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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 Zn** 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.



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 chain', but at times turns to activate the
initiator caspase-9 in the cytosol of cells already programmed to die”. Other widely
studied examples of multifunctional proteins include the p53 gene product’™**, human
CD38%, RTX toxin of Vibrio cholerae’, the heat shock protein Hsp708’9, and
translation initiation factor eIF-2'. 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

11,12

decades ago °°, and they have provided the foundation for recent atomic-level

structural data for the prokaryotic subunits and individual protein and RNA

13-19
components

. Ribosomes of plants and animals are more highly regulated than
those of prokaryotes, although similarities between many components exist'®, and a
large majority of available information has come from elegant experiments using the
latter. Thus, functions for certain ribosomal proteins have been describedzo’zl, and

attributes for others are being steadily found***.
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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 rRNA?**** and plays a pivotal role in the core
assembly of the smaller ribosomal subunit®®. Classic work of Nomura and
associates” >’ 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 NusA®’. In humans, S4 deficiency has been associated with

3132 Tn spite of such progress, not much is known about the role of

Turner syndrome
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 S**> 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 earlier”. The lysate in buffer A
(40 mM HEPES-KOH, 100 mM potassium acetate, 5 mM magnesium acetate, | mM
DTT, 100 uM 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),SO4, 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 png of Ac-DEVD-AFC substrate was added to 500 pl of
fraction E described above (~100 pg 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.



3.3 Determination of the Effects of pH, Temperature, NaCl, ZnCl,, and MgCl,
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 ZnCl, and
MgCl, consisted of 20 mM HEPES, 0.05% CHAPS, 5% sucrose,20 mM NaCl, and
15 mM B-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 uM Ac-DEVD-CHO, 3
uM PMSF, 100 uM leupeptin, 0.5 pM aprotinin, 1 pM 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 pg of the S4 protein preparation was incubated separately with and without
4 ng Ac-DEVD-CHO for 30 minutes. 5 pg 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 (x2) in 200 pL of the destaining
solution (100 pL of 100 mM NH4HCO;3, pH 8, mixed with 100 pL acetonitrile) for 45
min at 37°C. The gel slices were dried, reduced with 100 pL of 10 mM DTT, 25 mM
NH4HCOs, pH 8, for 15 min at 37°C, alkylated by adding 100 pL of 20 mM
iodoacetamide in 25 mM NH4HCOs, pH 8, and incubated at 37°C in dark. Gel bands
were then washed (x3) with 200 pL of 2 mM NH4HCO; for 15 min, dried, and
rehydrated in 20 pL of 0.02 pg/uL trypsin in acetonitrile, NH;HCOs, pH 8, for 1 hr at
room temperature. After removing the unabsorbed trysin-containing liquid, gel slices
were covered with 50 uL of 10% acetonitrile, 40 mM NH4HCOs3, pH 8, incubated for
~16 hours at 37°C, and the supernatant was extracted and discarded. Gel pieces were
then incubated with 50 pL of 0.1% TFA for 1 hr at 37°C, and the supernatant was

extracted. The two extracts were combined, and dried repeatedly (x3) after
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suspending in 200 uL H,O. The final resuspension volume was 10 pL.

For MALDI-TOF/TOF measurement, 2 puL of the peptide mixture was mixed
with 2 pL of 2% TFA and 2 pL of the matrix solution (2, 5 di-hydroxy acetophenone
with 10 mM di-ammonium acetate). 1 pL 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, | mM DTT,
100 uM 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-HCI pH 7.7, 25 mM KCIl, 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-HC1 pH 7.7, 50 mM KCl, 3 mM Mg(CH3;COO); and 1 mM DTT. For

-



fractionation into 40S and 60S sub-units, the same buffer was used but with 300 mM
KCI and 10 mM Mg(CH3;COO),. Approximately 100 pg 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 pL in-vitro translation reaction mix contained 25 pL. wheat germ
lysate (Promega) 130 mM potassium acetate, 25 pM amino acid mix minus
methionine, 5 uCi S methionine, and 1 pug 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 S* 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 pg) and its physiologic inhibitors like leupeptin (10 uM), Ac-
DEVD-CHO (1 uM), Zn*" (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 (elF) by S4

4 pg protein from the S4 preparation was incubated separately with purified
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recombinant human elF2a, elF2 (10 pg each), and rat liver tissue extract for lhr at
37°C. For positive control, another set of the reaction mixtures (Volume ~ 25 uL) was
prepared for which the S4 preparation used was preincubated for 15 min at 37°C with
10 uM leupeptin or 1 pg 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-elF2a (Santacruz),
monoclonal anti-elF2f3 (Santacruz), polyclonal anti-e[F4E (Cell signaling) and
polyclonal anti-elF5 (Santacruz) antibodies respectively. For negative controls for
this experiment, the S4 preparation, elF2a, eIF23, 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 pL 2X Master mix (Fermentas), 1 pL RT Blend enzyme, and 5 pL
total RNA, 1 pL each of forward and reverse primers were added. The primers (10
picomolar each) synthesized by Sigma were

Ndel

S4-F: 5" GCCATATGGCGAGGGGTTTGAAGAA 3’
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S4-R: 5" CCCTCGAGTCAGGCCTTGGCAGCTGCCT 3'.
Xhol

The total volume of the reaction mixture was made up to 50 pL 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 pg ml') 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 Ndel 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
png ml™) LB-agar plate. The positive white colonies, confirmed by colony PCR, were
inoculated into kanamycin-containing (50 pg mI™) LB medium at 37°C. The plasmid
was isolated from the overnight mini culture, and transformed into BL21 (DE3) RIL
E. coli.

