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Addition of Sulfhydryl Groups to Escherichia coli Ribosomes by 
Protein Modification with 2-Iminothiolane 
(Methyl 4-Mercaptobutyrimidate)? 
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ABSTRACT: The bifunctional reagent, methyl 4-mercapto- 
butyrimidate, has been useful in identifying neighboring pro- 
tein pairs in the Escherichia coli 3 0 s  ribosomal subunit. The 
reagent reacts with protein amino groups and upon oxidation 
forms intermolecular disulfide bonds. The compound has been 
characterized further employing the techniques of nuclear 
magnetic resonance spectroscopy, infrared spectroscopy, ul- 
traviolet spectroscopy, mass spectroscopy, elemental analysis, 
and sulfhydryl group titration. All of the results indicate that 
the compound formerly considered to be methyl 4-mercapto- 
butyrimidate is in fact 2-iminothiolane (2-iminotetrahydro- 
thiophene). Unlike most imidates, 2-iminothiolane is highly 
stable in solution a t  acidic and neutral pH. Furthermore, we 
have not observed any protein:protein cross-links produced with 
the reagent that were not reversibly cleaved by mild reduction 

I m i d o  esters have proved to be valuable reagents for use in 
experiments that employ the techniques of chemical modifi- 
cation to study structural and functional properties of proteins. 
Imido esters react specifically with amino groups of proteins 
to form positively charged amidine derivatives (Hunter & 
Ludwig, 1962, 1972; Hand & Jencks, 1962). This retention 
of surface charge distribution favors the preservation of tertiary 
and quaternary structure of proteins since it is likely that the 
local side-chain interactions are maintained. This conclusion 
was suggested by the work of Wofsy & Singer (1 963) and is 
supported by amidination experiments with tobacco mosaic 
virus (Perham & Richards, 1968; Perham, 1973), glyceral- 
dehyde-3-phosphate dehydrogenase (Lambert & Perham, 
1977), and alcohol dehydrogenase (Plapp, 1970; Dworschack 
et al., 1975), in which the modified proteins retain biological 
activity. 

Bis(imido esters), such as dimethyl suberimidate, have been 
extremely useful tools for the examination of the quaternary 
structure of oligomeric enzymes (Davies & Stark, 1970), and 
also of the protein topography of the ribosome (Bickle et al., 
1972; Lutter et al., 1974; Clegg & Hayes, 1974; Expert-Be- 
zanGon et al., 1977). Difficulties in the identification of the 
ribosomal components of cross-linked dimers thus formed 
prompted the use of imido esters which permitted ready 
cleavage of the cross-link (Traut et al., 1973; Lutter et al., 
1975; Peretz et al., 1976). The alternative strategy for cross- 
linking experiments used in this laboratory involves modifi- 
cation of protein with an imido ester that contains a sulfhydryl 
group, followed by a separate cross-linking step accomplished 
by oxidation of the sulfhydryl-rich species (Traut et al., 1973). 
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indicating the absence of uncleavable protein:protein N-alkyl 
imidate linkages caused by side reactions typical of other im- 
idates. The extent of modification of 3 0 s  ribosomal protein by 
2-iminothiolane has been investigated. Approximately 43 
sulfhydryl groups were added to the proteins of the 30s  subunit 
under conditions employed in previous investigations. The 
majority of these reacted rapidly with reagents for sulfhydryl 
groups, suggesting that 2-iminothiolane had reacted prefer- 
entially with exposed lysine groups. Unmodified and modified 
3 0 s  subunits were alkylated with [ l-’4C]iodoacetamide and 
ribosomal proteins were separated by two-dimensional poly- 
acrylamide/urea gel electrophoresis. Comparison of ra- 
dioautographs of the gels demonstrated that all the 3 0 s  ribo- 
somal proteins were modified to varying extents by 2-imi- 
nothiolane. 

In  this two-step cross-linking technique hydrolysis of one end 
of a bis(imido ester) does not present a problem with respect 
to cross-link yield insofar as each modified lysine has a free 
sulfhydryl group potentially capable of forming a cross-link. 
The hydrolysis of one group of a bis(imido ester), the other 
group of which reacts with lysine, can be anticipated to lower 
the yield of cross-linking. The two-step cross-linking procedure 
using the reagent known as methyl 4-mercaptobutyrimidate 
has been employed to study the spatial arrangement of ribo- 
somal proteins with substantial success (Sun et al., 1974; 
Sommer & Traut, 1974-1976; Kenny et  al., 1975). 

W e  describe here an investigation of the structure and 
properties of the reagent originally named methyl 4-mercap- 
tobutyrimidate. All of the results indicate that the compound 
is in fact 2-iminothiolane (2-iminotetrahydrothiophene), a 
cyclic thioimidate that has been described by Schramm & 
Diilffer (1977a,b). The use of 2-iminothiolane i n  studies in- 
volving chemical modification of protein is discussed with re- 
gard to its reaction with the 3 0 s  ribosomal subunit. 

Materials and Methods 
Reagents. Methyl 4-mercaptobutyrimidate [ 2-iminothiol- 

ane (2-iminotetrahydrothiophene)]’ was purchased from 
Pierce Chemical Co. and stored in a vacuum desiccator over 
Drierite a t  4 “C. Anhydrous trifluoroacetic acid (Sequanal 
grade) was also obtained from Pierce and 3-(trimethylsilyl)- 
propanesulfonic acid (sodium salt) from Thompson Packard, 
Inc.; iodoacetamide, 5,5’-dithiobis(2-nitrobenzoic acid),2 and 

I The bifunctional reagent methyl 4-mercaptobutyrimidate, used pre- 
viously in this laboratory to cross-link neighboring ribosomal proteins, has 
been found to have properties indicating its identity with the compound 
2-iminothiolane described by Schramm & Diilffer [Schramm, H.  J., & 
Dulffer, T. (1977) Hoppe-Seyler’s Z .  Physiol. Chem. 358, 137-1 391. The 
latter name will be used here. 

