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1. ABSTRACT 
To uncover a proteolysis phenomenon detected in translationally active wheat 

germ lysate, a series of studies were conducted using classical biochemical methods 
in conjunction with mass spectrometry and immunochemistry. The investigations 
reveal that the protein S4 from cytosolic ribosome of wheat is an endoprotease 
exhibiting all characteristics of a cysteine protease. Addition of S4 to a cell-free 
translation system abrogates BMV RNA-coded protein synthesis by cleaving several 
eukaryotic translation initiation factors and kinases. Incorporation of cysteine 
protease inhibitors, including Zn2+ and leupeptin, in the translation system restores 
protein synthesis to the normal level. Indeed, the recombinant wheat S4, 
overexpressed in E. coli, shows the same hydrolysis reaction, which initially 
identified in the wheat germ lysate had led to this search. Interestingly, the 
recombinant S4 copurifies with a sizable piece of RNA, and the two appears to exist 
tightly bound to each other. Further, S4 shows proteolytic activity both in the 
presence and absence of RNA. These unexpected characters of S4 not only raise 
questions about the significance of its proteolytic role, but also points to the 
complexity of ribosomal function at molecular level.  
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2. INTRODUCTION 
A protein can often have more than one related or unrelated function. An 

instructive case is the role of cytochrome c, which normally functions to transfer 
electrons in the mitochondrial respiratory chain1, but at times turns to activate the 
initiator caspase-9 in the cytosol of cells already programmed to die2. Other widely 
studied examples of multifunctional proteins include the p53 gene product3,4,5, human 
CD386, RTX toxin of Vibrio cholerae7, the heat shock protein Hsp708,9, and 
translation initiation factor eIF-210. From a rapidly growing list of such proteins, it 
appears that the cell harbors many more of them, and alternative functions of some 
remain unknown. While studying BMV RNA-coded protein synthesis in wheat cell-
free translation system, a cysteine protease activity was encountered serendipitously. 
By using this protease activity as both the marker guide and the assay method in 
follow up studies, the origin of the endoproteolytic activity was unexpectedly traced 
to the S4 protein of the 40S ribosomal subunit. 

This surprising observation is emerging at a time when enormous efforts are 
underway to unravel the molecular details of the ribosomal protein synthesis process. 
“Synthesis of ribosomal proteins” or “synthesis of proteins by (poly) ribosomes”. 
Work on the complexity and regulation of ribosomal mechanism began several 
decades ago11,12, and they have provided the foundation for recent atomic-level 
structural data for the prokaryotic subunits and individual protein and RNA 
components13-19. Ribosomes of plants and animals are more highly regulated than 
those of prokaryotes, although similarities between many components exist16, and a 
large majority of available information has come from elegant experiments using the 
latter. Thus, functions for certain ribosomal proteins have been described20,21, and 
attributes for others are being steadily found22,23. 
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The protein S4 has attracted attention of many for a long time for a variety of 
its functional qualities. It binds to rRNA20,24,25  and plays a pivotal role in the core 
assembly of the smaller ribosomal subunit26. Classic work of Nomura and 
associates27-29 have shown that S4 in E. coli feedback-inhibits self-synthesis, and in 
the process blocks synthesis of those ribosomal proteins that are coded by the same 
polycistronic mRNA. Furthermore, S4 is an antitermination transcription factor with 
properties similar to NusA30. In humans, S4 deficiency has been associated with 
Turner syndrome31,32. In spite of such progress, not much is known about the role of 
plant S4 from cytosolic ribosome, but it is expected to share at least some of the basic 
functional attributes listed above. In this perspective, wheat S4 is now found to be an 
endoprotease that can inhibit protein synthesis by non-specific proteolysis of 
initiation factors and kinases, and perhaps other proteins in the milieu. 
 
3. MATERIALS AND METHODS 

Wheat germ was obtained from Sigma, Ac-DEVD-AFC from Calbiochem, 
DEAE cellulose from Whatman, gel filtration media and materials from General 
Electric, in-vitro wheat germ lysate translation kit from Promega, and S35 Methionine 
from Bhabha Atomic Research Center, India. The recombinant proteins used were 
overexpressed and purified in the laboratory. Antibodies were from Santacruz. Other 
reagents and chemicals were obtained from Sigma and Merck.  
 
3.1 Preparation of Wheat Germ Lysate and Identification of S4 

Wheat germ lysate was prepared as described earlier33. The lysate in buffer A 
(40 mM HEPES-KOH, 100 mM potassium acetate, 5 mM magnesium acetate, 1 mM 
DTT, 100 µM PMSF, pH 7.6) was passed through a Sephadex G-25 column, the 
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eluted fractions were brought to 40% saturation of (NH4)2SO4, and the salted out 
pellet was dissolved in buffer B (20 mM HEPES-KOH, 1 mM DTT, 1 mM EDTA, 20 
mM NaCl, 0.05% CHAPS, 5% sucrose) at pH 7.6. The solution was 
chromatographed on a Sephadex G-75 or G-150 column using buffer B, and the 
higher molecular weight pool of proteins was collected. The protein mixture was then 
loaded onto a DEAE cellulose column equilibrated in buffer B at pH 7.6, washed, and 
eluted by a continuous gradient obtained by mixing 125 mL each of 0.020 and 0.7 M 
NaCl in buffer B. Fractions that hydrolyzed Ac-DEVD-AFC were combined, 
concentrated using centricon tubes, flash- frozen, and stored at -70°C until further 
use. The presence of S4 was identified by combining SDS gel electrophoresis and Ac-
DEVD-AFC hydrolysis carried out with different fractions. The active fraction 
(labeled E in Fig. 1C, also referred to as S4 preparation henceforth) was used for all 
biochemical experiments. All chromatography procedures were performed in the cold 
(4-8°C). 
 
3.2 Assay for Protease Activity 

Typically, ~10 µg of Ac-DEVD-AFC substrate was added to 500 µl of 
fraction E described above (~100 µg protein) in Buffer B, and following a very brief 
incubation period either static emission spectrum or time-base fluorescence emission 
or both was measured using a FluoroMax 3 instrument (Jobin-Yvon) at 490 nm (slit 
width: 8 nm) with excitation at 400 nm (slit width: 1.5 nm). The time dependence of 
fluorescence emission was recorded up to 40 min or 1 hr. In most cases, the protein 
substrate mixture was incubated at ~37°C. 
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3.3 Determination of the Effects of pH, Temperature, NaCl, ZnCl2, and MgCl2 
on the S4 Activity 

These experiments required finding the rate of hydrolysis of Ac-DEVD-AFC 
by S4 as a function of the variables. For measurement of pH effect, a buffer 
consisting of 20 mM HEPES, 20 mM PIPES, 1 mM DTT, 1mM EDTA, 20 mM 
NaCl, 0.05% CHAPS and 5% sucrose was used. The pH of the buffer was adjusted to 
values in the 5.9-8.0 range. This buffer (at pH 7) was also used for measurement of 
temperature and NaCl dependences. The buffer for experiments involving ZnCl2 and 
MgCl2 consisted of 20 mM HEPES, 0.05% CHAPS, 5% sucrose,20 mM NaCl, and 
15 mM β-mercaptoethanol, pH 6.8. Hydrolysis of Ac-DEVD-AFC was monitored 
using the procedure for activity assay described above. However, incubation of the 
enzyme-substrate mixture was not allowed. Time-base fluorescence emission was 
measured immediately after mixing the substrate with the protein preparation at 37°C. 
Each trace was recorded up to ~30 min, the slope of the initial linear portion of which 
yielded the rate of Ac-DEVD-AFC hydrolysis.  
 
3.4 Inhibition of S4 Activity by Various Enzyme Inhibitors 

The S4 preparation along with Ac-DEVD-AFC was mixed separately with 
various enzyme inhibitors so as to obtain uniform concentrations of S4 and substrate 
in all mixtures. Final concentrations of the inhibitors were 3 µM Ac-DEVD-CHO, 3 
µM PMSF, 100 µM leupeptin, 0.5 µM aprotinin, 1 µM pepstatin, and 1 mM 
iodoacetic acid. Samples were incubated at 37°C for 1 hr, and steady-state 
fluorescence spectra at 400-nm excitation were taken. The peak intensity at 495 nm 
was noted for various enzyme inhibitors. To determine the inhibition by leupeptin and 
PMSF, the rate of hydrolysis of Ac-DEVD-AFC by the S4 preparation was titrated 
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out by each inhibitor. As detailed above, the hydrolysis rates were determined from 
the slope of fluorescence with time for the initial linear portion of the kinetic trace. 
 
