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Ribosomal protein S1 has been shown to be a significant 
effector of prokaryotic translation. The protein is in fact 
capable of efficiently initiating translation, regardless of 
the presence of a Shine-Dalgarno sequence in mRNA. 
Structural insights into this process have remained elu-
sive, as S1 is recalcitrant to traditional techniques of 
structural analysis, such as x-ray crystallography. 
Through the application of protein cross-linking and 
high resolution mass spectrometry, we have detailed 
the ribosomal binding site of S1 and have observed 
evidence of its dynamics. Our results support a previous 
hypothesis that S1 acts as the mRNA catching arm of 
the prokaryotic ribosome. We also demonstrate that in 
solution the major domains of the 30S subunit are re-
markably flexible, capable of moving 30–50A ° with re-
spect to one another. Molecular & Cellular Proteomics 
11: 10.1074/mcp.M112.019562, 1965–1976, 2012. 

Initiation of translation is often the rate-limiting step of 
protein biosynthesis (1). In prokaryotes, this process is widely 
recognized to be directed by the Shine-Dalgarno (S.D.)1 se-
quence of mRNA and its complementation with the 3 end of 
16S rRNA (2). However, binding of the S.D. sequence to the 
ribosome is not obligatory for initiation. Ribosomal protein S1, 
widely conserved in prokaryotes, (3) has been shown to effi-
ciently initiate translation, regardless of the presence of an 
S.D. sequence (4, 5). 

S1 is a strikingly atyptical ribosomal protein, being both the 
largest (61 kDa) and the most acidic (pI 4.7) (6). The protein is 

composed of six homologous repeats each forming beta bar-
rel domains (3) that in solution comprise a highly elongated 
structure spanning up to ca. 230 Å (7). This length is compa-
rable to the diameter of the ribosome itself. In addition to 
these anomalous characteristics, S1 is also one of only two 
ribosomal proteins that has been attributed functional signif-
icance (6). Ribosomal protein S1, for instance, has no appar-
ent role in the assembly of the ribosome, (2) yet is critical for 
translation in E. coli (8, 9). The functional significance of S1 is 
related to its most pronounced characteristic, the ability to 
simultaneously bind mRNA and the ribosome. Analysis of 
fragments produced by limited proteolysis and chemical 
cleavage of S1 has shown that an N-terminal fragment of S1 
(residues 1–193) binds the ribosome (10) but not RNA (11). 
Likewise, a C-terminal fragment (res 172–557) binds RNA (12, 
13) but not the ribosome (6, 10). By nature of this bi-functional 
structure, S1 enhances the E. coli ribosome’s affinity for RNA 
5000 fold (14) and can directly mediate initiation of transla-
tion by binding the 5 UTR of mRNA (4, 5). These observations 
have led to the hypothesis that S1 acts as a catching arm for 
the prokaryotic ribosome, working to bring mRNA to the prox-
imity of the ribosome and thereby facilitate initiation (6). 

Unfortunately, structural analyses capturing how S1 is able 
to function in this manner remain elusive. A high-resolution 
crystal structure of ribosome bound S1, or even free S1, does 
not exist, because S1 is recalcitrant to crystallography (6). Prep-
aration of ribosomes for x-ray crystallography actually involves 
the deliberate removal of ribosomal protein S1 as a means to 
improve the reproducibility of crystallization and the quality of 
the ribosome crystals formed (15–17). The structure and inter-
actions of the protein have nevertheless intrigued structural 
biologists for decades. However, studies completed to date 
have failed to convincingly demonstrate the interaction between 
S1 and the rest of the 30S subunit, because they were incapa-
ble of localizing the individual S1 domains (16, 18–20). 

We have studied the binding of S1 to the 30S subunit by 
combining cross-linking with mass spectrometry. Chemical 
cross-linking has long been appreciated as a technique to 
probe protein-protein interactions (21, 22). With the advent of 
modern mass spectrometers, it can be very effectively em-
ployed to confidently identify the exact residues involved in 
linkages (23–28). In most cross-linking analyses, protein res-
idues are targeted for covalent modification with a molecule 
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that contains two reactive groups separated by a spacer arm 
of known length. Only protein residues closer than the length 
of the spacer arm are capable of being linked. Identification of 
cross-linked residues thereby provides distance constraints 
for structural modeling. In this work, the novel amidinating 
protein cross-linker, DEST (diethyl suberthioimidate), was em-
ployed (29, 30). This amine reactive reagent, unlike commer-
cially available reagents, preserves the native basicity of the 
residues it modifies while being effective at physiological pH. 
Use of the reagent is unlikely to perturb protein structure and 
the modifications it imparts are compatible with ionization for 
mass spectrometry. We have additionally shown that the 
cross-links it forms can be efficiently enriched from other 
components of proteolytic digests using strong cation ex-
change (SCX) chromatography, (30) and that DEST cross-
linking of ribosomes yields structural information in excellent 
agreement with x-ray crystallography (29). Although DEST is 
an 11Å spacer arm cross-linker, it links alpha carbons up to 
24Å apart because of the length and flexibility of lysine side 
chains. Nevertheless, this is sufficient resolution to approxi-
mate the binding positions of the 10kDa domains of S1. 
Furthermore, multiple cross-linking of a single domain signif-
icantly enhances the resolution with which it can be localized. 

Here, through the application of protein cross-linking and 
high resolution mass spectrometry, we show that S1 binds to 
the 30S subunit near the anti-S.D. motif of the 16S rRNA, 
demonstrate that it is highly elongated even when bound to 
the ribosome, and provide evidence that its C-terminal mRNA 
binding region is remarkably dynamic. Our results thus indi-
cate S1 is structurally poised, as previously hypothesized, (6) 
to act as the mRNA catching arm of the prokaryotic ribosome. 

EXPERIMENTAL PROCEDURES 

Preparation of E. coli 30S Subunits—Ribosomes were prepared 
from E. coli MRE 600 (16, 17, 31) in accord with Spedding’s proce-
dure, (32) except that the second sucrose/salt wash was omitted so 
as to minimize loss of ribosomal protein S1 (6). Cells were grown in 
Luria Bertani broth at 37 °C to mid-log phase and subsequently 
harvested by centrifugation. Pelleted cells were resuspended in buffer 
containing protease inhibitors and lysed via four passages through a 
French press at 11,000 psi. The lysate was then clarified and ribo-
somes were pelleted by centrifugation through 1.1 M sucrose. The 
resulting sucrose/salt washed ribosomes were stored as 500 
A260/ml aliquots at 80 °C. 