Abbreviations used are: Nbs2, 5,5’-dithiobis(2-nitrobenzoic acid); 
bistris, bis(2-hydroxyethyl)iminotris(hydroxymethyl)methane; Tris, 
tris( hydroxymethy1)aminomethane. 
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bistris were from Sigma; urea "Ultrapure" and 2-mercapto- 
ethanol were from Schwarz/Mann. Triethanolamine was 
purchased from Eastman Organic Chemicals and was redis- 
tilled under vacuum before use. Acrylamide and N,N'-meth- 
ylenebisacrylamide were obtained from Eastman and used 
without further recrystallization. [ l-14C]Iodoacetamide 
(specific radioactivity 57 mCi/mmol) was from Amersham/ 
Searle and diluted 1 :IO0 with nonradioactive iodoacetamide 
before use. 

Structural Studies on 2-lminothiolane. Elemental analysis 
and mass spectroscopy were performed a t  the Department of 
Chemistry, University of California, Berkeley. Samples of 
2-iminothiolane were recrystallized by refrigeration of satu- 
rated solutions of the compound in methanol/acetone. The 
largest crystals (mp 192-193 "C) were dried in a vacuum 
desiccator over Drierite. crushed to powder and evacuated with 
a high-vacuum pump for 24 h before sealing under vacuum in 
glass ampules for storage before analysis. 

2-Iminothiolane (70 mg) was dissolved in 0.4 mL of triflu- 
oroacetic acid containing 3-(trimethylsilyl)propanesulfonic 
acid (sodium salt) as a zero reference for nuclear magnetic 
resonance spectroscopy performed with a Variant Anaspect 
E M  360 N M R  spectrometer. Higher resolution was obtained 
using a Japan Electron Optics Laboratory Co. Ltd. Model 
JKM-MH-I  00 N M R  spectrometer. The trifluoroacetic acid 
solvent was found to have a resonance at  11.73 ppm, close to 
the published value of 11.67 ppm (Sadtler, Standard N M R  
Spectra, No. 15078 M) .  

Infrared spectroscopy was performed with a Beckman IR 
8 infrared spectrometer at  slow dual beam speed. 2-Imi- 
nothiolane was prepared for infrared spectroscopy by mixing 
with K B r  (5% 2-iminothiolane, w/w) which was pressed into 
a translucent pellet. Polystyrene (Beckman) was used to cali- 
brate the spectrum at the wave numbers 2849.9, 1601 .O, and 
906.5 cm-I. 

Ultraviolet spectroscopy was performed with a Cary 16 
spectrophotometer, a Cary Recorder Interface Model 1626, 
and a Varian C-2000 recorder. The absorption spectrum was 
determined using 2-iminothiolane dissolved in acetonitrile to 
give an absorbance of about 1 .O unit (about 0.1 mM).  

Ribosomes. The 30s ribosomal subunits were prepared from 
Escherichia coli strain MRE600 grown in rich medium using 
techniques already described (Hershey et al., 1977; Eikenberry 
et al., 1970). Ribosomal subunits (25-30 mg/mL) were stored 
at  -70 "C in I O  mM Tris-HCI, pH 7.2, containing I O  m M  
MgC12, 100 mM NH4C1, and 14 m M  2-mercaptoethanol. 

Modification of 30s Ribosomal Subunits with 2- lmi-  
nothiolane. The 30s  subunits were diluted to about 3 mg/mL 
and dialyzed overnight against 50 mM triethanolamine hy- 
drochloride. pH 8.0. containing 50 mM KCI, 1 .O m M  MgC12, 
and 1 % 2-mercaptoethanol (TEA-SH buffer). A stock solution 
of 2-iminothiolane (0.5 M; 68.8 mg/mL) was prepared im- 
mediately before use by dissolving the solid reagent in a solu- 
tion consisting of 1 .O M triethanolamine hydrochloride, pH 
8.0, and 1 .O M triethanolamine, free base ( 1  : I  v/v); the final 
pH was about 8.0. Modification was performed at  0 "C after 
adding reagent to the desired final concentration (12 m M  in 
most experiments). After incubation for 20 min, the reaction 
mixture was dialyzed for 3 h at  4 "C against 100 vol of 50 mM 
triethanolamine hydrochloride, pH 8.0, containing 50 mM KCI 
and 1 .O mM MgCll (TEA buffer) with a buffer change each 
hour as described previously (Traut et al., 1973; Sommer & 
Traut. 1975). Alternatively, the modification reaction was 
rapidly stopped by gel filtration of samples as described in the 
following section. 

Determination of Sulfhydryl Groups with Nbsz. Samples 

(about 0.5 mL) of 30s  ribosomal subunits (about 3.0 mg/mL) 
in TEA-SH buffer were applied to columns (1 5.5 X 0.7 cm) 
of Bio-Gel P-2 (100-200 mesh) equilibrated with 10 m M  
Tris-HC1, pH 7.4, containing 30 m M  NH4CI and 10 m M  
MgC12. The column buffer was deaerated and then saturated 
with nitrogen in order to prevent air oxidation of sulfhydryl 
groups during gel filtration. Columns were developed a t  4 "C. 
The peak fraction (A260) was collected (approximately I .  1 
mL), and 1 .O mL was transferred immediately to a cuvette and 
mixed with 100 pL  of 10 m M  Nbs2 dissolved in the column 
buffer. The increase in absorbance a t  412 nm was followed 
using a Gilford 2400-S recording spectrophotometer. After 
10 min at  25 OC. 50 pL  of 20% sodium dodecyl sulfate was 
added to denature the 3 0 s  subunit and the increase in ab- 
sorbance was followed for a further 10 min. The molar ex- 
tinction coefficient of the thionitrobenzoate ion a t  41 2 nm was 
assumed to be 1.36 X lo4  M-l cm-I (Ellman, 1959). 