3.5 Western blot Analysis  

10 µg of the S4 protein preparation was incubated separately with and without 
4 µg Ac-DEVD-CHO for 30 minutes. 5 µg recombinant PKR or PERK protein was 
added to each tube, and incubated overnight at 37°C. For controls, S4, PKR, and 
PERK taken individually were also incubated. The samples were subjected to 12% 
SDS-PAGE, transferred to PVDF membrane, and probed with anti PKR and anti 
PERK followed by respective alkaline phosphatase-conjugated 2° antibodies. The 
bands were detected with NBT/BCIP. 
 
3.6 Tryptic Digestion of S4 and Mass Spectrometry 

Cut silver-stained gel bands were destained (×2) in 200 µL of the destaining 
solution (100 µL of 100 mM NH4HCO3, pH 8, mixed with 100 µL acetonitrile) for 45 
min at 37°C. The gel slices were dried, reduced with 100 µL of 10 mM DTT, 25 mM 
NH4HCO3, pH 8, for 15 min at 37°C, alkylated by adding 100 µL of 20 mM 
iodoacetamide in 25 mM NH4HCO3, pH 8, and incubated at 37°C in dark. Gel bands 
were then washed (×3) with 200 µL of 2 mM NH4HCO3 for 15 min, dried, and 
rehydrated in 20 µL of 0.02 µg/µL trypsin in acetonitrile, NH4HCO3, pH 8, for 1 hr at 
room temperature. After removing the unabsorbed trysin-containing liquid, gel slices 
were covered with 50 µL of 10% acetonitrile, 40 mM NH4HCO3, pH 8, incubated for 
~16 hours at 37°C, and the supernatant was extracted and discarded. Gel pieces were 
then incubated with 50 µL of 0.1% TFA for 1 hr at 37°C, and the supernatant was 
extracted. The two extracts were combined, and dried repeatedly (×3) after 
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suspending in 200 µL H2O. The final resuspension volume was 10 µL. 
 For MALDI-TOF/TOF measurement, 2 µL of the peptide mixture was mixed 
with 2 µL of 2% TFA and 2 µL of the matrix solution (2, 5 di-hydroxy acetophenone 
with 10 mM di-ammonium acetate). 1 µL of the mixture was pipetted onto a MALDI 
sample plate. The mass spectra from the digests were recorded in the positive, 
reflectron mode using the smart beam TM laser at 200 Hz repetition rate. About 1000 
single spectra were added to a sum spectrum. The peptide masses were then fed into 
MASCOT database, and searched against the wheat database for identification. 
Homology sequence analysis was performed by a BLAST search, and the sequence 
alignment was done by ClustalW. 
 
3.7 Preparation of Ribosomes and Fractionation 

The wheat germ lysate obtained from the Sephadex G-25 column in buffer (40 
mM HEPES-KOH, 25 mM potassium acetate, 2 mM magnesium acetate, 1 mM DTT, 
100 µM PMSF, pH 7.6) was spun at 15000 rpm for 15 min, and the top three-fourth 
of the fraction was passed through a Sephadex G-25 column, the eluted fractions were 
used to isolate ribosome. 3 mL of the lysate layered over 0.8 mL of the cushion buffer 
(10 mM Tris-HCl pH 7.7, 25 mM KCl, 5 mM NaCl, 2 mM magnesium acetate, 50% 
glycerol) contained in a swinging bucket Beckman SW-60 rotor tube was spun at 
40,000 rpm for 5 hrs in a Beckman centrifuge.  The ribosome pellet was resuspended 
in a buffer containing 20 mM HEPES-KOH, pH 6.8, 1 mM EDTA, 1 mM DTT, 
frozen in small volumes in liquid nitrogen, and stored at -70°C.  
 Ribosomes were fractionated using 10-40% linear sucrose gradient. In the 
control run, intact (80S) ribosomes were fractionated in a buffer containing 50 mM 
Tris-HCl pH 7.7, 50 mM KCl, 3 mM Mg(CH3COO)2 and 1 mM DTT.  For 
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fractionation into 40S and 60S sub-units, the same buffer was used but with 300 mM 
KCl and 10 mM Mg(CH3COO)2. Approximately 100 µg of protein was added to the 
gradient and spun at 40,000 rpm for 2 hrs. The fractionation profile was generated 
using density gradient fractionator (ISCO) with 50% sucrose. 
 
3.8 Protein Synthesis 

A typical 50 µL in-vitro translation reaction mix contained 25 µL wheat germ 
lysate (Promega) 130 mM potassium acetate, 25 µM amino acid mix minus 
methionine, 5 µCi S35 methionine, and 1 µg Brome Mosaic Virus RNA. The reaction 
was carried out at 25°C for 1 hr, and terminated by the addition of SDS-PAGE 
sample buffer. Immediately the samples were boiled for 3-5 mins, and separated 
electrophoretically on 10% SDS-PAGE, the gel was later coomassie-stained and 
dried. The dried gel was exposed to phosphor imager screen and scanned using a 
Typhoon phosphorimager (Amersham Pharmacia) to detect the S35 methionine 
incorporated proteins. Prestained protein molecular weight markers obtained from 
Fischer was used as molecular weight standard. To assess the effect of the S4 
proteinase on in vitro translation, protein synthesis was carried out in the presence 
and absence of S4 (2 µg) and its physiologic inhibitors like leupeptin (10 µM), Ac-
DEVD-CHO (1 µM), Zn2+ (2.5 mM), and also in the presence of analogues like 
recombinant human caspase-3 (100 ng). In protein synthesis studies involving the 
inhibitors of the S4 protein, the protein-inhibitor mixture was pre-incubated prior to 
addition to the in-vitro translation mix. 
 
3.9 Cleavage of Eukaryotic Translation Initiation Factors (eIF) by S4 

4 µg protein from the S4 preparation was incubated separately with purified 
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recombinant human eIF2α, eIF2β (10 µg each), and rat liver tissue extract for 1hr at 
37ºC. For positive control, another set of the reaction mixtures (Volume ~ 25 µL) was 
prepared for which the S4 preparation used was preincubated for 15 min at 37ºC with 
10 µM leupeptin or 1 µg Ac-DEVD-CHO. The cleavage was stopped by the addition 
of SDS-PAGE sample buffer, the proteins were separated on 12% SDS-PAGE, 
transferred to PVDF membrane, probed with polyclonal anti-eIF2α (Santacruz), 
monoclonal anti-eIF2β (Santacruz), polyclonal anti-eIF–4E (Cell signaling) and 
polyclonal anti-eIF5 (Santacruz) antibodies respectively. For negative controls for 
this experiment, the S4 preparation, eIF2α, eIF2β, and the tissue extract individually 
and in amounts equal to those used in cleavage reaction above, were subjected to 
electrophoresis. After incubating with respective alkaline phosphotase- conjugated 
secondary antibody, the bands were detected with substrates NBT and BCIP. 
 
3.10 cDNA Synthesis, Cloning, and Generation of Expression Construct for 
Wheat S4 Protein  
 Total RNA from 10-days old wheat seedlings was isolated using TRI 
Reagent (Sigma), chloroform, and isopropanol. The RNA was washed with 75% 
ethanol, dissolved in nuclease-free water, and checked for integrity by agarose gel 
electrophoresis. cDNA synthesis was performed using single-step cDNA synthesis 
kit (Abgene single step RT-PCR, USA) essentially by  manufacturer’s instructions. 
To a mixture of 25 µL 2X Master mix (Fermentas), 1 µL RT Blend enzyme, and 5 µL 
total RNA, 1 µL each of forward and reverse primers were added. The primers (10 
picomolar each) synthesized by Sigma were 
    Nde1 
S4-F:  5′ GCCATATGGCGAGGGGTTTGAAGAA 3′                                                  
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S4-R:  5′ CCCTCGAGTCAGGCCTTGGCAGCTGCCT 3′. 
         Xho1      
The total volume of the reaction mixture was made up to 50 µL by adding nuclease 
free water. The RT-PCR program involved an initial 30-sec denaturation at 95°C, 30-
sec annealing at 54°C, and 1-min polymerization at 72°C; to be repeated from step 
two for 25 cycles. Long polymerization was carried out for 10 minutes, and the final 
temperature was set at 4 °C. The amplified cDNA separated on 1% agarose gel was 
eluted by using the gel elution kit from Qiagen. The purified cDNA was inserted into 
TA (pTZ57R/T) vector using Bateriphage T4 DNA ligase (Fermentas) for 16 hr at 
22°C. The cDNA was sequenced, translated into protein sequence using expasy tools, 
and compared by alignment with the original protein sequence using clustalW.  
 The TA plasmid was transformed into XL1 Blue E. coli, and grown on 
ampicilin- containing (100 µg ml-1) LB-agar plate by streaking. To confirm the 
positive colonies, the recombinant vector-containing white colonies were subjected 
to colony PCR. The recombinant TA vector was subjected to restriction digestion 
between Nde1 and Xhol (Fermentas). The cleaved cDNA, isolated by agarose gel 
electrophoresis and elution, was re-inserted into pET28a (+) vector (Novagen) using 
bacteriophage T4 DNA ligase. The recombinant pET28a (+) vector was transformed 
into XL1 Blue E. coli cells, and grown on kanamycin (Calbiochem)-containing (50 
µg ml-1) LB-agar plate. The positive white colonies, confirmed by colony PCR, were 
inoculated into kanamycin-containing (50 µg ml-1) LB medium at 37ºC. The plasmid 
was isolated from the overnight mini culture, and transformed into BL21 (DE3) RIL 
E. coli. 
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3.11 Protein Expression and Purification 
A starter culture was grown by inoculating a single colony from the petri plate 

