration of purified
BSA and ovalbumin. Even with ethyl mercury phosphate, the
BSA,though not the ovalbumin,did pick up a small quantity
of radioactivity from the gelatin-XL. Table I1 shows the
quantitation of these results.
In thesample witha 40-fold mass excess of BSA and
ovalbumin, there is approximately 4 times the radioactivity
associated with the fibronectin band as with RSA,and over

1

-

-

+
+
+
+

+
+

-

+
+
2

tin-Senharose

3

Ex-

Ex-

81

69
13
5
6

10

3
8
100
46 41
40
43
26

Photolysis-dependen1 reaction

100

54
29
15

36

24

18

10

- +- +

4

5

- + - +

6

7

8

L
"
"

F

B"

L

c

"

FIG. 3. Cross-linking in solution.Gelatin-XL in solution, alone
(tracks I, 2, 5 and 6) or with fibronectin (tracks 3, 4, 7 and 8) were
photolyzed (+) or not (-) as indicated above each track. Samples in
tracks 1-4 were kept nonreduced, while those in tracks 5-8 were
reduced with dithiothreitol. Tracks I and 3 show the initially labeled
gelatin. Tracks 2 and 4 show the formation of large cross-linked
complexes upon photolysis. When reduced, the radiolabel is removed
fromunphotolyzed samples as shown by tracks 5 and 7. Track 8
shows thatradiolabel is transferred tofibronectin after photolysis and
reduction.
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single new protein with the molecular weight of fibronectin
becomes labeled. Therefore, in this biological system, there
was specific cross-linking of gelatin to fibronectin in the absence of any detectable nonspecific cross-linking. An inhibitor
of disulfide interchange during the binding and cross-linking
states was not necessary, presumably because few sulfhydryls
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FIG. 4. Specificity of cross-linking. A, gelatin-XL in solution,
alone (tracks I and 2) or with 10 pg of fibronectin (tracks 3-10) was
also incubated with various amounts of IgG and ovalbumin. The
samples in tracks 5 and 6 have 50 pg of each protein, tracks 7 and 8
have 150 p g , and tracks 9 and I O have 500 pg. Samples were photolyzed
(+) or not (-) as indicated above each track. All samples were reduced
with dithiothreitol and run on an 8%. polyacrylamide gel. Arrours
mark the positions of fibronectin ( F N ) ,gelatin ul,a2, and p chains,
IgG heavy (Mand light (15) chains, and ovalbumin (0).
B, gelatinXL was incubated with 30 p g (tracks I , 2, 5 and 6 ) or 100 pg (tracks
3, 4, 7 and 8) of fibronectin. Samples in tracks 5-8 also received
approximately 1 mg NIL cell NI’40 extract. Photolysis and the location of protein bands are indicated as in A. All samples were reduced
and run on a 7% polyacrylamide gel.

the leading edge of the band will be counted as part of t h e
band. The quantityof label which is covalently linked to t h e
carrier proteins is probably smaller than the values deter-
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FIG. 5. Disulfide interchange. A, gelatin-XL plus human serum
mined by scanning thegel.
was incubated without (tracks I and 2) or with ethylmercury phosCross-linking Gelatin-XL to Fibronectinon Cells-To dephate (tracks 3 and 4 ) . Photolysis is indicated above each track by a
termine if this methodis applicable to proteins on cell surfaces,
plus or minus. All samples were run nonreduced in an 8%polyacrylto fibronectin on NIL8 amide gel. Arrows indicate positions of gelatin ( n 2 , d ) and serum
we attempted to cross-link gelatin
albumin (HSA).B , gelatin-XL with 25 p g of‘fibronectin was incubated
fibroblasts. These cells were incubated with gelatin-XL in the
dark, washed to remove unbound gelatin, andthe suspension with var.ving amounts of BSA and ovalbumin in the presence of ethyl
mercury phosphate. Samples in tracks 1 and 2 received 100 p g each,
The cellswerelysedin
2 4 SDS tracks 3 and 4 received 300 pg each, and tracks 5 and 6 received IO00
photolyzedandreduced.
containingethylmercuryphosphatetoblockdisulfideexpg each. All samples were reduced and run on an 8% polyacr.vlamide
change and run onSDS-PAGE.
gel. Photolysis and the location of protein bands are indicated as in
Fig. 6 shows that after photolysis and reduction, only
a Fig. 4.
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TABLE
I1
Specific and nonspecific transfer of radioactivity from gelatin-XL
Quantitation was performed by scanning densitometry of the autoradiographs shown in Fig. 4 and 5. Values are given as percentages
of the total density in the defined bands in each track, minus background. In sample lines 2, 3, and 4 there is a 4-, 12-. and 40-fold mass
excess of each carrier protein, over fibronectin, respectively. In line 5,
from a separate experiment. there is a 50-fold excess. FN. fibronectin.