To dissociate and purify 30S subunits from 50S ribosomal sub-
units, sucrose/salt-washed ribosomes were added to a low magne-
sium (0.3 mM) buffer and subjected to sucrose density gradient frac-
tionation. Fractions containing only 30S subunits were pooled, filtered 
and buffer exchanged into cross-linking buffer (50 mM HEPES-KOH, 
100 mM KCl, 20 mM MgCl2, pH 7.4 @ 20 °C) using Amicon Ultra 100K 
centrifugal filter devices (Millipore, Eschborn, Germany), and stored 
as 100 A260/ml aliquots at 80 °C. Details about the preparation of 
30S subunits can be found in the supplemental information. 

Extraction of Ribosomal Proteins—Ribosomal proteins were ex-
tracted from 30S subunits through acetic acid precipitation of rRNA. 
Glacial acetic acid and 1 M MgCl2 were added to samples such that 
the solutions contained a 3:6:1 (v/v/v) mixture of sample/glacial acetic 
acid/1 M MgCl2. The samples were vortexed and allowed to remain at 

room temperature for 10 min before the rRNA precipitate was pelleted 
by centrifugation at 14,100 g for 10 min. 

Analysis of Unmodified 30S Ribosomal Proteins—To assay the 
contents of our 30S subunit preparation, unmodified ribosomal pro-
teins were analyzed by LC-MS. Ribosomal proteins were extracted 
from 100 pmol of unmodified 30S subunits by the acetic acid 
procedure described above, loaded onto a BioBasic-4 reversed 
phase column (5 m, 1  100 mm, Thermo Fisher Scientific, Belle-
fonte, PA) and eluted at 50 l/min with a 55 min gradient between 
0.1% formic acid (FA) in 90:10 water/acetonitrile (ACN) and 0.1% FA 
in 40:60 water/ACN. Reversed-phase effluent resulting from this sep-
aration was infused into the electrospray ionization (ESI) source of a 
quadrupole time-of-flight mass spectrometer (Q-TOF, Waters, Micro-
Mass, Manchester, UK) at a flow rate of 10 l/min. The voltage 
settings for the ESI needle, sample cone, and extraction cone were 
3.0 kV, 35 V, and 1.5 V, respectively. Mass spectra were acquired 
over a range of 600–1800 m/z. Intact protein masses were obtained 
by manually summing together the raw spectra corresponding to 
chromatographic peaks and deconvolution using MassLynx (Waters, 
Milford, MA, version 4.1) and MaxEnt 1 or by automatic deconvolution 
using Protein Trawler software (BioAnalyte, Portland, ME). 

Cross-Linking of the 30S Subunit—Aliquots of 30S subunits were 
diluted with cross-linking buffer (50 mM HEPES-KOH, 100 mM KCl, 20 
mM MgCl2, pH 7.4 @ 20 °C) to 20 A260/ml (which converts to 1.4 
M)(32) and mixed in equal volume with 1.9 mM DEST, such that 30S 
subunits were modified at 0.7 M in the presence of 0.95 mM DEST 
(Scheme S1). These conditions yielded an 5:1 DEST to protein 
primary amine ratio, assuming that there are 288 such amines in this 
preparation of 30S subunits. After proceeding at room temperature 
for 6 h, reactions were quenched by adding 1 M NH4Cl to a final 
concentration of 100 mM. These conditions are deliberately used to 
allow DEST to react until it is near fully hydrolyzed as well as yield only 
partial modification of proteins (30). The modified 30S subunits were 
subsequently cleared of hydrolyzed reagent by exchange into a post-
cross-linking buffer (20 mM HEPES-NH4OH, 100 mM NH4Cl, 20 mM 

MgCl2, 5 mM DTT, pH 7.4 @ 4 °C) using Amicon Ultra 100K centrifugal 
filter devices (Millipore, Eschborn, Germany) and repurified by su-
crose density gradient fractionation to ensure only intra-30S subunit 
cross-linking was analyzed. Fractions containing DEST-modified 30S 
subunits were manually aspirated, pooled, filtered and buffer ex-
changed into post-cross-linking buffer using Amicon Ultra 100K cen-
trifugal filter devices (Millipore, Eschborn, Germany), and stored as 
100 A260/ml (6.9 M) aliquots at 80 °C. For one replicate analysis, 
130 l of this sample was prepared and analyzed according to the 
procedures below. Each replicate, as a result, required 900 pmol of 
30S subunits and 270 g of protein, assuming one mol of subunit 
contains 300,000 g of protein. In total, the study of S1/30S cross-
linking involved two replicate analyses and 540 g of protein. 

Size Exclusion Chromatography—Ribosomal proteins were ex-
tracted from 450 pmol of DEST-modified 30S subunits. This sample, 
containing 135 g of protein, was subsequently buffer exchanged 
into a low pH urea containing buffer (6% (v/v) acetic acid, 6 M urea, 
100 mM NH4 acetate, pH 3.5 @ 20 °C) using an Amicon Ultra 10K 
centrifugal filter device (Millipore, Eschborn, Germany). These sam-
ples were then separated by size exclusion chromatography using an 
Acquity UPLC BEH200 SEC column (1.7 m, 4.6  150 mm, Waters, 
Milford, MA). It was expected that because S1 is significantly larger 
than other ribosomal proteins it could be enriched particularly after 
cross-linking using SEC. Proteins were eluted through the column 
with mobile phase (6% (v/v) acetic acid, 100 mM NH4 acetate, pH 3.5 
@ 20 °C) at 0.3 ml/min (Waters 2695, Milford, MA) and detected via 
absorbance at 280 nm (1200 series VWD SL UV-Vis detector, 
Agilent, Santa Clara, CA). Fractions corresponding to 3 to 3.8 min, 
3.8 to 4.6 min, and 4.6 to 5.4 min were collected, dried under 
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vacuum, and stored at 20 °C until subsequent proteolytic diges-
tion. The amount of protein in each SEC fraction was estimated 
based on the amount of sample injected and the A280 trace from the 
chromatogram. 