containing pET28a (+) S4 vector in BL21 (DE3) RIL cells into 50 µg ml-1 
kanamycin-containing LB media. Growth was allowed overnight at 37ºC with 180 
rpm shaking. A secondary culture was made in 50 µg ml-1 kanamycin-containing LB 
media from the starter culture in a 1:25 ratio. Cells were grown at 37 ºC in LB media 
to a A600 of 0.5, and protein expression was induced with 0.5 mM IPTG at 30ºC and 
180 rpm shaking speed. After two hours of induction, cells were harvested at 10,000 
rpm for 10 min. The cell pellet (~1.89 g wet weight per litre of culture) was washed 
with PBS, and resuspended in 1:5 W/V buffer A (50 mM Tris, pH 8.0, 0.2 M NaCl, 5 
mM β-mercaptoethanol, 5 mM imidazole, and 1% Glycerol), and stirred for 15 min at 
4 ºC. Cells were disrupted by pulsed sonication, and the lysate was spun at 15000 rpm 
for 15 min. The soluble fraction was loaded onto a Ni-NTA-His bind column 
(Novagen) equilibrated with buffer A. The column was washed with 300 mL of a 
buffer containing 50 mM Tris, pH 8.0, 0.2 M NaCl, and 50 mM imidazole until the 
A280 reached 0.001. The second wash was done with 50 ml of 50 mM Tris, pH 8.0, 
and the protein was eluted with 150 mM imidazole in 50 mM Tris, pH 8.0. The 
protein-containing fractions were pooled and dialyzed against 1000 ml of 50 mM 
Tris, pH 8.0. The protein concentration was estimated with Bradford method, and the 
purity was checked by SDS gel electrophoresis. 
 
3.12 Mass Spectrometry of Purified Recombinant S4 Protein 
 2 µL of the purified protein solution (~0.21 µg) was mixed with 2 µL of 2% 
TFA and 2 µL of the matrix solution (2,5 dihydroxyacetophenone with 10 mM di-
ammonium citrate). Mass measurements were performed on Autoflex III TOF/TOF 
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spectrometer (Bruker) in the positive linear mode of operation. ~1000 single spectra 
were added. Spectra were processed using 10 Da Gauss filter smoothing and baseline 
subtraction. 
 
3.13 Fluorescence and CD Measurements 
 Fluorescence and CD spectra of recombinant S4 protein were recorded with 3 
µM protein in 50 mM Tris, pH 7.0, 25°C. For fluorescence, a photon counting 
instrument (FluoroMax-3, Jobin-Yvon) was used (excitation: 280 nm, 1.5 nm slit). 
CD spectra were taken in a JASCO J715 spectropolarimeter with the protein solution 
contained in 2 mm path length cylindrical cell. Sixteen scans were averaged.  
 
3.14 Assay for the Proteolytic Cleavage of Ac-DEVD-AFC Substrate by 
Recombinant S4 

 150 µg purified S4 protein was taken in 500 µL of 50 mM Tris, pH 7.0 and 
10 µg of Ac-DEVD-AFC (Calbiochem) substrate was added, and following a very 
brief incubation period either static emission spectrum or time-base fluorescence 
emission or both was measured using a FluoroMax 3 instrument (Jobin-Yvon) 
emission at 490 nm (slit width: 8 nm) with excitation at 400 nm (slit width: 1.5 nm). 
The time dependence of fluorescence emission was recorded up to 40 min or 1 hr. In 
most cases, the protein substrate mixture was incubated at ~37°C. 
 
3.15 Electrophoresis and Western blot Analysis for Recombinant S4-induced 
Cleavage of PKR, PERK, Bcl-XL and eIF2α 

Typically, 2-5 µM S4 protein was incubated with 6-10 µM PKR or PERK 
with or without inhibitors (1 µM Ac-DEVD-CHO and 10 µM leupeptin) for 4-5 hours 
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at 37°C. Another set of experiments were conducted by incubating with S4 (5 µg), 
Bcl-XL (15 µg), eIF2α (10µg) and with an inhibitor leupeptin (10 µM).   Samples 
were subjected to 10% SDS-PAGE, and coomassie-stained or transferred to PVDF 
membrane for Western blotting. For the latter, bands were probed with anti-PKR and 
anti-PERK followed by the respective alkaline phosphotase-conjugated 2° antibodies. 
 
3.16 Homologous Structure Alignment Database (HOMSTRAD) 

Sequence structure homology was done using fugue tool. Compared a query 
sequence or sequence alignment against each structural profile in its profile library 
derived from HOMSTRAD. Three dimensional structure of S4 protein was built in 
Insight II.  
 

4. RESULTS 
 
4A. THE INITIAL LANDMARK  
 The isolation and purification of the proteinase factor from innumerable 
proteins in the wheat germ lysate is obviously an arduous task. Hence, the eventual 
goal of cloning and overexpression was set right at the initial stage of the study, and 
to achieve this, the identification of the protein and the minimal sequence was a 
prerequisite. In this section, the results of the initial long search relevant for the 
detection of the enzyme are presented.     
 
4A.1 Partial Purification and Identification of the Wheat Enzyme 

The detection of caspase-like activity in translationally active wheat germ 
lysate was fortuitous. Figure 1A shows fluorescence-detected hydrolysis of the 
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caspase-3 substrate Ac-DEVD-AFC by wheat germ lysate, and the inhibition of the 
activity in the presence of the synthetic inhibitor Ac-DEVD-CHO. It was this 
observation that led to search for the protease using the same Ac-DEVD-AFC 
hydrolysis as the marker assay. 

Figure 1. Identification and partial purification of the wheat enzyme. (A). Normal translationally 

active wheat germ extract in the absence (-), and in the presence of Ac-DEVD-AFC (-). The 

fluorescence emission due to the cleavage of the AFC group is quenched when the inhibitor Ac-

DEVD-CHO is added (-), indicating the inhibition of enzyme activity. (B). DEAE cellulose 
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chromatography of the wheat germ lysate initially gel-filtered on a Sephadex G-150 column. The NaCl 

gradient for elution is shown, and the three major peaks are labeled. (C). Resolution of peak III of the 

ion-exchange chromatogram by partitioning the peak fractions into groups A to G. Each group was 

checked for fluorescence-monitored Ac-DEVD-AFC hydrolysis; only group E fractions exhibited 

high-level of hydrolytic activity. (D). Silver-stained SDS-PAGE analysis of various group fractions. 

The marker proteins are in lane 1, and lanes 2 to 6 correspond to fractions from group B, C, D, E, and 

F, respectively. A significant protein band in lane 5 (group E fractions) pointed out by an arrow is not 

observed in other lanes. The protein corresponds to a molecular mass of ~30 kDa. Because only group 

E fractions show Ac-DEVD-AFC hydrolysis, this protein must be the putative protease. 