Duplicate samples (1 5 pL) of the 3 0 s  subunit peak fraction 
were diluted into 1 .O mL of column buffer to determine 30.5 
ribosomal subunit concentration, assuming E ~ ~ o n m  to be 145.0, 
and the molecular weight of the 30s ribosomal subunit to be 
0.9 X lo6  (Hill et al., 1969). 

The same procedure was used to determine sulfhydryl 
groups of 3 0 s  subunits modified with 2-iminothiolane. Mod- 
ified 3 0 s  ribosomal subunits were passed through columns of 
Bio-Gel P-2 to remove 2-mercaptoethanol and excess reagent, 
after the modification procedures already described. 

Reaction of 30s Ribosomal Subunits with [ 1 - 14C]lodo- 
acetamide. Samples of unmodified 3 0 s  subunits or 30s sub- 
units modified with 2-iminothiolane, at  approximately 2.0 
mg/mL and free of 2-mercaptoethanol after gel filtration, were 
added to an equal volume of 8.0 M urea, 6.0 M LiCI, 0.2 M 
Tris-HCI, pH 8.0, containing 50 m M  [ l-14C]iodoacetamide 
(specific radioactivity, 0.57 mCi/mmol). After 1 h at  25 "C, 
excess reagent was quenched by the addition of 2.5% 2-mer- 
captoethanol. Duplicate samples (5.5 k g )  of the alkylated 
subunits were precipitated with 2.5 mL of 5% trichloroacetic 
acid along with 100 pg of bovine serum albumin carrier protein, 
to determine the extent of radioactive alkylation. After 30 min 
at  94 "C, the samples were filtered through glass filters 
(Whatman, 2.4 cm GF/C)  and washed well with 5% trichlo- 
roacetic acid. The filters were dried and counted in a Beckman 
LS-200B liquid scintillation counter in  5.0 m L  of toluene 
containing 2,5-diphenyloxazole (4 mg/mL) and 1,4-bis[2- 
(5-phenyloxazolyl)]benzene (0.5 mg/mL). The counting ef- 
ficiency was 80%. 

Ribosomal protein from the alkylated samples of ribosomal 
subunits was extracted with 66% acetic acid and 34 mM 
MgC12 (Hardy et al., 1969). After removal of the RNA pre- 
cipitate by centrifugation at 10 000 rpm for 15 min in a Sorvall 
RC2-B centrifuge (SS-34 rotor), the supernatant fraction was 
exhaustively dialyzed against 6% acetic acid and the protein 
recovered by lyophilization. 

Two-Dimensional Polyacrylamide/Urea Gel Electropho- 
resis and Identification of Radioactive Alkylated Ribosomal 
Proteins. Lyophilized samples of radiozctively alkylated ri- 
bosomal protein (300 pg) were dissolved in 8.0 M urea (50 p L )  
and analyzed by two-dimensional polyacrylamide/urea gel 
electrophoresis according to Knopf et al. ( 1  975). The sample 
was applied to a 4% (w/v) polyacrylamide gel (10 X 0.3 cm) 
containing 0.066% (w/v) N,N'-methylenebisacrylamide. 38 
mM bistris, 6.0 M urea, and adjusted to pH 5.5 with acetic acid 
after mixing the components. A stacking gel (0.5 X 0.3 cm) 
was of the same composition adjusted to pH 4.7 with acetic 
acid. Electrophoresis was performed for 5 h at  1 mA/gel 
toward the cathode using pyronine G as marker dye. The upper 
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TABLE I :  Elemental Analysis of 2-Irninothiolane, 

calcd 
elements C 5 H , 2 0 N S C I a  C ~ H ~ N S C I *  obsd 

C 35.40 34.91 3 5.04 
H 7.13 5.86 5.85 
N 8.26 10.18 10.17 
S 18.90 23.29 23.38 
CI 20.90 25.76 25.62 
0 9.43 0.00 0.00 

total 100.02% 100.00% 100.60% 

a Methyl 4-mercaptobutyrimidate hydrochloride. * 2-Iminothi- 
olane hydrochloride. 

buffer chamber contained 0.02 M bistris-acetate, pH 3.7, and 
the lower chamber 0.02 M bistris-acetate, pH 7.0. The gel tube 
was embedded a t  the origin of an 18.0% (w/v) polyacrylamide 
gel slab (1 3.0 X 1 1 .O X 0.15 cm) containing 0.24% (w/v) 
N,N'-methylenebisacrylamide, 6.0 M urea, 48 m M  KOH, and 
5.2% (v/v) acetic acid, pH 4.6. Electrophoresis was at  80 V 
toward the cathode for 12- 16 h until the pyronine G tracking 
dye was 1 .O cm from the base of the gel, using a well buffer 
consisting of glycine (14 g/L) and acetic acid (1.5 mL/L).  Gels 
were stained with 0.55% (w/v) Amido black in methanol: 
wateracetic acid (5:5:1 by volume) and destained in the same 
solution without dye. Gels were prepared for radioautography 
by drying onto filter paper (Howard & Traut, 1973), and ex- 
posed to Kodak No-Screen Medical X-ray film for 40 days. 

Results 
Reaction of 2-lminothiolane "ith Nbsz. Nbs2 titration was 

employed to test for sulfhydryl groups in freshly prepared so- 
lutions of 2-iminothiolane. When 2-iminothiolane was added 
to T E A  buffer containing Nbs2 a t  7 OC, there was no initial 
increase in absorbance at  412 nm as shown in Figure 1 ,  indi- 
cating the absence of free sulfhydryl groups. Addition of gly- 
cylglycine to the reaction (17.5 mM; about 180-fold excess over 
2-iminothiolane) led to the rapid appearance of sulfhydryl 
groups. Similar titrations at  25 OC showed that sulfhydryl 
groups were very slowly exposed in the absence of any primary 
amine. The initial rate of formation of sulfhydryl groups from 
2-iminothiolane (at concentrations of 0.1 m M  and 1.0 mM)  
in TEA buffer a t  25 "C was 0.9% per min of the total sulfhy- 
dryl groups that were generated by addition of glycylglycine. 
This appearance of sulfhydryl groups in the absence of amines 
was almost undetectable a t  7 O C  (Figure 1). 