Unmodified ribosomal proteins were also subjected to size exclu-
sion chromatography to provide a frame of reference for the elution of 
the cross-linked proteins. Ribosomal proteins were extracted from 
300 pmol of unmodified 30S subunits, prepared for injection, and 
chromatographed under the same conditions outlined for DEST-mod-
ified ribosomal proteins. The amount of unmodified ribosomal pro-
teins that had been analyzed was less than the amount of cross-
linked ribosomal proteins that had been analyzed. The sample of 
unmodified proteins was less heterogeneous and consequently pro-
duced sharper, more intense chromatographic peaks. Less sample 
was required to mark their elution times. 

Proteolytic Digestion—Dried aliquots of SEC fractionated, DEST-
modified ribosomal proteins (ca. 68 g) and proteomics grade trypsin 
(3.4 g) were reconstituted in 63 l of 50 mM Tris/10 mM CaCl2 (pH 8) 
and 0.1% (w/v) Rapigest (Waters, Milford, MA). Proteins were not 
reduced and alkylated. Each digest reaction was allowed to proceed 
at 37 °C for 24 h and subsequently quenched by adding 10% TFA to 
a final concentration of 0.5%. Extended digestion times and Rapigest, 
a surfactant, were used to minimize the number of missed cleavages. 
To hydrolyze Rapigest, the quenched digests were incubated for 30 
min at 37 °C. By-products of the Rapigest regeant were cleared from 
the samples by centrifuging at 14,000  g. 

SCX Enrichment and Fractionation of DEST Cross-Links—Strong 
cation exchange (SCX) chromatography was employed to simplify 
proteolytic digests of cross-linked proteins prior to their analysis by 
nanoLC-MS/MS through 1) enriching interpeptide cross-links from 
noncross-linked peptide (linear peptide) species via a separation at 
low pH and 2) fractionating the enriched interpeptide cross-links via a 
separation at intermediate pH. We have previously demonstrated how 
DEST interpeptide cross-links can be enriched using SCX chroma-
tography by exploiting the fact that they contain more basic residues, 
and thus positive charges at low pH, than other species in a proteo-
lytic digest (29, 30). Tryptic digest of the cross-linked sample was 
loaded onto an SCX column (TSKgel SP-NPR, 4.6  35 mm, Tosoh 
Bioscience, Montgomeryville, PA) equilibrated with 0.1% TFA in water 
(pH 2). Noncross-linked (linear peptide) species were then eluted from 
the column with a 300 mM NaCl mobile phase. The enriched inter-
peptide cross-links, still adsorbed to the column, were then fraction-
ated. The mobile phase was changed to a 20 mM sodium acetate pH 
5 buffer and a gradient of NaCl was implemented (40 min ramp from 
0 to 120 mM NaCl followed by a 10 min hold of 1000 mM NaCl). DEST 
interpeptide cross-links eluting from the SCX column were collected 
sequentially onto 5 C18 trapping columns (Javelin, 5 m, 1.0  20 
mm, Thermo Scientific, Bellefonte, PA) using a valve system (33) to 
switch the flow path from one trapping column to the next every 10 
min. The contents of each C18 trapping column were then desalted 
with 0.1% TFA in water at 0.3 ml/min for 3 min and eluted with a 5 min  
isocratic hold (flow rate: 100 l/min) of 5% aqueous mobile phase 
(0.1% TFA in water) and 95% organic mobile phase (0.1% TFA in 
ACN). The entire eluate from each trap was dried under vacuum and 
stored at 20 °C until being reconstituted in 0.1% TFA in water for 
subsequent LC-MS/MS analysis. 

Capillary LC-ESI-MS/MS—Capillary LC-ESI-MS/MS was em-
ployed to analyze the digests of SEC-fractionated, DEST-modified 
ribosomal proteins that had and had not been subjected to SCX 
chromatography. Digests that had not been subjected to SCX chro-
matography were analyzed to benchmark the effect of the SCX sep-
aration and because they can occasionally yield a few unique identi-
fications. Two replicates of each sample were prepared and analyzed. 
In each run, 1 g of sample was separated and analyzed using an 

11 cm long IntegraFrit capillary trapping column packed with 1.5 cm 
of C18 (150 m x 11 cm, New Objective, Woburn, MA; Magic C18, 5 
m, 200Å, Michrom BioResources, Auburn, CA), a capillary emitter 
column packed with 15 cm of C18 (75 m x 15 cm, Magic C18, 5 m, 
100 Å, Michrom BioResources), an LTQ Orbitrap XL mass spectrom-
eter (Thermo Fisher Scientific, San Jose, CA), and a NanoLC-Ultra 
chromatography system (Eksigent, Dublin, CA). In each run, sample 
was injected onto the trapping column and flushed with mobile phase 
A (0.1% FA in 97:3 water/ACN) for 12 min at 2.5 l/min to remove 
salts and contaminants. The flow rate was then reduced to 300 
nL/min, the trapping column was put in line with the capillary emitter 
column, and a 150-min gradient between 4 and 35% mobile phase B 
(0.1% FA in ACN) was implemented. Eluting peptides were electros-
prayed into an LTQ-Orbitrap XL mass spectrometer operating in 
data-dependent mode to acquire a full profile MS scan (300–1800 
m/z) and centroid MS/MS scans of the three most intense precursor 
ions. The AGC target value was set to 7.5  105 for MS scans and 1  
105 for MS/MS scans. The max fill time was set to 500 ms. Precursors 
were isolated with a 2 m/z window and subjected to CID in the LTQ 
at 35% normalized collision energy. Both the MS and MS/MS scans 
were acquired in the Orbitrap with resolution set to 100,000 and 7500, 
respectively. Dynamic exclusion was employed with the following 
settings: a 90 s exclusion duration, maximum exclusion list of 500, 
and one repeat count. In addition, charge state rejection was enabled 
for 1 and 2 charge states. MS/MS spectra were reduced to peak 
lists using MaxQuant (version 1.1.1.36). Default program settings 
were used, except that the value for top peaks per 100 Da was 
changed to 100 and de-isotoping was disabled. 