 
For separation of the putative protease, several column chromatography 

procedures under a variety of conditions were tried out, and the anion-exchange 
chromatography was found the best. Wheat germ lysate, initially gel-filtered on a 
Sephadex G-150 column, was loaded on a DEAE cellulose column equilibrated in 
buffer B (20 mM HEPES, 2 mM DTT, 1 mM EDTA, 20 mM NaCl, 0.05% CHAPS, 
5% sucrose) at pH 7.6, and eluted by using a linear salt gradient generated by mixing 
125 mL each of 0.02 M and 0.75 M NaCl (Figure 1B). Elution peaks were expectedly 
not homogeneous. Fractions from peaks I and II did not show Ac-DEVD-AFC 
hydrolysis activity. We then concentrated on peak III, and divided the fractions into 
seven groups (A to G) as shown in Figure 1C. High-level Ac-DEVD-AFC hydrolysis 
was found for group E fractions, with traces for group F. Proteins from different 
groups were separated on 12% SDS-PAGE and silver-stained. Figure 1D shows that a 
significant protein band corresponding to a molecular mass of ~30 kDa due to group 
E fractions (arrow-pointed in lane 5) stands out, and is not detected in other lanes to 
any considerable extent. This band must be due to the putative protease, since only 
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group E proteins showed Ac-DEVD-AFC hydrolysis. 
 

4A.2 Biochemical Characteristics of the Enzyme are Similar to those of Cysteine 
Proteases  

At this point, we set to determine the influence of common environmental 
parameters on the Ac-DEVD-AFC hydrolysis rate, so as to optimize solution 
conditions under which the assay would be more sensitive, and to learn something 
about the active site residue(s) of the enzyme. The hydrolysis rate, ∆F (s-1), was 
extracted from the slope of the initial linear increase of fluorescence due to the release 
of AFC as a function time. The same time regime was used consistently for all traces. 

The substrate hydrolysis rate, measured as a function of pH for fixed 
concentrations of enzyme and Ac-DEVD-AFC (Figure 2A) shows that the enzyme is 
maximally active at pH 6.6, indicating its functional activity within the pH range 
normally found in active cells. The bell-shaped profile suggests a single active form 
of the enzyme. The fit of the data to the equation. 

( )

( ) ( )121

1

pKpKpK2

pK

10101
10cv

aaa

a

pHpH

pH

−−−

−

++
×

=                               (1)  

Where c is a constant, yields two ionizing groups with pKa1=6.1, and pKa2=6.6. The 
observed pH dependence is quite similar to pH profiles described earlier for certain 
cysteine proteases34,35, especially with regard to the pKa1 values reported for caspases-
3, -7, and -835. Since Ac-DEVD-AFC also serves as a substrate for caspase-3, there 
appeared a basis, although insufficient by itself, to assume that the wheat germ 
enzyme being investigated here is a cysteine protease having caspase-like activity. 
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Figure 2. Some biochemical characteristics of the wheat protease. Rates of hydrolysis of Ac-DEVD-

AFC as a function of variables and buffer conditions (described in the text) are plotted. (A). the 

optimum pH value for hydrolytic activity is ~6.8. (B). Temperature effect. The enzyme is maximally 

active at ~40°C. (C). the enzyme activity is highly sensitive to NaCl concentration. (D). Inhibition by 

ZnCl2. The apparent binding constant, KZn
app =0.31 mM. (E). Effect of Mg2+ ion. The activity passes 

through a minimum centered at ~0.1 mM MgCl2. 

 
The temperature optimum for the hydrolytic activity is ~40°C (Figure 2B), 

suggesting respectable thermal stability of the enzyme. The activity is, however, 
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highly sensitive to the ionic strength of the medium. The rate of substrate hydrolysis 
declines drastically as the NaCl concentration is increased to ~100 mM, and remains 
nearly the same thereafter (Figure 2C). The extreme salt response distinguishes this 
enzyme from other cysteine proteases, especially from the family of animal 
caspases35. 

The activities of cysteine and serine proteases are generally influenced by 
transition metal ions36,37. With hints obtained so far that the wheat enzyme under 
observation is a cysteine protease, the influence of Zn2+ ions was examined by 
titrating the enzyme activity with increments of ZnCl2 (Figure 2D). The buffer used 
for this set of experiment excluded EDTA, and DTT was substituted by 15 mM β-
mercaptoethanol in order to prevent zinc chelating by DTT. However, since Zn2+ can 
also react with the SH group of mercaptoethanol, the ZnCl2 titration data can provide 
only an apparent binding constant for Zn2+. The zinc dependence of proteolytic 
activity was analyzed by assuming simple competitive inhibition expressed by 

⎟
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⎠

⎞
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⎝
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]Zn[1
]S[

1
2

K
K

Vv                                                                                          (2) 

Where, Vmax is the maximum initial velocity (proportional to the total enzyme 
concentration), Ks is the steady-state constant, [S] is substrate concentration, and 
KZn

app is the apparent binding constant. The fit through the data yields KZn
app =0.31 

mM. It is also apparent that ~10 mM ZnCl2 is required for complete inhibition of the 
enzyme. The observed zinc sensitivity provides another hint that the wheat enzyme 
could be a cysteine protease. Comparison of these results with those published for 
caspases35 indicates that the affinity of the wheat enzyme for Zn2+ is at least 30-fold 
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lower, suggesting different structures and conformations.       
 Because the wheat enzyme was extracted from translationally active germ 
lysate, and protein synthesis is sensitive to magnesium, checking the effect of Mg2+ 
ion on the hydrolytic activity was contemplated. The data in Figure 2E shows that 
initial increments of MgCl2 somewhat diminishes the Ac-DEVD-AFC hydrolysis 
activity, but large increments (>0.1 mM MgCl2) are activating. Concentrations of 
MgCl2 higher than ~6 mM caused turbidity and precipitation of the enzyme. The 
results indicate that the physiological concentration of Mg2+ (1-2 mM) required for 
maintaining the integrity of ribosomes also supports the activity of the enzyme. 
  
4A.3 Effects of Protease Inhibitors on the Hydrolytic Activity of the Wheat 
Enzyme: Implication for a Cysteine Protease 

To gather further information about the type of protease based on the active 
site residue, the effects of several inhibitors on the Ac-DEVD-AFC hydrolytic 
activity of the partially purified wheat protease was examined (Figure 3B). While Ac-
DEVD-CHO inhibits the protease significantly as observed routinely in assays, 
iodoacetic acid (IAA) almost completely diminished the activity (compare bars 1 and 
8 in Figure 3B). The same concentration of IAA also knocks out the activity of 
caspase-3 completely (Figure 3C), suggesting that the wheat protein is a cysteine 
protease. Consistent with this, leupeptin, specific for cysteine proteases, influences 
the activity to some extent (bar 5), and the sign of inhibition is also apparent in the 
presence of PMSF, an inhibitor of both cysteine and serine proteases (bar 4). 
Concentration dependent profiles show that the leupeptin effect reaches the saturation 
level (30% inhibition) at ~25 µM (Figure 3D), while PMSF effect is marginal (~10% 
inhibition) even at 1 mM concentration (Figure 3E). It is concluded that the wheat 
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enzyme is a cysteine protease. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. The wheat enzyme is a cysteine protease. “The assay was conducted as in legend to Figure 1. 

(A). Effect of various enzyme inhibitors on Ac-DEVD-AFC hydrolysis was measured in time base 

fluorescence spectra. (B). Effect of various enzyme inhibitors on Ac-DEVD-AFC hydrolysis indicates 

that the enzyme could be a cysteine protease. Iodoacetic acid (IAA) completely inhibits the activity. 

(C). Matching concentration of IAA completely abolishes the activity of purified caspase-3, a cysteine 

protease whose Ac-DEVD-AFC hydrolysis activity is competitively inhibited by the synthetic inhibitor 

Ac-DEVD-CHO, suggesting that the wheat protein is a cysteine protease. (D). the wheat protease 
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activity in the presence leupeptin, a cysteine protease-specific inhibitor. (E). PMSF, less specific for 

cysteine proteases, inhibits the activity only marginally, and that too requires ~1 mM of inhibitor 

concentration.  

 
4A.4 Proteolytic Activity of the Cysteine Protease 

To demonstrate its proteolytic activity toward real proteins, cleavages of 
recombinant human PKR (double-stranded RNA-activated protein kinase) and PERK 
(pancreatic endoplasmic-resident eIF2α kinase) were checked. These two proteins 
were chosen simply because of their ready availability in our laboratories. The 
partially purified wheat protease was incubated separately with the test proteins in the 
presence and absence of the synthetic inhibitor Ac-DEVD-CHO, and the reaction 
products were immunoblotted using human anti-PKR or anti-PERK (Figure 4). The 
wheat protease cleaved both proteins (lane 2 in Figure 4A, B), but proteolysis was 
blocked by the CHO inhibitor (lane 1 in each case). 

Figure 4. Endoproteolysis by the wheat 

cysteine protease shown by Western analysis 

of cleavage products of substrate proteins. 