The weight of 2-iminothiolane equivalent to 1 mol of free 
sulfhydryl group released upon treatment with glycylglycine 
was determined. The Nbsz titration procedure shown in Figure 
1 was used, and the maximum absorbance change a t  412 nm 
promoted by glycylglycine was measured. Five determinations 
of the sulfhydryl group concentration derived from 2-imi- 
nothiolane (5.527 pg/mL) gave values of 38.67, 39.55, 40.29, 
40.29, and 40.66 LM. From these values, it was calculated that 
138 g ( f 2  g) of 2-iminothiolane released 1 mol of free sulf- 
hydryl group upon treatment with a primary amine. 

Chemical Analysis of 2-lminothiolane. The results of ele-  
mental analysis shown in Table I were consistent with the 
formula C4HgNSCI which is the chemical formula of 2-imi- 
nothiolane hydrochloride, and not with the chemical formula 
of CSHIZONSCI  for methyl 4-mercaptobutyrimidate hydro- 
chloride. The mass spectrum gave an intense peak a t  m/e 101 
corresponding to loss of HCI from 2-iminothiolane hydro- 
chloride, and the fragmentation pattern was quite consistent 
with the structure 2-iminothiolane while the spectrum con- 
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FIGURE 1 :  Reaction of 2-iminothiolane with Nbs2.2-lminothiolane ( I  3 
pg in IO p L  of a stock solution in acetonitrile) was added to 1 .O mL of TEA 
buffer, pH 8.0, containing 100 pL of 10 mM Fibs2 at 7 'C. The absorbance 
change at 412 nm was followed. After 10 min, glycylglycine (pH 8.0) was 
added to a final concentration of 17.5 m M .  
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F I G U R E  2: Nuclear magnetic resonance spectrum of 2-iminothiolane. 
The spectrum A was obtained at 600 H z  with sweep time 300 s. The 
spectrum B was the 2-4-ppm region o f  spectrum A run  at 120 H z  with 
sweep time 120 s. The spectrum C was the 2-4-ppm region of  spectrum 
A run a t  1080 Hz with sweep time 250 s. For other details, see text. 

tained no evidence to support a structure corresponding to 
methyl 4-mercaptobutyrimidate (results not shown). 

Nuclear Magnetic Resonance Spectroscopy of 2- lmi-  
nothiolane. Four major peaks were seen in the N M R  spectrum 
A shown in Figure 2. There was a broad peak with a chemical 
shift of 10.07 ppm, two triplet peaks at 3.63 ppm and 3.30 ppm, 
and a quintet peak at  2.48 ppm. The inset C of Figure 2 shows 
the 2-4-ppm region determined with the JNM-MH-100 N M R  
instrument, which clearly resolves the triplets as two peaks and 
not one complex peak. The inset B of Figure 2 shows an en- 
largement of the 2-4-ppm region of the spectrum A,  from 
which it was possible to show that the triplet peaks at  3.63 and 
3.30 ppm were each coupled to the quintet peak at  2.48 ppm 
with a coupling constant J ,  determined as 6.4 and 7.0 cps, re- 
spectively. 

The proton integration ratios for  the four major peaks were 
measured to be 1.01 (10 .07  ppm):0.94 (3.63 ppm):l.O8 (3.30 
ppm):0.95 (2.48 pprn), showing that each peak represented an 
equal number of protons. The evidence was consistent with the 
three peaks in the 2-4-ppm region being derived from a 
-CHzCHzCH2- system in the molecule, each peak corre- 
sponding to two protons. The broad peak with the largest 
chemical shift at  10.07 ppm, and which also corresponds to two 
protons determined from the integration ratios, was probably 
derived from the imine group. Thus all four proton peaks can 
be accounted for. There was no peak to correspond with pro- 
tons from a methoxy group (CH3-O-), which appears as a 
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FlGCRE 4: The effect of glycylglycine on the absorbance of 2-imi- 
nothiolane a t  248 nm. Inset A shows the absorbance at  248 nm of 2-imi- 
nothiolane (0.05 rnM) dissolved in TEA buffer, pH 8.0, followed for 3 h 
at  7 O C .  Graph B shows the absorbance at  248 nm of 2-iminothiolane (0.1 1 
m.M) dissolved in TEA buffer, pH 8.0, at  7 O C .  After IO-min incubation. 
glycylglycine (pH 8.0) was added to 17 .5  mM, final concentration. 

singlet at  4.30 ppm in the N M R  spectrum of methyl acetim- 
idate dissolved in trifluoroacetic acid (Bates et al., 1975). There 
was also no evidence for a proton resonance from a sulfhydryl 
group, which would probably appear as a triplet in the 1 -2-ppm 
region (Dyer, 1965) if the imido ester existed as the open chain 
methyl 4-mercaptobutyrimidate. 

Infrared Spectroscopy of 2-lminothiolane. The infrared 
spectrum of the compound is shown in Figure 3. The spectrum 
was interpreted with the aid of chemical references (Dyer, 
1965) and by comparison with the spectrum of 4-mercapto- 
butyric acid, y-(thiolactone) (Sadtler, Standard Infrared 
Spectra, no. 31 708). The presence of a nonsubstituted imine 
was suggested by the peak a t  1600 cm-l (C=N stretch) and 
the broad peak at  2400-3300 cm-' (N-H with C-H stretch). 
The peak at  690 cm-I may be accounted for by CH2-S-C 
rocking, and other features of the spectrum were entirely 
consistent with the proposed structure, 2-iminothiolane. 