Database Searching—MS/MS data contained in the resulting files 
were searched against the sequences of the E. coli 30S ribosomal 
proteins for interpeptide cross-links using the in-house program, Xi 
(version 1.2.315), (34) an algorithm that produces identifications 
based on matching experimental precursor and fragment ion masses 
with the theoretical precursor and fragment ion masses of cross-links 
generated in silico from a sequence database. The sequence data-
base contained entries for the 21 E. coli 30S ribosomal proteins 
(S1-S21), without entries for possible contaminating proteins, such as 
trypsin and keratin. More information of the sequences of the ribo-
somal proteins is provided below. Searches were completed with MS 
tolerance set to 6 ppm, MS2 tolerance set to 10 ppm, enzyme set to 
trypsin, cross-linker set to DEST (mass shift: 136.10005, specificity: 
Lys, Protein N-term), and maximum missed cleavages set to 2 (allows 
for up to 2 in an entire cross-link not considering cross-linked Lys 
residues as cleavage sites). Protein modifications, other than DEST 
cross-linking, were not included in these searches. In addition, ion 
matching was set to include b-ions, y-ions, precursor ions, water loss 
ions, and ammonia loss ions. Matches from all searches were re-
quired to have at least 50% of the ion current in a given spectrum 
assigned, a Xi score 5, and to correspond to peptides at least 4 
residues in length. We also required each match to have a score at 
least 1 unit higher than the score of the assigned spectrum’s next best 
match. For instance, a match with a Xi score of 8 was considered only 
if the assigned spectrum’s next best match was less than 7. These 
score thresholds were established through searching both target and 
decoy databases. 

Moreover, many matches were manually validated to ensure that 
confident identifications were made. For example, intraprotein cross-
link matches involving peptides from a contiguous sequence of pro-
tein were manually inspected to determine if they indeed provided 
unambiguous identifications. This is imperative because in this situ-
ation a potential match could also have been made to a dead-end 
modified peptide derived from the same sequence, because it would 
have the exact same mass. These matches were thus manually 
inspected and disregarded if the fragmentation did not indicate the 
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cross-link structure. That is, it was required that one or more fragment 
ions unique to the cross-link be observed. In addition and perhaps 
more importantly, interprotein cross-link matches were manually val-
idated to ensure that a number of fragment ions had been assigned to 
both peptide chains of the proposed cross-link. We have previously 
demonstrated that interprotein, but not intraprotein, cross-link 
matches require this additional scrutiny (29). Because the search 
space needed to identify interprotein cross-links is much larger than 
the minimal search space needed to identify intraprotein cross-links 
for a particular protein, there is a greater likelihood of an interprotein 
cross-link match being a false positive. To this end, interprotein 
cross-linking matches with Xi scores 9 were disregarded unless 
there were 4 unique fragments matched to within 10 ppm assigned on 
each peptide chain. Interprotein cross-linking matches with Xi scores 
5 but 9 were disregarded unless there were 4 unique fragments 
matched to within 3 ppm assigned on each peptide chain. Fragments 
ambiguously matching either peptide chain in the cross-link were not 
included in this count. Finally, spectra that corresponded to cross-
links with multiple possible linkage patterns were manually inspected, 
and exact linkages were proposed only when the two cross-linked 
residues could be defined by the observed fragmentation. C-terminal 
lysine residues produced by trypsin were not considered as potential 
linkage sites, because amidination is known to block tryptic cleavage 
(35, 36). 

False Discovery Rate Analysis—The false discovery rates (FDRs) of 
this analysis were estimated by repeating searches against combined 
target-decoy databases that contained both unaltered and random-
ized sequences of the E. coli 30S ribosomal proteins. Searches were 
completed against five such target-decoy databases, each random-
ized independently. Decoy searches were conducted in this manner 
for several reasons. Randomized sequences were employed rather 
than unrelated sequences to ensure that the unique amino acid 
composition of the ribosomal proteins was preserved. Furthermore, 
randomized sequences rather than reversed sequences were used so 
that more than one decoy database could be searched and that 
consequently FDRs could be more accurately defined. Lastly, the 
decoy databases were constructed with unaltered and randomized 
sequences to capture the most common type of false positive, a 
match in which one peptide sequence, but not both, is correctly 
identified. Combined target-decoy databases produce these false 
positives via matches in which a peptide with an unaltered sequence 
is proposed to be cross-linked to a peptide with a randomized 
sequence. 

In these searches, there were two decoy matches conforming to 
the criteria outlined in the previous section on database searching. 
These, so called decoy matches, were matches that involved a ran-
domized sequence cross-linked to either the true or randomized S1 
sequences. As this was the result of searching five different sets of 
randomized sequences, the average number of false positives in our 
S1 data was estimated to be 2 divided by 5, or 0.4. The FDR was 
calculated by dividing this number (0.4) by the number of S1 cross-
link matches, 72, produced when searching against just the unaltered 
ribosomal protein sequences. This resulted in an FDR for spectra 
matches involving S1 of 0.6%. The calculation presented here is in 
accord with the generally accepted definition of an FDR, (37) except 
that the number of decoy matches corresponding to one analysis had 
been tested numerous times. 

The false discovery rate for cross-links not involving S1 was de-
termined in the same manner. Searching 5 sets of randomized se-
quences yielded 4 decoy matches, indicating the average number of 
false positives in the data set was 0.8. Given that there were 648 
non-S1 cross-link matches produced when searching the unaltered 
ribosomal protein sequences, this resulted in an FDR for spectra 
matches not involving S1 of 0.1%. 

Crystal Structure Visualization—PyMOL v. 0.99 (DeLano Scientific, 
www.pymol.org) was employed for the visualization and manipulation 
of the crystal structures for the 30S subunit of the E. coli ribosome 
(PDB: 2AVY)(16, 38) and domains 4 and 6 of S1 (PDB: 2KHI and 2KHJ) 
(3). 

Depleting S1 from 30S Subunits—Protein S1 was removed from 
30S subunits by taking advantage of the fact that it strongly adsorbs 
to polyU Sepharose and that it can be displaced from the ribosome 
with 1 M NH4Cl (11). PolyU Sepharose 4B (125 mg) was placed into 1 
ml spin columns (Pierce #69725, Thermo Scientific, Rockford, IL) and 
hydrated with polyU buffer (10 mM HEPES NH4OH, 20 mM MgCl2, 1  M 

NH4Cl, 5 mM DTT, pH 7.5 @ 20 °C). Purified 30S subunits (1.5 nmol) 
were then loaded onto and passed four times through the columns by 
spinning at 100g. Subsequently, four 500 l volumes of polyU buffer 
were passed through the columns. The flow through from these 
separations, containing the 30S subunits depleted of S1, was col-
lected and exchanged into cross-linking buffer (50 mM HEPES-KOH, 
100 mM KCl, 20 mM MgCl2, pH 7.4 @ 20 °C) using Amicon Ultra 100K 
centrifugal filter devices (Millipore, Eschborn, Germany). Subunits 
depleted of S1 were analyzed by LC-MS and subjected to cross-
linking as noted above. 

