174

ug of plasmid DNA, which is comparable to the effi-
ciency of bacteriophage lambda infection. Alternatively,
cells can be stored frozen in 10% glycerol, although glyc-
erol reduced transformation efficiency to ~30% (data
not shown). Freezing and thawing of glycerol-treated
cells did not result in any further loss of transformation
efficiency (data not shown).

This study showed that it is crucial to inactivate the
T4 DNA ligase prior to electrotransformation of ligated
DNA, which can be ensured by the introduction of a sim-
ple heat inactivation step, increasing the number of
transformants by 260-fold. Although this paper focuses
on the use of E. coli MC1061/p3, the experiments were
repeated with a different plasmid in the parental strain
E. coli MC1061 and showed the same result (data not
shown). It is therefore likely that electrotransformation
of E. coli in general is inhibited by T4 DNA ligase activ-
ity. Heat inactivation of ligated material might be rec-
ommended as a standard procedure whenever high-
transformation efficiency is essential.

With the present protocol for electrotransformation
of E. coli MC1061/p3, it has been possible to generate
plasmid cDNA libraries from limiting amounts of tissues
for subsequent screening in eucaryotic cells, with effi-
ciencies similar to that of lambda cloning vectors.
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Fluorescent labeling is a useful tool for analyzing the
in vitro and in vivo behavior of biological molecules (1).
Kosawer and Kosawer have demonstrated the utility of
bromobimanes as small, thiol-specific reagents to pro-
duce relatively photostable fluorescent products (2).
Here, we establish that dibromobimane [bBBr? 4,6-bis-
(bromomethyl) - 3,7 -dimethyl - 1,5 - diazabicyclo[3.3.0] -
octa-3,6-diene-2,8-dione; see Scheme 1] can be used to
crosslink two protein molecules rapidly and in high
yield. We also show that the resulting crosslinked dimer
retains native activity, is not converted to monomers by
added thiols, and is highly fluorescent.

Bromobimanes have been used to attach a fluorescent
label to a variety of proteins (2—-4) and to introduce an
intramolecular crosslink into myosin subfragment 1 (5).
A protein labeled with bBBr has new ultraviolet absorp-
tion with Apyax = 385 nm (é355 ym = ~4000 M ' em ™) and
fluorescence emission with A, = 477 nm (¢r = ~0.25-
0.33) (2). The reaction of bromobimanes most often oc-
curs by the Sy2 displacement of a bromide ion by a thio-
late anion from a cysteine residue. Since bBBr has two
equivalent bromomethyl groups, we reasoned that bBBr
could also be used as an intermolecular crosslinking rea-
gent. To test this hypothesis, we attempted to form a
dimeric protein crosslinked by bBBr.

Previously, we developed methods to produce and pu-
rify bovine seminal ribonuclease (BS-RNase) from
Escherichia coli (6). BS-RNase is a homodimeric protein
in which the two subunits are connected by two disulfide
bonds between Cys31 of one subunit and Cys32 of the
other. These intersubunit disulfide bonds are easily re-
duced in vitro [by a 10-fold molar excess of dithiothreitol

!''To whom correspondence should be addressed. Fax: (608) 262-
3453.

2 Abbreviations used: bBBr, dibromobimane; BS-RNase, bovine
seminal ribonuclease; D'T'T, dithiothreitol; SDS-PAGE, sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis.
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(DT'T)] and probably in vive (by the high reduction po-
tential in the mammalian cytosol) (7). The reduction of
native BS-RNase leads to its dissociation into mono-
mers. Here, we describe a BS-RNase dimer in which the
monomers are crosslinked by reaction with bBBr.