Ultraciolet Spectroscopy of 2-lminothiolane. 2-Imi- 
nothiolane (about 0.1 mM)  dissolved in acetonitrile a t  25 O C  

gave a spectrum with a peak at  A,,, 248 nm. Exactly the same 
spectrum was obtained if  the reagent (about 0.1 mM) was 
added to 0.1 M HC1 a t  25 "C from an acetonitrile stock solu- 
tion (5-10 mM). The spectrum was quite stable in acidic 
aqueous solution, though the absorbance maximum at 248 nm 
was abolished by exposure to base (pH 10). The extinction 
coefficient at  248 nm of 2-iminothiolane in 0.1 M HCI was 
determined to have a value of e248 = 8840 M-'  cm-' 
(f 5%). 

2-lminothiolane, from a stock solution in acetonitrile (about 
5 mM),  was added to TEA buffer, pH 8.0, to a final concen- 
tration of about 0.05 mM.  Figure 4A shows that the absorb- 
ance at  248 nm was very stable a t  7 "C, with less than 3% de- 
crease in 3 h. When glycylglycine (17.5 mM) was added to the 
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F I G U R E  3 :  Infrared spectrum of 2-iminothiolane. For other details, see text 
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FIGURE 5 :  Modification of 30s ribosomal subunits with 2-iminothiolane. 
30s subunits ( 5  mg/mL) in TEA-SH buffer a t  0 'C were treated with 
IO m M  (- 0 -) or 20 m M  (- 0 -) 2-iminothiolane. The number of 
sulfhydryl groups per 30s ribosomal subunit was determined a t  various 
times by Nbsz using procedures described in the text. 

imido ester in TEA buffer at  7 O C ,  the absorbance at 248 nm 
rapidly decreased as shown in Figure 4B at a rate similar to the 
appearance of free sulfhydryl groups in a similar experiment 
monitored with Nbsz (Figure 1).  Thus the absorbance of 2- 
iminothiolane a t  248 nm, abolished by base which is likely to 
catalyze hydrolysis, provides a method for directly observing 
the stability of the reagent to hydrolysis and its reaction with 
amines, with concomitant ring opening to reveal a free sulf- 
hydryl group. 

Rate of Reaction of 30s Ribosomal Subunits with 2-lmi- 
nothiolane. The 30s subunits (5 mg/mL) in TEA-SH buffer 
at  0 O C  were treated with 10 m M  or 20 mM 2-iminothiolane, 
Samples were withdrawn a t  various times and the number of 
sulfhydryl groups per 30s  subunit was determined using Nbsl, 
following gel filtration of the samples to remove 2-mercapto- 
ethanol and unreacted imidate. Figure 5 shows the rate of 
amidination of the 3 0 s  subunit when treated with 10 mM or 
20 m M  2-iminothiolane. Approximately 60 mol of sulfhydryl 
group/mol of 30s subunit was reached after 180 rnin using 10 
m M  reagent, or in about half the time (80 min) using 20 mM 
2-iminothiolane. 

In previous procedures used in this laboratory 30s  ribosomal 
subunits (3 mg/mL) in TEA-SH buffer were incubated with 
12 m M  2-iminothiolane for 20 min a t  0 OC and then dialyzed 
against TEA buffer as described in the Materials and Methods 
section. The extent of modification using this procedure was 
determined with Nbsz, following gel filtration to remove the 
remaining reagent and 2-mercaptoethanol: estimation by l\j bsz 
showed the presence of between 0.5 and 1 .O mM sulfhydryl 
groups after the 3-h dialysis. The Nbsl  titration of a typical 
sample of 30s  ribosomal subunits so modified showed that 
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TABLE 11: Reaction of 2-Iminothiolane with Amines at 22 OC." 

time for 50% reaction 
of 2-iminothiolaneb 

amine (min) 
no addition (hydrolysis) 59.2 
glycylglycine 1.6 
glycylglycine/MgC12 ( 1  : 1 mol/mol) 1.5 
gl ycinamide 1.6 

Tris 45.3 
NH4Cl 36.3 

(I Amines (20 mM) from stock solutions (1.0 M), adjusted to pH 
8.0, were added to 2-iminothiolane (0.1 mM) in 50 mM-trietha- 
nolamine hydrochloride, pH 8.0, containing 1 mM Nbs2. Uncor- 
rected for hydrolysis. 

glycine 3.5 

TABLE 111: Inhibition of Amidination of 50s Ribosomal Subunits 
by Amines." 

extent of modification 
with 2-iminothiolane 
(mol of SH groups 

concn added/mol of 
a m i d  (M) 50s subunit) 

no addition 43.0 

glycylglycine/MgC12 (1:l mol/mol)C 0.05 
0.10 

4.9 
0.0 

0.50 0.7 

lysine 0.10 10.3 

ammonium chloride 0.50 25.0 

Tris 0.10 41.5 

there were 61 sulfhydryl groups per 3 0 s  subunit (Lambert et 
ai., 1978). The number of sulfhydryl groups per unmodified 
3 0 s  ribosomal subunit, determined as 18 by Nbs2 titration, was 
close to the values of cysteine content determined by Moore 
(1975; Bakardjieva & Crichton, 1974; Acharya & Moore, 
1973). Thus, in a typical modification experiment performed 
by methods used previously (Sommer & Traut, 1976), about 
43 sulfhydryl groups were added per 3 0 s  subunit during 
modification with 2-iminothiolane. The titrations with Nbs2 
showed that the sulfhydryl groups added to the ribosomal 
subunit during modification reacted rapidly and were therefore 
presumed to be at  the surface of the 3 0 s  particle, accessible 
to solvent and reagents. 