SMTA Labeling of Proteins—Purified 30S subunits either contain-
ing or not containing protein S1 were modified with SMTA (S-meth-
ylthioacetimidate) under conditions similar to those used in previous 
ribosome labeling experiments (Scheme S2) (35, 39, 40). Unlike with 
cross-linking, the conditions of this experiment lead to modification of 
all solvent accessible primary amines. The SMTA reagent is present at 
high excess. Reactions are routinely carried out for only one hydrol-
ysis half-life (1 h), (41) as there is no need to consider the hydrolysis 
of a second intramolecular thioimidate group and its effect on sub-
sequent procedures. Reaction of thioimidates with amines must be 
faster than reaction with OH groups, because even in aqueous solu-
tion, in which water is present at very high concentrations, significant 
levels of amidination can be achieved. This is also evidenced by the 
fact that amidinating reagents are highly selective for amines and do 
not readily modify other nucleophiles (42, 43). 30S subunits (4 M) in  
cross-linking buffer (50 mM HEPES-KOH, 100 mM KCl, 20 mM MgCl2, 
pH 7.4 @ 20 °C) were mixed in equal volume with 200 mM SMTA that 
had been reconstituted in 160 mM KOH. The reaction pH was meas-
ured to be 7.4. After 1 h, the reaction was quenched by the addition 
of acetic acid and precipitation of RNA. Methanethiol disulfide ad-
ducts formed during the reaction (44) were thereafter reduced with 50 
mM TCEP (tris(2-carboxyethyl)phosphine hydrochloride). Two repli-
cates of each sample type were analyzed by LC-MS as described 
above. Intensity weighted averages for the number of modifications 
added to each protein were calculated using mass spectral peak lists 
generated by Protein Trawler software (BioAnalyte, Portland, ME). 

Protein Sequence Data—The protein sequences used in this anal-
ysis for E. coli 30S ribosomal proteins were derived from the K12 
reference genome (GenBank Accession.Version U00096.2). Two re-
visions, as discussed below, were made to these sequences to make 
them consistent with MRE 600 sequences. The Asp residue at posi-
tion 126 in S2 was changed to Glu, and the sequence of S7 was 
shortened to end with Trp 155. 

RESULTS AND DISCUSSION 

Isolation and Characterization of E. coli 30S Subunits—To 
facilitate this analysis of S1, ribosomes were prepared with 
special consideration. Because the protein is weakly bound to 
and thus easily removed from the ribosome, (6, 45) ribosomes 
were purified by centrifugation with only one sucrose/salt 
wash step, rather than the two often utilized (32, 39, 46). In 
addition, the purified sucrose/salt-washed ribosomes were 
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dissociated and 30S subunits were isolated from 50S sub-
units using sucrose density gradient fractionation. 

The proteins of these 30S subunits were characterized by 
LC-MS, as shown in Fig. 1. In this study, ribosomes were 
isolated from E. coli MRE 600, an RNase deficient strain com-
monly exploited to prepare homogenous ribosomes for struc-
tural analyses (16, 17, 31). The genome of this strain has not 
been sequenced. It has been assumed, particularly by x-ray 
crystallographers, (16) that ribosomal proteins from MRE 600 
and the paradigmatic K12 strain share identical sequences. 
Indeed, the masses we measured for 19 of the 21 small 
subunit ribosomal proteins from MRE 600 matched those 
predicted using K12 sequences and canonical post-transla-
tional modifications to within the 3 Da mass accuracy of our 
QTOF instrument (supplemental Table S1) (39, 46–52). Two 
proteins, S2 and S7, were however suspected of having dif-
ferent sequences, because their observed masses signifi-
cantly differed from those previously observed for S2 and S7 
from K12 (39, 46). Analysis of sequences in the UniProt 
Knowledgebase (release 2012_03)(53) indicated that many 
E. coli strains, including O8 IAI1 and O9 HS, (54, 55) have S2 
and S7 sequences that are both different than those from K12 
and consistent with our mass measurements. These E. coli 
strains encode S2 with a Glu rather than an Asp at residue 
position 126, and they encode S7 in a truncated form with a 
sequence terminating at Trp 155. 

LC-MS analysis also revealed that in contrast with previous 
proteomic studies of the E. coli ribosome, (39, 46) this prep-
aration yielded appreciable signal for a protein whose mass 
matched the theoretical mass of S1 to within 2.2 Da (Fig. 1 
and supplemental Table S1). Because we were particularly 
interested in confirming this identification, we internally cali-
brated the ESI TOF mass spectrum that included various 
charge states of co-eluting S2, S3, S8 and S10 ribosomal 
proteins. The resulting 61158.2 Da mass matched the S1 
theoretical mass to within 0.2 Da, or 3 ppm. This mass is 
consistent with the K12 reference sequence and 166 of the 
other 167 E. coli S1 sequences in the UniProt Knowledgebase 

(release 2012_03) (53). Ribosomal subunits prepared in this 
manner clearly contained protein S1 and in sufficient quanti-
ties for thorough structural analysis. 

Preparation of Cross-Linked Samples—Purified 30S sub-
units were cross-linked at physiological pH with DEST present 
at an estimated 5:1 excess over protein primary amines. Pro-
teins were thereafter extracted from the modified subunits, 
fractionated by size exclusion chromatography (Fig. 2A), and 
digested with trypsin. As in previous work, SCX chromatog-
raphy was employed to enrich and fractionate the DEST in-
terpeptide cross-links present in the digests by exploiting the 

FIG. 1.  LC-MS of 30S ribosomal 
proteins. A, Reversed phase chromat-
ogram of proteins extracted from un-
modified 30S subunits. B, Deconvo-
luted ESI mass spectrum of the species 
eluting between 65 and 70 min. Aster-
isks mark harmonic artifacts of decon-
volution corresponding to the molecu-
lar weights of the proteins labeled. The 
labeled S1 mass is the result of an in-
ternal calibration. 