The protease was incubated with the test 

protein in the presence and absence of the 

synthetic inhibitor Ac-DEVD-CHO, and the 

reaction product was immunoblotted using antibody for the test protein. The figure is Western blot. (A) 

and (B) Cleavage of human recombinant PKR and PERK, respectively. Both proteins are cleaved by 

the wheat cysteine protease (lane 2), but the cleavage is blocked by the inhibitor Ac-DEVD-CHO (lane 

1). In controls, PKR and PERK (lane 3) were individually incubated in buffer. The wheat enzyme 

alone was also run in each case (lane 4). 
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4A.5 Identification of the Wheat Cysteine Protease as the Ribosomal Protein S4 

Figure 5. Mass spectrometry and sequence similarity analysis identify the wheat cysteine protease as 

ribosomal protein S4. (A). MALDI TOF/TOF profile of a tryptic digest of the wheat enzyme was 

recorded by a Bruker Autoflex III spectrometer. One of the peptide fingerprints used for further 

analysis is shown by an arrow. (B). Alignment of an 11-amino acid length fragment of the wheat 

ribosomal S4 endopeptidase with a highly conserved region of several plant ribosomal S4 proteins. 

Sequence similarity was determined with the BLAST program (NCBI). Amino acids identical to the 

peptide              -----------GIKLTIIEEQR---------- 
B.inermis       233  KPWVTLPKGK GIKLTIIEEQR KRDAAAQAA 263 
Zeamays         233  KPWVSLPKGK GIKLSIIEEQR KRDAAAQAA 263 
O.sativa        233  KPWVSLPKGK GIKLSIIEEQR KRDAAAQAA 263 
G.max           233  KPWISLPKGK GIKLSIIEEAR KRIAAQQAT 263 
S.tuberosum     233  KPWVSLPKGK GIKLTIIEEAK KRLAAQSAT 263 
G.hirsutum      233  KPWVSLPKRK GIKLSIIEEAR KRLAAQNAA 263 
A.thaliana      233  KPWVSLPKGK GIKLTIIEEAR KRLASQQAA 263 
M.truncatula    233  KPWVSLPKGR GIKLTVIEEAR KRMAASQQA 263 
                               ****::*** :          

A

B peptide              -----------GIKLTIIEEQR---------- 
B.inermis       233  KPWVTLPKGK GIKLTIIEEQR KRDAAAQAA 263 
Zeamays         233  KPWVSLPKGK GIKLSIIEEQR KRDAAAQAA 263 
O.sativa        233  KPWVSLPKGK GIKLSIIEEQR KRDAAAQAA 263 
G.max           233  KPWISLPKGK GIKLSIIEEAR KRIAAQQAT 263 
S.tuberosum     233  KPWVSLPKGK GIKLTIIEEAK KRLAAQSAT 263 
G.hirsutum      233  KPWVSLPKRK GIKLSIIEEAR KRLAAQNAA 263 
A.thaliana      233  KPWVSLPKGK GIKLTIIEEAR KRLASQQAA 263 
M.truncatula    233  KPWVSLPKGR GIKLTVIEEAR KRMAASQQA 263 
                               ****::*** :          

A

B
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wheat sequence are boxed in black. Accession numbers are: Bromus inermis BAD22763, Zea mays 

AAS48726, Oryza sativa BAD52963, Glycine max AAM93434, Solanum tuberosum ABB72798, 

Gossypium hirsutum CAA55882, Arabidopsis thaliana BAB11167, and Medicago truncatula 

ABE91098. The numbers in the sequences refer to amino acid positions in the full-length sequences. 

The protein band corresponding to the active enzyme, shown by the 
arrowhead in Figure 1D, was carefully excised from the SDS gel, and processed for 
mass spectrometric analysis. To generate peptide map, MALDI TOF/TOF spectra 
were taken on a tryptic digest of the protease (Figure 5A). Analyses using the most 
intense peak with a mass of 1299.79 (indicated by arrowhead) identified homology to 
the putative 40S ribosomal protein S4. Figure 5B shows the sequences producing 
significant alignment with an Expect (E) Value of 0.27 in each case. Localization of 
the protease in the ribosome is gratifying, since our initial observations were made 
invariably on translationally active wheat germ lysate. 
 
4A.6 Ac-DEVD-AFC Hydrolytic Activity Detected in the 40S Fraction of Wheat 
Germ Ribosome 

If the cysteine protease is indeed the putative S4, then the hydrolytic activity 
should be detected in the 40S ribosomal fraction. Ribosomes isolated from wheat 
germ were fractionated into 40S and 60S subunits in the presence of 300 mM KCl 
and 10 mM Mg(CH3COO)2 using a 10-40% linear sucrose gradient (Figure 6B). The 
control profile (Figure 6A) was generated by reducing the KCl and Mg(CH3COO)2 
concentrations to 50 and 3 mM, respectively. The 40S and 60S fractions were tested 
for their hydrolytic activities. The time-base fluorescence at the emission maximum 
of hydrolyzed Ac-DEVD-AFC (Figure 6C and the inset) clearly shows the activity of 
the 40S and inactivity of the 60S fractions, reinforcing the homology analysis result 
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that the protease under scrutiny is the S4 protein.   
 

Figure 6. Fractionation of ribosome into 40S and 60S 

subunits in a 10-40% linear sucrose gradient, and 

detection of hydrolysis activity in the 40S subunit. (A). 

The control was run in the presence of 50 mM KCl and 3 

mM Mg(CH3COO)2. As the profile shows, the subunits 

remain associated under these conditions. (B). The 

dissociation and fractionation of subunits are achieved in 

300 mM KCl and 10 mM Mg(CH3COO)2. (C). Ac-

DEVD-AFC is hydrolyzed by the 40S fraction only. The 

steady-state fluorescence spectra displayed inset show 

the same result that only the 40S fraction is active. 

 
 
 

4A.7 S4 Acts to inhibit in vitro Protein Synthesis 
A question arises- what role S4 plays in the ribosomal function? One of the 

basic approaches is to check the effect of extrinsically added S4 on ribosomal protein 
synthesis. So, in vitro translation of BMV-RNA (Brome Mosaic Virus RNA) in wheat 
germ lysate was performed with necessary controls. In Figure 7a,b, lane 1 shows the 
level of protein synthesis in actively translating control lysate. Interestingly, 
translation is very significantly diminished in the presence of S4 (lanes  
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4 and 5 in Figure 7a, and lane 2 in Figure 7b). This action of S4 is abolished, and  

Figure 7. In vitro translation of BMV-RNA in wheat germ lysate (WGL) to analyze the effects of S4 

and its inhibitors on protein synthesis. The experiment was performed as described under Methods, and 

the results are detailed in the text. Molecular weight markers are indicated at the left of each panel. 

(a).Hence, lanes 1-6 of the image correspond sequentially to lanes 2-7 of the coomassie-stained gel. 

The normal activity of protein synthesis (lane 1) is marginally affected by leupeptin (lane 2) or Zn2+ 

(lane 3), but S4 suppresses protein synthesis dramatically (lanes 4,5). Human caspase-3, another 

cysteine protease, also reduces the level of translation. This effect, although relatively less (lane 6), is 

likely due to caspase-3-mediated proteolysis of key translational regulatory protein(s), suggesting that 

S4 may arrest translation by its proteolytic activity. (b), Normal translation (lane 1) is suppressed by S4 
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(lane 2). However, translation is restored when leupeptin or Ac-DEVD-CHO or Zn2+ is incorporated 

into the medium in order to block the suppressive action of S4 (lanes 3-5). 

 

protein synthesis is restored when translation is allowed in the presence of the S4 
inhibitors- leupeptin, Ac-DEVD-CHO, and Zn2+ (lanes 3, 4, and 5, respectively, in 
Figure 7B). The restoration in the presence of Zn2+ is relatively less, perhaps due to 
chelation of a part of it by traces of DTT in the lysate. As illustrated with leupeptin 
and Zn2+ in lanes 2 and 3, respectively (Figure 7A), the inhibitors of S4 do not affect 
protein synthesis when translation is carried out in the absence of extrinsic S4, 
suggesting that the intrinsic ribosome-bound S4 may not be accessible to the 
inhibitors. Translation in the presence of recombinant human caspase-3 provides a 
positive control for this set of experiment (lane 6, Figure 7A).  The reduction in 
protein synthesis, albeit less relative to the effect observed with S4 alone (lanes 4, 5), 
is likely due to the cleavage action of caspase 3 on the eIF family of translation 
initiation proteins38. Overall, protein synthesis results demonstrate that the S4 protein, 
when soluble or disintegrated from the ribosome assembly, acts to diminish or even 
terminate translation, and since S4 is a cysteine protease, it exerts the suppressive 
effect by proteolysis of one or more key proteins.       
 