are present and the number of interactions is large, the resulting gel pattern of cross-linked complexes is generally too
complicated to extract much information. This is aggravated
by the high molecular weightsof most cross-linked complexes.
Second, even when additional techniques, such as immunoprecipitation, are employed for selecting specific complexes
and simplifying the patterns, the total background often remains too high to permit resolution of minor species.
FibroI&
IgC
OvalSample
nectin
heavy
light bumin
In this paper, we report the development of a radioactive,
cleavable, photoactivatable cross-linkingreagent. Thisre% of density
agent may be used to make essentially any protein into a
1pg
25 of FN alone
88
2 FNpg+ 100
of BSA
83
7
0
photoaffinity probe which, after photolysis and reduction, will
and ovalbumin
donate a radioactive moiety to adjacentmolecules. These can
3 FN + 300 pg of BSA
70
14
2
then be analyzed bySDS-PAGEor other standard
techniques.
and ovalbumin
This method offers several advantages over conventional
69
4 FN + lo00 pg ofBSA
18
3
cross-linkingreagents. First, since the phenylazide is inert
and ovalbumin
towards proteins until it is irradiated, while the succinimide
5 FN + 500 pg of IgG
84
a
2
5
and ovalbumin
ester reacts with amino groups
immediately, apurified protein
can be derivatized withthereagent,
repurified, andthen
reconstituted into the
biological system. Cross-linking will not
occur until it is photolyzed. This assures thatall cross-linked
1 2 3 4
complexes involve the protein under study, and
simplifies the
pattern of cross-linked complexes enormously.
Second, the nitro group on the phenyl ring enables visible
and near-UV radiation to activate theazide moiety, thereby
reducing the possibility of radiation damage to proteins during
photolysis. The nitro group may also contribute to the very
high yield of cross-linked product by stabilizing the nitrene
generated on photolysis and so increasing its lifetime.
Third, theradiolabel provides aconvenient meansof assaying the numberof cross-linkers in the derivatized protein, and
for following it in subsequent manipulations. This makes it
possible to control the number of cross-linkers per protein.
Since the reagent can besynthesized with very high specific
activity, only one ora few cross-linkers per proteinwill usually
be necessary, so that the protein will be altered as little as
possible. This contrasts with nonradioactive reagents which
are sometimesused a t mole ratios of 1OO:l (3).
Fourth, the radiolabel provides a means for studying systemswhere radioactivity cannotbeintroduced
by other
means.
Fifth, the radiolabel, combined with cleavability, provides
a means for identifying neighboring proteins with very high
signal to noise ratios. Only those proteins sufficiently close to
the initially labeled protein become labeled
after photolysis
and reduction.
Sixth, the nitrene generated by photolysis of the azide is
I
sufficiently reactivetobeableto
form covalent links to
FIG. 6. Cross-linking at the cell surface. Gelatin-XL was al- essentially any biological molecule (1, 21, 22). The reaction
lowed to bind to NIL8 cells and the cell layers dissolved in SDS. does not require any particular functional groups
be present
to
Samples in tracks 1 and 2 were nonreduced, while tracks 3 and 4
in
the
neighboring
molecules,
so
that
lipids,
carbohydrates,
or
were reduced with dithiothreitol and alkylated with iodoacetic acid,
nucleic acids as well as proteins can be cross-linked.
and all wererun on a 7% polyacrylamide gel. Photolysis and the
Finally, since thecross-linker labelsthe distal partner
of the
location of protein bands are indicated as in previous figures. After
beanalyzed
after reduction,
photolysis and reduction (track 4 ) , fibronectin is specifically labeled, complex, theproductscan
whereas in the absence of photolysis there are no labeled bands after thereby avoiding the problems associatedwithanalysis
of
reduction (track 3).
high molecular weight complexes.
We have presented evidence that this reagent exhibits the
are present outside cells. Therefore, thecross-linking reagent proper chemicalbehavior under biological conditions.By
can be used to cross-link cell surface molecules under physi- measuring incorporationof radioactivity into the protein
peak
ological conditions.
on a gel fdtration column, we found that thecross-linker can
be covalently coupled to proteins with yields in the range of
DISCUSSION
1540%.When attachedin the dark, the
radiolabel is removed
Chemical cross-linking has been of some use in elucidating by dithiothreitol, indicating that the radioactivity is on the
proximity relationships in ribosomes, chromatin, and oligo- distal sulfur of the disulfide bond. On photolysis, the azide is
meric proteins, but has generally been of more limited value converted toa highly reactive nitrenewhich can react toform
for studying protein-protein interactions in complex systems a covalent bond a t a second site, either on theinitial protein
(1).This islargely for two reasons.First, when many proteins or ona neighboring one;we found that on the order
of 25-40%
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of the initial radioactivity became dithiothreitol-resistantafter experiments should include adequate controls, such as adding
excess unlabeled protein to compete binding of modified prophotolysis (Table I).
O m results also show that when a cross-linker-derivatized tein.
In conclusion, we have shown that this cross-linker is a
protein is allowed to bind a second protein and then photosensitive
and specific reagent for studying protein-protein
lyzed, covalent cross-links are formed between the two, as
judged by resistance to boiling in SDS. After treatment with interactions. We have shown that in model systems it exhibits
dithiothreitol, the cross-link is cleaved and the second protein the proper chemical behavior, can identify protein-protein
becomes radiolabeled. In one experimental system we found contacts with a high signalto noise ratio, and can successfully
that on the order of 10-20% of the initial radiolabel was identify proteins on the surfaces of living cellsin culture. We
transferred to the second protein. When a noninteracting have also identified several potential difficulties, and have
limit this method.
carrier protein was present, or when the reaction was carried attempted to determine to what extent they
out at thecell surface, very little nonspecific cross-linking was We are currently using this reagent to studythe interactions
observed, even when carrier protein was in large excess. In of fibronectin on fibroblast surfaces, in phagocytosis by macthe worst case, using as carrier protein BSA, which is known rophages, and in hemostasis. This method should alsobe
to bind hydrophobic molecules likethe cross-linker, we found useful for identifying virus receptors, antigen and hormone
receptors, actin or tubulin binding proteins, and for many
that the ratio of specific to nonspecificcross-linkingwas
approximately 160:l. In more favorable cases the ratio was other problems of this sort.
400:l and 9OO:l.
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