FIG. 2.  Preparation of cross-linked samples for nanoLC-ESI-
MS/MS. A, Size exclusion chromatogram of ribosomal proteins ex-
tracted from 450 pmol of DEST cross-linked 30S subunits (solid line) 
and of ribosomal proteins extracted from 300 pmol of unmodified 30S 
subunits (dashed line). B, Method for strong cation exchange enrich-
ment and fractionation of interpeptide DEST cross-links. 
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fact that they contain a considerable number of basic residues 
(Fig. 2B) (29, 30). Not surprisingly, these chromatographic 
procedures proved to be highly beneficial to this structural 
analysis of S1. Interprotein cross-links involving S1 were only 
detected in samples that had originated from the high molec-
ular weight SEC fraction and were isolated by SCX. 

Mass Spectrometric Analysis of Cross-Linked Peptides— 
Cross-links present in the prepared samples were analyzed 
using nanoLC-ESI-MS/MS with an LTQ-Orbitrap mass spec-
trometer. Both precursor and fragmentation mass spectra 
were acquired with high resolution in the Orbitrap. The result-
ing accurate precursor and fragment ion masses were 
searched for matches to theoretical interpeptide cross-links 
derived from sequences of the 30S ribosomal proteins. The 
entire workflow for analyzing the cross-linking of the 30S 
ribosomal subunit is provided in Scheme S3. Using the algo-
rithm, Xi, (34) along with manual validation, we were able to 
identify 72 spectra matches associated with cross-linking of 
S1 with a false discovery rate (FDR) of 0.6% (supplemental 
Tables S2 and S3). This number demonstrates that these data 
were obtained with very high confidence. 

From these 72 spectra matches, 33 different linkages were 
identified, 23 corresponding to interprotein cross-linking and 
10 to intraprotein cross-linking (Table I). Interprotein cross-
linking between K37 of S18 and K150 of S1 was, for example, 
identified by means of the Orbitrap MS/MS spectrum dis-
played in Fig. 3. This spectrum contains ions resulting from 
cleavage of two different peptide chains; peak assignments 
shown in red correspond to fragmentation of the S18 peptide, 
NYITESGKIVPSR, whereas those in blue correspond to frag-
mentation of the S1 peptide, DTLHLEGKELEFK. In this spec-
trum, 14 different fragment assignments could be attributed 
to the S18 peptide sequence, and 15 different fragment as-
signments could be attributed to the S1 peptide sequence. 
The sequences of both peptides were thereby matched with 
very high confidence, particularly because all fragment 
masses were required to match theoretical masses to within 
10 ppm (further details on spectra matching can be found 
under “Experimental Procedures”). That so many high confi-
dence interprotein cross-links, such as this, were identified is 
noteworthy. The density of cross-linking information obtained 
here for S1 appears to be comparable or more extensive than 
that reported in recent large-scale cross-linking analyses (34, 
56–59). 

Cross-Linking of Protein S1—Interpretation of the identified 
protein linkages has led to an insightful understanding of S1. 
S1 interprotein cross-links outnumbered S1 intraprotein 
cross-links. Furthermore, the intraprotein cross-links that 
were detected predominately corresponded to cross-linking 
within a domain or between domains adjacent in sequence, 
such as between domains 2 and 3. This is consistent with S1 
being an elongated protein, whose amino groups are more 
likely to cross-link to amines from other proteins on the sur-
face of the ribosome than to other S1 amines. Interprotein 

cross-linking of S1 further demonstrates this point. S1 was 
found to cross-link to 15 different residues spanning close to 
240 Å across the topography of the ribosome, from S19 near 
the subunit interface to S6 on the tip of the 30S platform to S3 
at the mRNA entry pore (supplemental Fig. S1). These obser-
vations corroborate the conclusion from small angle x-ray 
scattering studies that S1 adopts a highly elongated structure 
(6). 

These experiments most importantly provide explicit infor-
mation about the localization of S1’s individual domains. A 
model for the architecture of these domains and their char-
acterized functions is presented in Fig. 4. Fig. 5 displays the 
crystal structure of the E. coli 30S subunit (16). As mentioned 
earlier, the first two domains of S1 are believed to be respon-
sible for binding the ribosome (10, 11). The cross-linking of 

TABLE I 
Summary of identified linkages involving S1. (A) Intraprotein and (B) 

Interprotein identifications 

A 

Domain Domain Linkage Matches 

1 2 K88-K150 2 
2 3 K150-K196 1 
2 3 K150-K247 15 
2 4 K150-K279 5 
2 C-term K150-K555 1 
2 3 K158-K247 1 
4 C-term K279-K555 1 
5 6 K363-K464 1 
5 5 K370-K411 2 
6 6 K450-K504 1 

Total 30 

B 

Protein 1 Protein 2 Linkage (Prot1-Prot2) Matches 

S1 S2 K14-K10 1 
S1 S2 K88-K36 1 
S1 S2 K363-K114 1 
S1 S2 K363-K127 1 
S1 S3 K279-K107 1 
S1 S3 K279-K149 1 
S1 S6 K150-K106 1 
S1 S7 K117-K148 2 
S1 S7 K150-K148 7 
S1 S7 K158-K148 1 
S1 S7 K229-K148 1 
S1 S7 K279-K55 1 
S1 S7 K279-K148 5 
S1 S9 K279-K99 4 
S1 S18 K150-K29 1 
S1 S18 K150-K37 1 
S1 S18 K272-K29 1 
S1 S19 K279-K86 1 
S1 S21 K150-K4 1 
S1 S21 K150-K39 1 
S1 S21 K247-K4 1 
S1 S21 K279-K4 6 
S1 S21 K279-K39 1 

Total 42 
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these domains can therefore be used to elucidate the ribo-
somal binding site of S1. As displayed in Fig. 5A, domain 1 
cross-linked to the N-terminal region of S2 through two dif-
ferent lysine residues. Domain 2, meanwhile, cross-linked to 
six different residues of S6, S7, S18, and S21 in an adjacent 
region at the platform of the 30S subunit, 30Å away. The 
binding site of S1 can therefore be defined as the cleft be-
tween the platform and body/head of the 30S subunit. A 
model for the interaction between domains 1 and 2 of S1 and 

the 30S subunit that is consistent with the observed cross-
linking pattern is shown in Fig. 5B. More detailed structural 
modeling requires a high resolution structure for the N-termi-
nal ribosome binding domains of S1. Binding of S1 to this 
region of the 30S subunit is likely to be imperative for its ability 
to facilitate the initiation of translation. During initiation, mRNA 
binds along a groove in the 30S subunit, such that its 5 end 
extends out through this cleft (60–62). This region of the 30S 
subunit contains the 3 end of 16S rRNA with a sequence 

FIG. 3.  Orbitrap MS/MS of an interprotein cross-link between K37 of S18 and K150 of S1. Peak assignments corresponding to the S18 
peptide are shown in red and those corresponding to the S1 peptide are shown in blue. Peaks marked with asterisks correspond to neutral 
losses of other assignments. 