4A.8 Translation Initiation Factors are indeed Proteolysed by S4 

The conjecture made above on the basis of the protein synthesis results that S4 
may suppress translation by acting on the initiation factors, was verified by a set of 
direct immmunoblotting experiments with bacterially expressed human eIF2-α and 
eIF2-β, and endogenous eIF4E and eIF5 in rat liver tissue extract. The partially 
purified S4 (fraction E in Figure 1C) was incubated for 1 hr separately with purified 
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eIF2-α, eIF2-β, and rat liver extract in the presence and the absence of inhibitors, 
leupeptin and Ac-DEVD-
CHO.  
Figure 8. Western analysis of 

cleavage of eukaryotic translation 

initiation factors (eIF) by S4. In 

each experiment, the S4 fraction 

was incubated with eIfF 

(recombinant purified or 

endogenously available in rat liver 

extract) in the presence and 

absence of inhibitors. Reaction 

products were analyzed by 

immunoblotting with the relevant 

eIF antibody. In each panel, the 

bars represent the band intensities 

(presented below the corresponding graph) normalized to the intensity of the control run where S4 was 

not included (bar 2). Other bars are: 1, S4 protein alone; 3, eIF+S4; 4, eIF+S4+leupeptin; eIF+S4+Ac-

DEVD-CHO. (A) eIF2-α (recombinant human). (B) eIF2-β (recombinant human). (C) eIf4E 

(endogenous from rat liver).(D) eIF5 (endogenous from rat liver). 

 
 The reaction products were analyzed by immunoblotting with corresponding 
initiation factor antibodies. Figure 8 shows densitometric band intensities of the 
Western blots normalized with respect to the intensity of the control run that did not 
include S4 (lane 2 in each panel). Proteolysis in the 20-50% range occurred for all the 
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four initiation factors considered (lane 3 in each panel). This extent of cleavage 
should be regarded as considerable, because the proteolysis reactions were carried out 
using a partially purified S4 preparation, due to which the actual ratio of S4 to 
initiation factor concentrations could be rather lower than what cellular conditions 
would employ. But proteolysis is blocked by leupeptin (lane 4) and Ac-DEVD-CHO 
(lane 5) due to their inhibitory action on S4. These results suggest that S4 suppresses 
translation by proteolytic cleavage of the eukaryotic initiation factors. 
 
4B. CLONING, OVEREXPRESSION, AND SOME PROPERTIES OF S4 
 The functional activities and description of S4 provided above are based on 
results obtained with the partially pure preparation. To confirm that these attributes 
are bona fide and solely due to S4, it was necessary to obtain the protein in purest 
form. Further, the availability of the pure protein would facilitate future studies of its 
atomic structure, conformation, and physiological properties. 
  
4B.1 Cloning of Ribosomal Protein S4 

To clone the S4 gene (NCBI accession number AB 181482) containing the N-
terminal 1-265 amino acids, RNA from 10-day old wheat seedlings was used. Using 
two synthetic oligonucleotides as primers, the total RNA, and the cDNA library as a 
template, the complete coding sequence (798bp) of the S4 protein was obtained by 
RT-PCR (Figure 9A). The sequence of the PCR product (Figure 9B) was exactly 
similar to the cDNA library template. The PCR fragment was inserted into a pET28a 
(+) vector using NdeI and Xho1 restriction sites. Transformation of the recombinant 
plasmid into E. coli BL21 (DE3) RIL cells, led to overexpression of the protein in 
soluble form (Figure 9C). No expression was observed in BL21 (DE3) cells. The  
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Figure 9. Cloning, expression and purification of wheat S4 protein. (A). Agarose gel electrophoresis of 

PCR amplified S4 (1-798):  DNA ladder (lane 1), and PCR products (lanes 2-3). (B). the amino acid 

sequence of the cloned protein (seq 1) and aligned with the library S4 protein sequence (seq 2). (C). 

shows the expression with time, Molecular weight marker (lane1), uninduced (lane2), 1 hr, 2 hr , 3hr 

are corresponds to lanes 3,4,5 respectively. (D). His6-tagged wheat S4 overexpressed in E. coli was 

purified to homogeneity by Ni2+-nitrilotriacetate-His bind column. Shown is a coomassie-stained 10% 

SDS-polyacrylamide gel. The lanes corresponding are marker, Extract, cell debris, unbound and 

elution fraction. 
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culture grown for 3 hrs at 30 ºC and 0.4 mM IPTG produces the protein in the soluble 
form. In cultures grown at 37 ºC, the protein was localized in the inclusion body 
fraction. 

The actual length of the S4 protein is 265 residues. The expression vector 
added an additional 20 residues, including the His6 tag, to the N-terminus of the 
protein. The purification of the protein simply involved Ni-NTA column 
chromatography of the E. coli extract. In the elution employing 200 mM imidazole, 
the eluted fractions turned turbid and the protein precipitated. Therefore, protein 
elution was carried out with low concentrations of imidazole (~150 mm). The protein 
was dialyzed and stored at -80ºC in aliquots of low concentration (~10 µM). The 
expression and purification procedures described here are reproducible, and yield 
about 98% pure protein. Approximately 6 mg of the pure enzyme can be obtained 
from 1 liter of culture. The purified enzyme was homogeneous, as shown by SDS-
PAGE (Fig. 9D). A molecular weight of ~30,000 was estimated by SDS-PAGE. The 
extinction coefficient at 280 nm was calculated to be ~82600 M-1cm-1. 
 
4B.2 Mass and Basic Conformational Characterization 

Figure 10A shows the Gauss filter-smoothed mass spectrum (TOF/TOF) of S4 
protein. The singly charged [M+1H+] fundamental peak corresponds to a mass of 
31,981.24 Da. The molecular weight calculated for the 265-amino acid S4 is 
29930.83. The calculated molecular weight of the actual 285-amino acid (20 residues 
in the N-terminus, including the six histidines, are due to the vector) polypeptide is 
32009.05 Da at pH 7, consistent with the mass data. 
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Figure 10. Basic conformational characterization of recombinant S4 protein. (A). Molecular mass of 

the His6-tagged S4 is 31,981.243 Da as indicated by mass spectrometry. (B). Fluorescence spectra of 

the native protein (N) with a peak wavelength of 336 nm. (C) The far-UV CD spectrum of the native 

protein S4 (-), Buffer (-), and recombinant human Bcl-XL (-) indicates the presence of native-state 

secondary structures. (D). absorption spectrum of S4 protein. 
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Figure 10B shows the 280-nm excited fluorescence spectrum of the native 

protein (N). The emission maximum of the native-state spectrum is centered at 335.5 
nm. The far-UV CD spectrum of purified S4 ((Figure 10C) attracts special attention. 
The overall band shape in the 200-225 nm region of the spectrum (red) indicates a 
substantial content of protein secondary structure. In the region longer than 225 nm, 
the band appears broad, and the ellipticity becomes positive in the 260-276 nm 
region. These are atypical features of a pure protein CD spectrum. For comparison, 
the CD spectrum of monomeric Bcl-XL, an antiapoptotic protein cloned and purified 
in this laboratory, is also shown (plotted in blue). These features are most likely due 
to the content of some nucleic acid, perhaps bound to S4. This conjecture is supported 
by the UV absorption spectrum of purified S4 shown in Figure 10D, where the 
absorption maximum appears at 258 nm instead of 280 nm.          
 

4B.3 S4 is Bound to RNA: a Ribonucleoprotein Complex 
 Since S4 interacts extensively with rRNA20,24,25, the conjecture that the E. 
coli-overexpressed S4 purifies as a complex with RNA needs scrutiny. To examine 
the possibility, the recombinant S4 initially eluted from Ni-NTA column was digested 
with RNase for ~6 hours, and chromatographed again on Ni-NTA column to isolate 
the protein. Figure 11A distinguishes the UV absorption spectra of S4 before (blue) 
and after (red) RNAse digestion. Clearly, the spectra are significantly different- 
RNase digestion resulted in a decrease in the band area, and a 258-to-267 nm shift in 
the λmax. Ideally, the UV-absorption spectrum of a purified protein, even if His6-
tagged, should display a λmax of 280 nm as shown for recombinant His6-tagged Bcl-xL 
(the black spectrum in Figure 11A). The observed λmax of 267 nm for S4 after RNase 
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digestion may be due to the presence of cut pieces of RNA either in the solution or 
still bound to the protein. Nevertheless, the result does demonstrate that the 
recombinant S4 purifies with RNA bound to it. 