Reaction of 2-Iminothiolane with Amines. Conditions for 
controlling more precisely the extent of modification of ribo- 
somes may be achieved by addition of excess amines to ter- 
minate the protein modification reaction by removal of 2- 
iminothiolane. The rate of reaction of 2-iminothiolane (0.1 
mM)  a t  p H  8.0 with various amines (20 mM) at  22 'C is 
shown in Table 11. The reaction was monitored by measuring 
the rate of appearance of free sulfhydryl groups with Nbs2 
(Figure 1). The evidence in Table I1 shows that glycylglycine 
and glycinamide reacted rapidly with 2-iminothiolane, while 
Tris and ammonium only reacted slowly a t  rates barely greater 
than the rate of hydrolysis of the thioimidate. Tris was par- 
ticularly unreactive even though the amine was a t  200-fold 
molar excess over 2-iminothiolane. This result suggests that 
it is not necessary to carry out the modification reaction in 
triethanolamine buffers in the absence of Tris. 

Inhibition of Ribosome Modification by Amines. Experi- 
ments were performed with 50s ribosomal subunits (3 mg/ 
mL) in TEA-SH buffer, p H  8.0, a t  0 'C. Modification was 
initiated by addition of 10 m M  2-iminothiolane. After 10 min, 
a sample of 50s subunits was freed of reagent and 2-mercap- 
toethanol by gel filtration and the sulfhydryl groups per 50s 
subunit (mol/mol) determined by assay with Nbs2. To other 
samples various amines, from stock solutions adjusted to p H  
8.0 with HCI, were added to final concentrations shown in 
Table 111. After a further 60-min incubation, samples of 50s 
subunits were assayed for sulfhydryl groups with Nbs2 fol- 
lowing gel filtration. The number of sulfhydryl groups added 
per 50s subunit after the 10-min incubation with 2-imi- 
nothiolane is shown in Table 111. It was found that a tenfold 
excess of glycylglycine over 2-iminothiolane completely in- 
hibited further amidination of the ribosomal subunits, while 
ammonium and Tris were relatively ineffective in preventing 
protein amidination. These results support those shown in 
Table 11, and make it possible to define conditions for limiting 

a Refer to text for experimental details. Amines were added to 
the reaction mixture from stock solutions adjusted to pH 8.0 with HCI. 

An equal molar amount of MgClz was added with glycylglycine to 
prevent unfolding of the 50s subunit since glycylglycine can chelate 
magnesium ions. 

the extent of modification of ribosomes by reacting excess 
modifying reagent with glycylglycine or glycinamide. 

Alkylation of 30s Ribosomal Subunits with [ I  -14C] Io- 
doacetamide. Unmodified and modified 3 0 s  ribosomal sub- 
units in TEA-SH buffer were eluted from Bio-Gel P-2 col- 
umns. Samples (1.0 mg) were taken for Nbs2 assay, while the 
rest of each sample (0.8 mL; 1.8 mg) was alkylated by incu- 
bation for 60 min a t  25 'C with 1 vol of 8.0 M urea, 6.0 M 
LiCl, 0.2 M Tris-HCI, p H  8.0, containing 50 m M  [ 1-I4C]- 
iodoacetamide (specific radioactivity 0.57 mCi/mmol). These 
conditions (4.0 M urea, 3.0 M LiCI), which destroy the ribo- 
some structure (Leboy et ai., 1964), have been shown to lead 
to the exposure of all the sulfhydryl groups of cysteine residues 
of the 30s particle to modification both with Nbs2 and iodo- 
acetamide (Lambert et ai., 1978). Samples of ribosomal sub- 
units were assayed for protein-bound radioactivity following 
trichloroacetic acid precipitation. Values of 17.1 mol/rnol 
unmodified 30s subunit and 67.4 mol/mol modified 3 0 s  
subunit for the number of radioactively alkylated groups per 
3 0 s  ribosomal subunit were obtained. These values were in 
good agreement with the numbers of sulfhydryl groups per 30s  
particle determined by Nbsl assay to be 16.4 mol/mol un- 
modified 30s subunit and 62.8 mol/mol modified 3 0 s  subunit 
in this experiment. 

After alkylation was completed (60 min), the ribosomal 
protein was extracted from R N A  by the acetic acid method 
of Hardy et al. (1969). Samples of alkylated protein from both 
unmodified and modified 30s ribosomal subunits were ana- 
lyzed on polyacrylamide/urea gels. A typical example is shown 
in Figure 6A. The amount of protein applied to each gel, as 
judged by the intensity of protein stain, was about the same for 
each sample. Radioautographs of the dried gels are shown in 
Figure 6 (panels B and C). The pattern of radioactively labeled 
protein from unmodified 30s ribosomal subunits (Figure 6B) 
was as expected from previous results in other laboratories 
(Bakardjieva & Crichton, 1974; Kahan et al., 1974; Moore, 
1975), and from amino acid sequence evidence (Stoffler & 
Wittmann, 1977). Radioactivity was found to coincide with 
S2,S4,S8,S9/11,S12,S13,S14,S17,S18,andS21: nodis- 
tinction was made between S 9  and S11, although other evi- 
dence points to there being two cysteine residues in S1 l and 
none in S9  (Moore, 1975; Chen & Wittmann-Liebold, 1975). 
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. 

FIGURE 6: Analysis of 30s ribosomal proteins by twodimensional polyacrylamide/urea gel electrophoresis. following alkylation with [ I-"C]ioda- 
acetamide. (Panel A) Protein (300 pg) stained with Amido black. (Panel B) Radioautograph of proteins from unmodified 30s ribosomal subunits. 
(Panel C) Radioautograph of proteins from 30s ribosomal subunits modified with 2-iminothiolane. 

2-IMINOTHIOLANE 

e e  
NHz Cl 

Hs-cH,-cti-cn,-c' 
'OW.  ~~ 

METHYL 9-YERCI\PTOBUTYRlHIDAT~ 

FIGURE 7: The chemical structures of 2-iminothialane and methyl 4- 
mercaptabutyrimidate. 