FIG. 4.  Domain architecture of protein S1. The NMR structures of domains 4 and 6 are shown (3). 

FIG. 5.  Cross-linking of the N-terminal ribosome binding region of S1 to the 30S ribosomal subunit. A, Cross-linking of domains 1 and 
2 involves residues localized near the 3 end of the 16S rRNA. Residues on the 30S subunit (PDB: 2AVY)(16) that cross-linked to S1 are marked 
with red circles. The triangle on S6 shows the approximate position of a residue not present in the crystal structure. The S1 residues involved 
in these cross-links are highlighted in red. B, A binding site for the N-terminal ribosome binding region of S1 consistent with this cross-linking 
analysis. 
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complementary to the S.D. sequence found in many mRNA 
(2, 16). Our results show that S1 is also present in this loca-
tion, explaining how S1, like the anti-S.D. sequence, is able to 
bind the 5 UTR of mRNA and facilitate initiation (4, 5). 

Protein S1 is believed to bind the mRNA through its C-ter-
minal region (10, 12, 13). Fig. 6 displays the cross-linking of 
this region against the crystal structure of the 30S subunit. 
Interestingly, this part of S1 cross-links to a much larger 
region of the 30S subunit than domains 1 and 2. For example, 
we detected cross-linking of K279 from domain 4 to residues 
spanning nearly 200 Å across the 30S subunit. Such a cross-
linking signature suggests that the central part of S1’s mRNA 
binding region is capable of sweeping out a very large region 
in space, including to some extent the interfacial side of the 
subunit (see insert in Fig. 6). S1 appears then to not only be 
highly elongated but to also have a C-terminal region that is 
quite dynamic. Stochastic movement of the C-terminal region 
could enable S1 to capture mRNA proximal to the subunit. 
The dynamic nature of the C-terminal region may also play a 
role in supporting the binding and movement of mRNA 
through the ribosome during elongation. 

This cross-linking study is consistent with a previous 
cryo-EM analysis of S1 containing 30S subunits, (18) in that 
the region near the 3 end of the 16S rRNA is identified as the 
S1 binding site. Our results do, however, reflect a more com-
plex behavior for S1. The physical density attributed to S1 in 
the cryo-EM analysis was surprisingly compact. It has since 
been pointed out that a significant portion of this density had 
been attributed to S1 by mistake. This in turn has led inves-
tigators to continue hypothesizing the protein extends out 
from the ribosome (63). Here, S1 is visualized as a highly 

elongated, as well as dynamic, protein. Moreover, our method 
has shed light on the localization of the individual S1 domains, 
which is fundamental to understanding this multi-domain 
protein. 

Cross-Linking of Other Ribosomal Proteins—This analysis 
has additionally yielded structural information about ribo-
somal proteins other than protein S1. We identified 648 cross-
link spectra matches not involving protein S1 with a FDR of 
0.1% (Tables S4 and S5). From these matches, 52 intrapro-
tein and 25 interprotein linkages were identified (supplemental 
Table S6). For 545 of the 648 cross-link spectra matches, 
linked residues are both precisely defined by fragmentation 
and present in the crystal structure of the E. coli 30S subunit 
(16). The structural context of these data, and the 61 linkages 
they indicate, are provided in Fig. 7A. This depiction of the 
30S subunit displays the backbones of the proteins and rRNA 
transparently to facilitate visualizing the -carbon to -carbon 
distances of the identified linkages. Notably, there appears to 
be good agreement between these cross-linking data and the 
crystal structure of the 30S subunit. For instance, 525 of the 
matches (96% of the data) correspond to inter-residue -car-
bon to -carbon distances less than or equal to 26Å, the 
maximum distance DEST is capable of spanning plus the 
coordinate error for the crystal structure (29). The remaining 
20 matches indicate 7 linkages, 4 measuring between 30 and 
35Å and 3 measuring 40, 46 and 76Å. Based on the FDR of 
this analysis, it is obviously unlikely for even a few of these 
identifications, let alone all of them, to have been miss-as-
signed. Many of the linkages were actually detected numer-
ous times, and the cross-linked peptide mass spectra were 
comparable in quality to other spectra that defined the 
location of S1. Furthermore, it is highly curious that these 
anomalous matches involve linkages at or near the identi-
fied S1 binding site and that most involve one particular 
residue. The cross-linking pattern in this region between the 

FIG. 6.  Cross-linking of the C-terminal mRNA binding region of 
S1 to the 30S ribosomal subunit. Cross-linking of domains 3–5 
involves residues spread far across the subunit. Residues on the 30S 
subunit (PDB: 2AVY)(16) that cross-linked to S1 are marked with red 
circles. Triangles on S3 and S19 show the approximate positions of 
residues not present or not solvent accessible in the crystal structure. 
The S1 residues involved in these cross-links are highlighted in red. 

FIG. 7.  Structural context of cross-linking data. A, Identified link-
ages involving residues present in the crystal structure of the E. coli 
30S subunit (PDB 2AVY) are shown. Ribosomal proteins are dis-
played in blue, the 16S rRNA in gray, and linkages in red. B, Identified 
linkages associated with anomalously long distances. The proposed 
S1 ribosomal binding site is approximated with a dashed line. Move-
ments of the 30S subunit domains inferred from the cross-link pattern 
are indicated with arrows. 
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platform and head/body of the 30S subunit suggests move-
ment of the subunit domains with respect to one another 
and their positions in the crystal structure. A swiveling of the 
head domain along with movement of the platform toward 
the body would be consistent with the observed cross-
linking (Fig. 7B). 