Materials and methods. To favor the formation of in-
termolecular rather than intramolecular crosslinks, we
performed our reactions with a mutant BS-RNase in
which Cys31 was changed to a serine residue. C31S BS-
RNase was purified to homogeneity as described (7).
bBBr (as “Thiolyte DB”’) was obtained from Calbio-
chem (La Jolla, CA). Prior to reaction, the preparation
of C31S BS-RNase was treated for 20 min with a 10-fold
molar excess of dithiothreitol (3.5 mM) in 10 mM Tris-
HCI1 buffer, pH 8.5. The buffer was then changed by gel
filtration chromatography to 10 mM sodium phosphate,
pH 7.4, containing NaCl (100 mM) and EDTA (1 mMm).
The reduced protein was incubated at 25°C with a 0-,
0.5-,1-, 5-, or 20-fold molar excess of bBBr. After various
times, the reaction was quenched by adding DTT to a
final concentration of 20 mM. [For the large-scale prep-
aration of crosslinked protein, reduced C31S BS-RNase
(20 mg; 0.37 mM) in 10 mM sodium phosphate, pH 7.4,
containing NaCl (100 mM) and EDTA (1 mM) was incu-
bated at 25°C for 10 min with bBBr (0.19 mMm).] The
extent of crosslinking was monitored by SDS-PAGE in
the presence of -mercaptoethanol. Crosslinked dimer
was purified by gel filtration chromatography using con-
ditions described previously (7).

Results. Dibromobimane was an extremely effective
reagent for producing crosslinked dimers of BS-RNase.
The maximum yield of dimeric protein was obtained by
reaction with a 0.5-fold molar excess of bBBr (Fig. 1A).
This reaction was complete after 15 min (data not
shown). Under these conditions, approximately 70% of
the monomeric protein was converted to a crosslinked
dimer (Fig. 1A, lane 1), which was isolatable by gel fil-
tration chromatography in 60% overall yield (Fig. 2).
The crosslinked dimer had enzymatic activity compara-
ble to that of dimeric BS-RNase (data not shown). The
crosslinked dimer was highly fluorescent and could be
observed by ultraviolet illumination after SDS-PAGE
(Fig. 1B) and by fluorescence spectroscopy (Fig. 2).

175

FIG. 1. (A) Products of the reaction of C31S BS-RNase with vari-
ous concentrations of bBBr. Protein was stained with Coomassie bril-
liant blue after SDS-PAGE. Lane 1, 0-fold molar excess of bBBr; lane
2, 0.5-fold; lane 3, 1-fold; lane 4, 5-fold; lane 5, 20-fold. (B) Fluores-
cence of C31S BS-RNase after reaction with a 0.5-fold molar excess
of bBBr. Protein was visualized by long-wave ultraviolet illumination
after SDS-PAGE. Lane 1, before gel filtration chromatography; lane
2, after gel filtration chromatography.

Discussion. We have demonstrated that bBBr can be
used as an effective intermolecular crosslinking reagent
for thiol-containing proteins. As far as we know, no
other thiol-specific crosslinking reagents are available
that also provide a fluorescent label. We found that in
the preparation of homodimers, the ratio of bBBr to
thiol group is critical—substoichiometric amounts of
bBBr are necessary to produce maximum yield. Further,
our results suggest that bimane-crosslinked heterodi-
mers can be prepared in a three-step procedure. First, a
thiol-containing molecule is reacted with a =20-fold mo-
lar excess of bBBr to produce activated monomer. Under
these conditions, only a small amount of homodimer will
be produced (Fig. 1A, lane 5). Then, the activated mono-
mer is separated from unreacted bBBr. Finally, another
thiol-containing molecule is added to the activated
monomer.
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FIG. 2. Purification of crosslinked BS-RNase dimer. C31S BS-
RNase was reacted with a 0.5-fold molar excess of bBBr and subjected
to gel filtration chromatography. Fractions were assayed for absor-
bance (280 nm) and fluorescence (385 nm excitation; 477 nm emis-