Protein SI was found only in low yield. I t  was probable that 
a large proportion of this fractional protein did not migrate into 
the gel. 

Figure 6C  shows the radioautograph of a polyacrylamide/ 
urea gel of alkylated protein from modified 3 0 s  subunits. All 
the proteins were found to be radioactively labeled, though to 
differing extents. Protein SI was again found in very low yield. 
The proteins S4, S5, S7, S8, S9/  I I ,  and S20 became promi- 
nent while proteins SI5 and S16, which have not been found 
as constituents of a cross-linked protein pair (Sommer & 
Traut, 1976). were only weakly radiolabeled. A more complete 
determination of protein stoichiometry of the alkylation was 
impractical owing to possible variable protein losses during 
analysis. The evidence in Figure 6 shows that all the 3 0 s  pro- 
teins do become more alkylated following modification of the 
3 0 s  particle with 2-iminothiolane and therefore that all were 
modified by the thioimidate, with the introduction of sulfhydryl 
groups. 

Discussion 
The properties of the bifunctional reagent, methyl 4-mer- 

captobutyrimidate, were investigated by a variety of tech- 
niques. The evidence of chemical analysis, sulfhydryl titration, 
NMR, infrared, and mass spectroscopy demonstrated that the 
compound has a structure identical with that of the cyclic 
thioimidate, 2-iminothiolane. The two chemical structures are 
shown in Figure 7. The finding that freshly prepared aqueous 
solutions of the compound did not react with Nbs2 was con- 
sistent with the other evidence that showed the structure of the 
compound to be identical with 2-iminothiolane. Reaction of 
2-iminothiolane with primary amines to form amidine deriv- 
atives resulted in the appearance of titratable sulfhydryl groups 
as expected for the newly defined correct structure. The cal- 
culated molecular weight for 2-iminothiolane hydrochloride 
(1 37.6) was close to the experimental value for the weight of 

reagent equivalent to 1 mol of titrable sulfhydryl group; this 
was found to be 138 g ( f 2  9). 

Recently, 2-iminothiolane has been described by Schramm 
& Diilffer (1977a,b) as an alternative to mercaptoimidates for 
the modification of proteins. Our evidence shows that the 
compound previously known as methyl 4-mercaptobutyrim- 
idate is in fact identical with 2-iminothiolane (Figure 7). Cy- 
clization to form the stable five-membered ring structure very 
likely occurred during chemical synthesis of the imido ester 
(Traut et al., 1973). The ring structure of this compound 
contrasts with the structure of methyl 3-mercaptopropioni- 
midate, which was first synthesized by Perham & Thomas 
(1971). This mercaptoimidate, which has been used in cross- 
linking studies on histones (Thomas & Kornberg, 1975), was 
found to have a titratable sulfhydryl group in freshly prepared 
solutions and so is likely to have an open chain structure 
(Perham &Thomas, 1971). 

2-Iminothiolane was found to have an absorption maximum 
at 248 nm which disappeared following reaction of the imidate 
with a primary amine. The absorption at 248 nm was also lost 
by exposure to pH IO, probably owing to rapid base-catalyzed 
hydrolytic ring opening of the cyclic thioimidate. The ab- 
sorption of 248 nm characteristic of the ring structure provides 
a direct spectroscopic method for measuring the reaction of 
2-iminothiolane with amines and water. Alternatively, the 
ring-opening of 2-iminothiolane upon reaction with amines and 
water may be followed by titration of newly exposed sulfhydryl 
groups with Nbs2. 

Hydrolysis was found to be negligible at  7 "C, relative to the 
rate of reaction with the primary amino group of glycylglycine 
or glycinamide. The stability of 2-iminothiolane in aqueous 
solution contrasts with the more rapid hydrolysis of other imido 
esters (Hunter & Ludwig, 1962: Browne & Kent, 1975). 
Previous studies with thioimido esters showed that they had 
a greater stability to hydrolysis than that of the corresponding 
oxygen derivatives (Hartigan & Cloke, 1945). The slow hy- 
drolysis rate of 2-iminothiolane makes it suitable for modifi- 
cation of proteins at low concentrations of reagent (Schramm 
& Diilffer, 1977a). 

The work of Hand & Jencks (1962) on the mechanism of 
the reaction of imido esters with amino groups has been revised 
by Browne & Kent (1975). The latter study, with ethyl aceti- 
midate, offered an explanation for the cross-linking sometimes 
seen when proteins were modified with monofunctional imido 
esters (Hitchcock, 1975). N-Alkyl imidates can result from 
the reaction of amino groups with imido esters at  pH 8.0; these 
can then react further with amino groups to give disubstituted 
amidines (Browne & Kent, 1975). This explanation may ac- 
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count for the fact that some of the cross-linked proteins, ob- 
served when erythrocyte membrane proteins were cross-linked 
with dimethyl 3,3’-dithiobis(propionimidate) (Ruoho et al., 
1975), were not cleaved by reduction (Browne & Kent, 1975). 
W e  have not observed any cross-linked proteins that were not 
cleaved by reduction of disulfide bonds (Traut et al., 1973) 
when the reagent methyl 4-mercaptobutyrimidate, now known 
to be 2-iminothiolane, was used. It is possible that 2-imi- 
nothiolane preferentially forms amidine derivatives rather than 
N-alkyl imidates, even a t  pH values around 8.0. 