As protein S1 is absent from the crystal structure, we in-
vestigated whether the anomalous cross-links may have oc-
curred as a result of S1 inducing a conformational change in 
the subunit. Accordingly, 30S subunits depleted of S1 were 
subjected to the same analysis. It has been shown that S1 can 
be selectively removed from ribosomes by capturing the pro-
tein on polyU Sepharose and subsequently displacing it from 
the ribosome with 1 M ammonium chloride (11). E. coli ribo-
somes obtained in this manner are fully competent with re-
spect to translation, so long as S1 is added back to the 
system (6, 11). supplemental Fig. S2 displays the LC-MS 
chromatogram of ribosomal proteins extracted from 30S sub-
units depleted of S1. Unlike in Fig. 1, a peak for S1 was not 
detected, demonstrating that S1 had indeed been removed 
from the subunit. supplemental Fig. S2 also shows that the 
polyU Sepharose chromatography did not significantly affect 
any of the other ribosomal proteins. Cross-linking of 30S 
subunits depleted of S1 in this manner also yielded the anom-
alous cross-links near the S1 binding site. Thus, there is no 
indication that S1 induces a conformational change to the 
subunit. 

The cross-links appearing to be anomalous may simply 
reflect differences between the cross-linking and x-ray crys-
tallography experiments. The only crystal structure that exists 
contains the E. coli 30S subunit bound to a 50S subunit. Our 
experiments were performed with free 30S subunits. It is 
worth noting that some conformational differences exist be-
tween the crystal structures of the 50S bound 30S subunit 
from E. coli and a free 30S subunit from T. thermophilus. The 
structures in fact appear to differ by up to 10 Å in the lower 
region of the body domain (15, 16). More interestingly, com-
parison of these and other crystal structures shows that the 
head domain of the subunit can be captured in surprisingly 
different angles of rotation, even within the same crystallo-
graphic unit. The head domain has actually been found to 
rotate up to 12°, involving 20 Å movement (16). In addition, 
cryo-EM of isolated 30S subunits has demonstrated there to 
be pronounced structural flexibility among each major domain 
of the 30S subunit, including the head, platform and body. 
Conformers narrowed by up to 15° between the platform and 
head domains have been detected (64, 65). 

It appears then that the observed cross-links provide evi-
dence of structural differences between free and 50S bound 
30S subunits and the remarkable structural flexibility of the 
subunit’s platform and head domains. Our results suggest 
these domains are capable of moving 30–50Å with respect to 
one another. So, although cross-linking will never have the 
spatial resolution of x-ray crystallography, the approach 

seems to more readily capture the dynamical processes of 
biomolecules. 

In earlier work on the 70S ribosome, we did not observe any 
evidence of anomalously long cross linkages between the 
domains of the 30S subunit (29). We cannot however draw a 
fair comparison between current and previous studies, given 
that our current methods are more sensitive and are applied 
to the significantly less complex 30S structure. Even so, it 
seems reasonable to suggest that domain movements are 
less restricted in the isolated rather than 50S bound 30S 
subunit. 

Chemical Labeling of S1 and the 30S Subunit—In an at-
tempt to derive complementary footprinting information, we 
employed chemical labeling with SMTA (S-methylthioacetimi-
date)(41) to investigate the S1–30S interaction. This mono-
functional reagent reacts with protein primary amines and 
introduces amidino modifications corresponding to mass 
shifts of 41 Da. SMTA has been previously employed to probe 
the structures of a number of proteins and bacterial ribo-
somes (35, 36, 39, 40, 44, 66). In this experiment, we deter-
mined the number of modifications incorporated into proteins 
from 30S subunits containing and not containing S1. The 
results appear in supplemental Table S7 and supplemental 
Fig. S3. The observed extents of modification are indicative of 
the ribosome’s structure, as previous comparisons of chem-
ical labeling and crystal structure data have demonstrated 
(39). The number of protein modifications is, however, inde-
pendent of the presence or absence of S1. The labeling of 
protein S1, itself, proved to be even more interesting. Fig. 8 
displays the mass spectrum of S1 labeled with SMTA while in 
the presence of the 30S subunit. The expanded spectrum 

FIG. 8.  Deconvoluted ESI mass spectrum of protein S1 labeled 
by SMTA. The mass region for S1 is expanded to illustrate the 
number of amines labeled. The SCH3 label marks S1 modified at 
each of its primary amines as well as methylthiolated on one of its 
cysteines (44). The asterisk marks a harmonic artifact resulting from 
deconvolution of the S1 mass. 
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shows that the majority of S1 labeled at every one of its 44 
primary amino groups. Given this extent of labeling, there 
seemed little reason to interrogate individual residues by pep-
tide MS/MS. Most ribosomal proteins are not fully amidinated 
under these modification conditions, (35, 39, 40, 66) making 
this result rather striking. Because S1 is particularly large, one 
would expect shielding of at least some amines. Lack of any 
shielding is another indication that S1 is highly elongated and 
dynamic. 

The labeling of S1 is reminiscent of L12 from the large 
subunit stalk complex, as the majority of L12 also becomes 
fully amidinated on SMTA labeling (39). L12, like S1, is be-
lieved to be highly elongated and dynamic, (67) though it plays 
a role in the binding of GTPase translation factors, (67–71) not 
mRNA. It may be possible to elucidate the dynamic structures 
and interactions of both these proteins via labeling ap-
proaches designed to capture kinetic properties or to occur 
on very short (sec) time scales, such as with pulse-chase 
amidination (72) or hydroxyl radical labeling (73, 74). 

CONCLUSIONS 

Through the application of protein cross-linking and high 
resolution mass spectrometry, we have detailed the ribosomal 
binding site of S1 and have observed evidence of its dynam-
ics. The localization of its individual domains reveals insights 
into the structure and interactions of the protein. The results 
are consistent with the notion that the N-terminal region of S1 
binds the ribosome whereas the C-terminal region binds 
mRNA (10–13). S1 binds to the 30S subunit near the anti-
Shine-Dalgarno motif at the 3 end of the 16S rRNA, is highly 
elongated even when bound to the ribosome, and has a 
C-terminal RNA binding region with a cross-linking signature 
that suggests it is remarkably dynamic. It is therefore appar-
ent that ribosomal protein S1 is structurally poised, as previ-
ously hypothesized, to act as an mRNA catching arm in the 
prokaryotic ribosome (6). 
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