Figure 11. S4 is bound to RNA. (A) The spectrum of 

the His6-tagged recombinant S4 (blue, λmax=258 nm) 

changes dramatically when the protein solution is 

incubated with RNAse, and rechromatographed on a 

nickel column in order to remove most of the 

digested RNA. The spectrum now (red) shows a λmax 

of 267 nm.  Ideally the λmax should have shifted to 

280 nm. Persistence of some RNA in the sample 

even after RNAse digestion may be responsible for 

the shift less than expected. To show that the His6 tag 

is not associated with the unusual appearance of the 

spectrum of recombinant S4, the spectrum of His6-

tagged Bcl-xL (black) is also presented.  (B) The 

association of S4 and RNA is analyzed by RNAse 

digestion and agarose gel electrophoresis. Lane 

labels are: 1, marker; 2, the ethanol-precipitated 

RNA from purified S4; 3, the S4 protein sample after 

RNAse digection; 4, recombinant Bcl-xL; 5, the S4 

protein as such without RNAse digestion or any 

other treatment. 

 
Figure 11B shows agarose gel electrophoresis detection of RNA bound to 
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purified S4. The S4-bound RNA precipitated by ethanol does not enter into agarose 
gel (lane 2), suggesting its large size. The RNAse-digested S4-bound RNA is shown 
in Lane 3. Absence of bands in the lane suggests that the digestion must have 
fragmented the RNA into small pieces that ran out of the gel. Lane 4 presents a 
control where recombinant Bcl-xL was loaded, clearly shows that there is no RNA 
present in the recombinant purified Bcl-xL protein. Lane 5 again shows the RNA 
bound to RNAse-untreated S4.          
  Evidences are thus compelling that the recombinant S4 is bound to a sizable 
piece of RNA. It appears that at a post-translational stage, the wheat S4 binds E. coli 
RNA, and the ribonucleoprotein complex copurifies. The mass spectrometric result 
seems to argue against though. The MALDI spectrum (Figure 10A) should have 
detected the association. This point will have to be checked, perhaps by using other 
matrix used for MALDI mode of mass spectrometric measurement. Even so, the 
available biochemical results weigh in rather heavily for a persistent association 
between S4 and RNA. The exact nature and structure of this RNA has not been 
established at this stage of the work, although it is likely to be one of the rRNA 
molecules of E. coli. 
 
4B.4 Purified Recombinant S4 Shows Ac-DEVD-AFC Hydrolytic Activity   

Figure 12A shows the fluorescence-detected hydrolysis of Ac-DEVD-AFC by 
the recombinant protein as obtained from nickel column chromatography. Steady-
state spectra of the protein-substrate mixture initially and 12 hours later are shown in 
the inset. To note, RNA is still bound to the protein at this stage. Figure 12B presents 
the activity of the protein that was obtained after digesting the bound RNA by 
employing RNAse A. These results indicate that S4 can hydrolyze substrates in the 
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presence or absence of RNA. KM, Vmax values were found by keeping the protein 
concentration constant and varying the substrate concentrations from 2.5, 5.0, 7.5, 
10.0 µg. The calculated KM and Vmax values are 6.99 µM-1 and 36.36 µM min-1, 
respectively.  

 
Figure 12.  Recombinant S4 can hydrolyze substrates in the presence or absence of RNA. (A) 
Overproduced and Ni-NTA column purified S4 (5 µM) cleaves the cysteine protease substrate 
analogue Ac-DEVD-AFC (10 µM) to release the fluorescent AFC group whose emission at 490 nm 
upon excitation at 400 nm can be followed as a function of time in the absence (black) and presence 
(blue) of the synthetic inhibitor Ac-DEVD-CHO (10 µM). The protein does not contribute to the 490-
nm fluorescence (red). The qualitative extent of cleavage can also be monitored by steady state 
spectrum (inset). The spectrum in green is for the buffer (20 mM Tris, pH 7.4, 37°C). (B) S4 separated 
out from the initially bound RNA by employing RNAse A is also capable of hydrolyzing substrate. In 
this case, the hydrolysis of 5 µg of Ac-DEVD-pNA (Acetyl-Asp-Glu-Val-Asp-p-nitroanilide) added to 
500 µL of the reaction mixture is measured at 405 nm. 

 
4B.5 Proteolytic activity of Recombinant S4 Protein 

Since S4 is a cysteine protease, its suppressive effect on translation should 
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arise from proteolysis of possibly one or more translation regulatory proteins. Here, 
S4-mediated cleavage of four recombinant proteins are shown. Presented first are 
results for two kinases, PKR (double-stranded RNA-activated inhibitor) and PERK 
(endoplasmic reticulum stress-activated protein kinase), both known to phosphorylate 

the α-subunit of eIF2 (eukaryotic translation initiation factor 2) and, thereby, 
Figure 13.  S4 cleaves the two kinases that phosphorylate eIF2-α. (a) Proteolysis of PKR by S4 (lanes 

4, 7) diminishes when the cleavage reaction medium contains the S4 inhibitors Ac-DEVD-CHO and 

leupeptin (lanes 5, 6). (b) These results are verified by Western analysis using monoclonal anti-PKR 
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(lanes 4,6-8). To determine if the integral S4 is also capable of acting on PKR, the 40S ribosomal 

subunit prepared by sucrose density gradient ultracentrifugation of 80S was also incubated with PKR 

in the presence and absence of S4. However, the anomalous band intensity (lane 5), likely due to 

ribosome-binding property of PKR (see Fig. 3d also), obscures the view. In the presence of both S4 

and 40S, the PKR band intensity is not as intense (lane 6), suggesting that the action of free S4 

reduces the PKR population available for binding to the surface of 40S. (c). Cleavage of PERK by S4 

in the absence (lane 4,7,8) and the presence of Ac-DEVD-CHO (lane 5) and leupeptin (lane 6). (d). 

The Western analysis with polyclonal anti-PERK also provides evidence for S4-mediated PERK 

proteolysis. Here, incubation of PERK with the isolated 40S ribosomal subunit has produced 

detectable cleavage (lane 5), apparently suggesting that the integral S4 is capable of carrying out 

proteolysis. However, it is more likely that a small fraction of S4 dissociated from the 40S subunit 

during sample handling causes this. 

attenuate the rate of translation initiation32. In a 1:2 incubation mixture (by gram 
weight) of wheat S4 and human PKR proteins, the latter is proteolysed, and the 
proteolysis is alleviated when cysteine protease inhibitors such as Ac-DEVD-CHO 
and leupeptin are included in the reaction mixture (Fig. 13a, lanes 4,5,6). Also noted 
is increased proportion of PKR cleavage when the amount of S4 in the reaction 
mixture is increased (Fig. 13a, lane 7). Similar observations are made for mouse 
PERK cleavage (Fig. 13c), and both results are substantiated by Western blot assays 
employing monoclonal anti-PKR (Fig. 13B) and polyclonal anti-PERK (Fig. 13d). 

The S4-mediated cleavages of recombinant human Bcl-xL and human eIF2α 
are shown in Figure 14. Due to non-availability of monoclonal antibodies for these 
proteins, simple SDS page analysis is presented. Clearly, S4 proteolyzes both 
proteins (lanes 4 and 7 for Bcl-xL and eIF2α, respectively), and the proteolysis is 
blocked by the cysteine protease inhibitor leupeptin (lanes 5 and 8 for Bcl-xL and 
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eIF2α, respectively). The cleavage products appear to be small peptide fragments as 
can be visualized from 
intensities of dye fronts of 
the gel. 
Figure 14. Coomassie-stained 

10% SDS page analysis of S4-

mediated proteolysis of Bcl-xL 

and eIF2α. Lane labels are: 1, 

prestained marker proteins; 2, 

recombinant S4 alone (5 µg); 3, 

recombinant human Bcl-xL alone 

(15 µg); 4, S4 (5 µg) incubated 

overnight with Bcl-xL (15 µg); 5, S4+Bcl-xL+leupetin (5:15:10 µM); 6, recombinant human eIF2α 

alone (10 µg); 7, S4 (5 µg) incubated overnight with eIF2α (10 µg); 8, S4+eIF2α+leupetin (5:10:10 

µM). To note, since eletrophoretic mobilities of S4 and Bcl-xL are quite comparable, the band 

appearing in the 33 kDa region in lanes 3-5 is due to both proteins.  