The use of 2-iminothiolane as a cross-linking reagent has 
already provided valuable evidence about protein:protein 
neighborhoods of the ribosomal subunits of E.  coli (Traut et 
al., 1973; Sun et al., 1974; Sommer & Traut, 1974-1976; 
Kenny et al., 1975; Traut & Kenny, 1977). Titration of the 30s  
subunit with Nbs2 following modification showed that about 
43 sulfhydryl groups were added to the subunit by modification 
with 2-iminothiolane under conditions identical with those 
employed in previous experiments. This corresponded to an 
average of 2 sulfhydryl groups per 30s  protein using an average 
value of 21 proteins of equal lysine content per 30s  subunit. 
Alkylation of the modified 3 0 s  proteins with [l-14C]iodo- 
acetamide suggested that all the proteins become modified. 
The low degree of modification was consistent with the earlier 
finding that oxidation of the modified particle to form disulfide 
cross-links resulted predominantly in protein:protein dimers 
rather than higher oligomers (Traut & Kenny, 1977). These 
may be readily analyzed by diagonal polyacrylamide gel 
techniques (Sommer & Traut, 1974), whereas a preponder- 
ance of higher oligomers would be difficult to analyze. 

2-Iminothiolane is a valuable tool in studies of cellular or- 
ganelles and oligomeric enzymes, using the techniques of 
protein:protein cross-linking. It may also be used to introduce 
reactive sulfhydryl groups into proteins for subsequent reaction 
with alkylating agents or heavy metal compounds (Perham & 
Thomas, 1971). The reagent itself possesses no free sulfhydryl 
group, and so is more stable to air oxidation than reagents such 
as methyl 3-mercaptopropionimidate which contain free 
sulfhydryl groups. More importantly, the reagent is more stable 
to hydrolysis than most of the common imido esters that are 
in current use in studies involving chemical modification of 
proteins (Peters & Richards, 1977). The reagent may be 
readily synthesized in radiolabelled form from [35S] thiourea 
according to procedures described earlier (Traut et al., 1973). 
I t  is likely that 2-iminothiolane will find many more useful 
applications in the study of biological ultrastructures. 
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Disulfide Cross-Linking of Escherichia coli Ribosomal Proteins with 
24minothiolane (Methyl 4-Mercaptobutyrimidate): Evidence That the 
Cross-Linked Protein Pairs Are Formed in the Intact Ribosomal 
Subunit? 

John M. Lambert, Rodney Jue,t and Robert R. Traut* 

ABSTRACT: The 3 0 s  ribosomal subunits of Escherichia coli 
were modified with 2-iminothiolane with the formation of 
amidine-linked sulfhydryl groups attached to ribosomal pro- 
tein. The modified particle contained 61 sulfhydryl groups, 
17- 18 due to endogenous cysteine residues and the remainder 
from modification. The modified ribosomal subunits were 
oxidized to promote disulfide bond formation (cross-linking). 
About 15 free sulfhydryl groups per 3 0 s  particle remained 
after oxidation even when performed in the presence of 2- 
mercaptoethanol. Treatment of modified, oxidized particles 
with 4.0 M urea, 3.0 M LiCl exposed these sulfhydryl groups 
which reacted with iodoacetamide only after disruption of the 
native structure. The presence of these sulfhydryl groups 
prompted an investigation of possible sulfhydryl/disulfide 
interchange and random oxidation during extraction of 
cross-linked ribosomal proteins and/or the preparation of 
protein for diagonal polyacrylamide/dodecyl sulfate gel 
electrophoresis. Experiments were carried out to obtain direct 
evidence concerning the quantitative contribution of disulfide 
interchange and/or random oxidation during protein extrac- 
tion to the pattern of cross-linked dimers previously reported. 
A radiolabeled cross-linked protein fraction of about 35 500 
molecular weight was purified from cross-linked 35S-labeled 
3 0 s  subunits. The radiolabeled protein was added to nonra- 

C h e m i c a l  cross-linking of biological structures containing 
several polypeptide chains can provide useful information on 
the topography of the protein constituents. Such evidence is 
particularly valuable in the study of molecular structures for 
which X-ray crystallographic evidence is lacking or inadequate 
(Petlrs & Richards, 1977). A fundamental requirement is that 
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dioactive cross-linked 3 0 s  ribosomal subunits immediately 
before extracting the protein under several different conditions 
including that with acetic acid used in earlier studies from this 
laboratory. The radioactivity was subsequently shown to mi- 
grate only at  35 500 molecuIar weight following analysis of the 
cross-linked protein by polyacrylamide/dodecyl sulfate gels. 
There was no evidence that disulfide interchange produced new 
cross-linked radioactive protein bands of different molecular 
weight. Similar results were obtained using the 35S-labeled 30s  
ribosomal protein S4, which contains a single cysteine group. 
Radioactive S4 was found only as the monomeric protein. The 
results confirmed that earlier results on the cross-linking of the 
3 0 s  ribosomal subunit reflect interprotein .disulfide linked 
dimers formed in the intact particle. Random diagonal gel 
patterns have been deliberately formed by promoting oxidation 
of ribosomal proteins in solution. These patterns had no simi- 
larity with those previously published nor to those in which free 
sulfhydryl groups were blocked by alkylation. Additional ev- 
idence supports the conclusion that disulfide linked proteins 
reflect specific arrangements in the intact ribosome: cross- 
linked 3 0 s  subunits retained 60% of their activity in reasso- 
ciation with 5 0 s  subunits and 30% in polyphenylalanine syn- 
thesis. 

the cross-linking reaction not perturb the native conformation 
of the biological structure. Cross-linking reagents based on 
bis(imido esters), such as dimethyl suberimidate (Davies & 
Stark, 1970), have been particularly useful since they react 
under mild conditions specifically with amino groups of pro- 
teins to yield amidine derivatives that retain positive charge 
(Hand & Jencks, 1962; Browne & Kent, 1975). 

The topography of proteins of Escherichia coli ribosomal 
subunits has been extensively studied by a variety of experi- 
mental techniques in recent years (Brimacombe et al., 1976; 
Kurland, 1977a). Cross-linking studies using bis(imido esters) 
have been prominent in providing evidence on the spatial ar- 
rangement of ribosomal proteins (Bickle et al., 1972; Lutter 
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