sion). The two peaks correspond to monomeric (M) and dimeric (D)
BS-RNase.
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The success of all crosslinking reagents is idiosyn-
cratic. In crosslinking experiments with bBBr, the bro-
momethyl group that remains in an activated monomer
is a target for both intramolecular and intermolecular
nucleophiles. Fortunately, thiolate is by far the most re-
active biomolecular nucleophile toward bBBr (2). In-
deed, the high specificity of bBBr for reaction with cys-
teine residues may make this reagent a particularly
effective companion to cysteine-scanning mutagenesis
analyses (8). Then, bBBr could be used to probe a com-
plex mixture of biomolecules for otherwise noncovalent
interactions. Detection by ultraviolet illumination after
gel electrophoresis (as in Fig. 1B) would make such an
association apparent. Additional properties of the re-
sulting crosslinked molecules could be studied by fluo-
rescence anisotropy (9). We thus present bBBr as a flu-
orescent crosslinking reagent of broad utility.
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Ribonucleases (RNases)? catalyze the cleavage of the
P-0% bond of single-stranded RNA. These enzymes are

' To whom correspondence should be addressed. Fax: (608) 262-
3453.
? Abbreviation used: RNase, ribonuclease.
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used to degrade RNA in procedures that include the ri-
bonuclease protection assay (1) and the isolation of
DNA from cellular extracts. These procedures are im-
proved as the extent of RNA cleavage is increased. To
enhance the extent of cleavage, biochemists often com-
bine RNases of differing substrate specificity. For exam-
ple, RNase A from bovine pancreas cleaves RNA after C
and U residues, and RNase T'1 from Aspergilius orysae
cleaves after G. Thus, a combination of RNase A and
RNase T1 leaves intact only the P-O* bonds after A res-
idues. Although RNase I from Escherichia coli can in
theory cleave every P-O" bond in RNA, this enzyme is
inhibited by common impurities in nucleic acid prepara-
tions. In contrast, RNase A and RNase T1 are not sen-
sitive to such impurities.

We have created a mutant of RNase A (T45G RNase
A) that displays an expanded substrate specificity (2,3).
T45G RNase A cleaves poly(A), poly(C), and poly(U)
efficiently. Replacing Thr45 with a glycine residue re-
sults in only a modest compromise to the thermal stabil-
ity of RNase A, with the T, in 0.1 M Mes - HCI buffer, pH
6.0, containing NaCl (0.1 M) decreasing from 63 to 53°C
(4). Hence, T45G RNase A and RNase T1 are stable en-
zymes that together can cleave all four homoribonucleo-
tide polymers. Here, we determine the extent to which
various RNases, including T45G RNase A, cleave RNA
heteropolymers containing all four ribonucleotides.

We use *'P NMR spectroscopy to assess RNA cleav-
age. As RNA is hydrolyzed, the chemical state of its
phosphoryl groups changes: acyclic diester (NpN) — cy-
clic diester (N > p) and [ultimately (5)] cyclic diester —
monoester (Np). This change can be monitored by *'P
NMR spectroscopy because the three phosphorous spe-
cies (NpN, N > p, and Np) have distinct chemical shifts
(2,3,5-7).

Materials and methods. Total RNA from yeast
(Sigma Chemical, St. Louis, MO) and various RNases
were prepared as described (2,4). RNA (6 mM) and
RNase (RNase T1, 3 ug; RNase A, 5 ug; T45G RNase A,
60 ug; or RNase I, 3 ug) were incubated for 36 h at 25°C
in 2.0 ml of 0.1 M Mes-HCI buffer, pH 6.0, containing
NaCl (0.1 M). Reaction products were analyzed in 10-
mm NMR tubes having D,O inserts. Free induction de-
cays were recorded with a Bruker AM400 spectrometer
and were processed with the program FELIX (Hare Re-
search, Bothel, WA). The parameters used to acquire
spectra were as reported previously (3), except for the
relaxation delay (here, 10 s) and the number of free in-
duction decays recorded for each incubation (here, 100).

Results. Spectra recorded after 24 h of incubation
were indistinguishable from those recorded after 36 h.
Also, the spectra did not change when fresh RNase was
added after 36 h of incubation (data not shown). Each
cleavage reaction was therefore complete by 36 h, and
the spectra at that time are shown in Fig. 1. The normal-
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