 
4B.6 S4 Sequence Structural Homology Prediction 

As the primary structural analysis carried out using SMART search showed 
that the S4 protein contains a RNA binding domain (residue 42-106), attempt was 
made to identify higher order structural homologs of S4 using the FUGUE program39. 
FUGUE identifies one “likely” match (Z SCORE = 5.04 = 95% confidence): Bacillus 
stearothermophilus ribosomal protein S4 (PDB id: 1c06, 159 residues), but it is not 
similar in length and primary sequence homology to wheat S4. Based on this 
similarity, a 3D structural model was built for wheat S4 by threading in Insight II 

119

79

47

33

24

20

eIF2α

1        2           3         4          5        6          7 8

119

79

47

33

24

20

119

79

47

33

24

20

eIF2α

1        2           3         4          5        6          7 8



 

 

39

 

(figure 15). The 3D structure contains six α-helixes (α1=6-13, α2=23-27, α3=38-41, 
α4=43-47, α5=58-67, α6= 139-142) and four β-sheets (β1=112-116, β2= 120-124, 
β3= 88-92, β4= 71-73).  
 
 
 
 
 
 
 
 
 
 
 
Figure 15. FUGUE search for S4 protein. The model was built by threading with Bacillus 

tearothermophilus ribosomal protein S4 (PDB id: 1c06, 159 residues 1C06) in Insight II. 

 
5. DISCUSSION 

This study identifies the wheat 40S ribosomal subunit protein S4 as a cysteine 
endoprotease, and shows that protein synthesis is indiscriminately blocked when a S4 
preparation is added to the cell-free translation system. The biochemical experiments 
have provided much new information fundamental to the understanding of the 
complex regulatory mechanism of eukaryotic ribosome. The current knowledge of the 
role of S4 in the ribosome assembly, function, and regulation has come vastly from 
years of genetic, biochemical, NMR and X-ray work on the prokaryotic system11,13-
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19,28, 40-44. Regarding plant and animal S4, not much information is available except 
for some detailed analyses of genetic structure and consequences of expression level 
of human S4 encoded by sex-linked genes31,32,40,45. Nevertheless, structural 
similarities of corresponding proteins, including S4, from different organisms have 
been suggested16,46. The following discourse is, therefore, presented in the light of the 
current description of prokaryotic ribosome, even though the mechanisms for 
prokaryotes and eukaryotes, especially the modes of action of S4, may not be 
identical. 
 
5.1 Wheat S4 is a Cysteine Endoprotease 

The rationale for this inference is drawn from the range of functional and 
inhibitor studies presented. S4 is a non-specific endoprotease, because the hydrolyzed 
products analyzed by SDS electrophoresis and Western blotting did not show sizably 
large fragments. Certain structural attributes of S4 also appear to qualify it for the 
class of cysteine proteases. First, the sequence of wheat S4 features two cysteines, 
C41 and C124, one of which could orchestrate the characteristic catalytic triad of 
cysteine proteases, and carry out the nucleophilic attack on the substrate carbonyl 
carbon. Second, the crystal and NMR solution structures of prokaryotic S4 consist of 
two distinct structural domains, a common feature for cysteine proteases. The fissure 
at the interface of the two domains of S4 serves as the center of the protein surface 
that interacts with RNA. That such a ribonucleoprotein can also act as a cysteine 
protease is exemplified by the structure and function of bleomycin hydrolase, an 
enzyme that binds RNA, single-stranded DNA, and nicked double stranded DNA47,48. 
It is a highly conserved and ubiquitous cysteine protease49 having a hexameric 
structure, where each monomer has the characteristic fold of two-domain 
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structure50,51 similar to that for S4. Bleomycin hydrolase can proteolyze substrates in 
the presence or absence of nucleic acids48. Strikingly enough, the recombinant S4 is 
also bound to RNA, and the complex is highly proteolytic.  It is unlikely, suggesting 
non-compulsory involvement of the nucleic acid for the proteolytic activity of S4. 
However, whether S4 complexed with RNA can still function as the peptidase is an 
important issue to be addressed in future studies. 
 
5.2 Association of Zinc and S4 

Zinc inhibits the proteolytic activity of wheat S4 and restores protein synthesis 
in cell-free translation system (Figures 2D and 7), presumably by binding to the 
catalytic cysteine. But, because S4 is a RNA-binding protein20,24,25,52, it is also 
expected to carry a zinc finger structure. A  N-terminal Zn finger has indeed been 
observed for the S4 protein in the Thermus thermophilus 30S crystal structure14, and 
this motif is probably preserved up to plants and animals. To note, the zinc binding 
cysteines are not conserved14, and unlike Thermus S4 that has four of them to support 
a zinc finger structure, other sequences, including that of E. coli, may not have the 
required number. I encounter a similar situation in the case of wheat S4. 
Simultaneous accommodation of two novelties, a catalytic site and a classic zinc 
finger structure, with the two available cysteines that are separated in the sequence by 
82 amino acids poses a difficulty. In the absence of the zinc finger structure, one of 
the two cysteines could act as the catalytic center. The apparent zinc-binding 
constant, KZn

app =0.31 mM, derived from zinc-inhibited (competitive) proteolytic 
activity of S4 (Figure 2D) suggests a low affinity, and should represent binding of 
zinc to the catalytic site. 
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5.3 Role of S4 as a Cysteine Protease 

An important insight into the regulation of synthesis of ribosomal proteins in 
E. coli was provided by a series of studies in Nomura’s laboratory28,52. Induction of 
certain ribosomal proteins, including S4, leads to inhibited synthesis of those 
ribosomal proteins that are coded by the polycistronic mRNA containing the cistron 
of the induced protein27. This feedback regulation is also reproduced in cell-free 
translation system of E. coli when purified S4 is added28,29,52. More recently, have 
found that E. coli S4 is a general transcription antitermination factor that associates 
with RNA polymerase during normal transcription and is also involved in rRNA 
operon antitermination30. Thus, S4 presumably fine-tunes and coordinates the 
production of ribosomal proteins and RNA. 

In this study, wheat S4 blocked in vitro translation of BMV-RNA in cell-free 
translation system by cleaving the initiation factors (Figures 7, 8, and 14) and kinases 
like PKR and PERK (Figures 4 and 13). S4 also cleaves Bcl-xL (Figure 14), and 
proteolysis of certain monomeric eukaryotic proteins including casein has been 
observed in preliminary experiments (data not shown). Possibility of proteolysis of 
other proteins, including those that participate in the translational apparatus53 is not 
excluded. The available evidences suggest a rather broad substrate spectrum for S4. 
The fact that translation of BMV-RNA is restored in the presence of inhibitors of S4 
(Figure 7) implies that the phenomenon reported in this thesis is solely due to the 
proteolytic activity of S4. However, the occurrence of the S4-induced translational 
control of the α-operon28,54 and transcription antitermination activities30  described 
for E.coli. cannot be excluded in the case of wheat until synthesis of ribosomal 
proteins encoded by the appropriate wheat genes and the transcription terminator 
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read-through are examined. 
The role for proteolytic activity of S4 is puzzling. S4 presumably does not 

occur in the free form in the cytoplasm, because of its role both in the assembly of the 
core of functional ribosomes and in binding to rRNA. Its proteolytic activity should 
remain masked except under conditions yet unknown where the ribosomal proteins 
are disassembled and released into the cytoplasm. Alternatively, S4 may be activated 
by a sort of mechanism akin to that of phosphorylation of ribosomal protein S6 by a 
death-associated protein kinase (DAPK) leading to a reduction of protein synthesis55. 
These enigmatic issues will be reported in future. 
 

6. SUMMARY AND CONCLUSION 
S4 is one of the integral proteins of the smaller subunit of the cytosolic 

ribosome. In prokaryotes, it serves as one of the core proteins that can independently 
interact with the 16S RNA 25,26,56. Two functional roles of S4 have been identified in 
Escherichia coli. It regulates the synthesis of ribosomal proteins by feedback 
inhibition of the expression of α operon genes27,29, and facilitates synthesis of 
ribosomal RNA by direct binding to RNA polymerase thereby acting as a 
transcription antiterminator30. However, functional roles and regulatory actions of S4 
in eukaryotes are little known, although its deficiency in humans has been associated 
with Turner syndrome31,32. This work has shown that wheat S4 is a cysteine protease 
that can abrogate protein synthesis in an actively translating cell-free system.  
Recombinant S4 is shown to proteolyze in vitro at least three key translational 
regulatory proteins, PKR, PERK, and eIF2α. Cysteine protease inhibitors such as 
leupeptin counter this action of S4.  Thus, the study has demonstrated a third 
functional role for S4 arising solely from its proteolytic action and operating at the 
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translational level in eukaryotes. The significance and the underlying signaling 
mechanism for this apparently destructive role of S4, and the stage of the cell cycle 
where this mechanism is operative are key questions emanating. 
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