10



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 pg ml’
kanamycin-containing LB media. Growth was allowed overnight at 37°C with 180
rpm shaking. A secondary culture was made in 50 pg ml” kanamycin-containing LB
media from the starter culture in a 1:25 ratio. Cells were grown at 37 °C in LB media
to a Agoo of 0.5, and protein expression was induced with 0.5 mM IPTG at 30°C 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 NacCl, 5
mM f-mercaptoethanol, 5 mM imidazole, and 1% Glycerol), and stirred for 15 min at
4 °C. 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
Ajgo 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 uL of the purified protein solution (~0.21 pg) was mixed with 2 uL of 2%
TFA and 2 pL 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
uM 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 pg purified S4 protein was taken in 500 pL of 50 mM Tris, pH 7.0 and
10 pg 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-X, and elF2a

Typically, 2-5 uM S4 protein was incubated with 6-10 uM PKR or PERK
with or without inhibitors (1 uM Ac-DEVD-CHO and 10 uM leupeptin) for 4-5 hours
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at 37°C. Another set of experiments were conducted by incubating with S4 (5 ug),
Bel-Xp (15 pg), elF2a (10pg) and with an inhibitor leupeptin (10 uM).  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.
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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, AF (s1), 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.
cx 10(PH-PKar)

v= 1 + 10(2 pH*pKal*pKaz) + 10(pH*PKa1)

€y

Where C is a constant, yields two ionizing groups with pKs=6.1, and pK4=6.6. The
observed pH dependence is quite similar to pH profiles described earlier for certain
cysteine proteases "

3, -7, and -8%. Since Ac-DEVD-AFC also serves as a substrate for caspase-3, there

, especially with regard to the pK,; values reported for caspases-

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

ZnCl,. The apparent binding constant, Kz, =0.31 mM. (E). Effect of Mg ion. The activity passes

through a minimum centered at ~0.1 mM MgCl,.

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
caspases’".

The activities of cysteine and serine proteases are generally influenced by

o . 36,37
transition metal ions™

. With hints obtained so far that the wheat enzyme under
observation is a cysteine protease, the influence of Zn*" ions was examined by
titrating the enzyme activity with increments of ZnCl, (Figure 2D). The buffer used
for this set of experiment excluded EDTA, and DTT was substituted by 15 mM -
mercaptoethanol in order to prevent zinc chelating by DTT. However, since Zn”" can
also react with the SH group of mercaptoethanol, the ZnCl, titration data can provide
only an apparent binding constant for Zn®". The zinc dependence of proteolytic

activity was analyzed by assuming simple competitive inhibition expressed by

V _ V max (2)

2
1+ (Ksj(l + [Zn""] ' ]]
[S] K z.™P

Where, Viyax 1s the maximum initial velocity (proportional to the total enzyme

concentration), K is the steady-state constant, [S] is substrate concentration, and
Kz, is the apparent binding constant. The fit through the data yields Kz, =0.31
mM. It is also apparent that ~10 mM ZnCl,; 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

caspases’> indicates that the affinity of the wheat enzyme for Zn*" 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 Mg*"
ion on the hydrolytic activity was contemplated. The data in Figure 2E shows that
initial increments of MgCl, somewhat diminishes the Ac-DEVD-AFC hydrolysis
activity, but large increments (>0.1 mM MgCl,) are activating. Concentrations of
MgCl, higher than ~6 mM caused turbidity and precipitation of the enzyme. The
results indicate that the physiological concentration of Mg®* (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 uM (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.
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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. lodoacetic 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 elF2a 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).

1 2 3 4 Figure 4. Endoproteolysis by the wheat

A ' cysteine protease shown by Western analysis

97 kD m . - of cleavage products of substrate proteins.
B The protease was incubated with the test

116 KD | s = T 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 ldentification of the Wheat Cysteine Protease as the Ribosomal Protein S4
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A.thaliana 233 KPWVSLPKGK KRLASQQAA 263
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KRMAASQQA 263

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
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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 CAAS55882, 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 KCI
and 10 mM Mg(CH3;COO), using a 10-40% linear sucrose gradient (Figure 6B). The
control profile (Figure 6A) was generated by reducing the KCl and Mg(CH3COO),
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.

Control

60s Figure 6. Fractionation of ribosome into 40S and 60S
A ! 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 KCI and 3
10, gradient B gradient A
o - mM Mg(CH;COO),. As the profile shows, the subunits
:; ;-f.r-::":; . remain associated under these conditions. (B). The
_ 08 L : __ dissociation and fractionation of subunits are achieved in
3 e d Fﬁ,x 300 mM KCI and 10 mM Mg(CHsCOO),. (C). Ac-
8 ™ Nen™ DEVD-AFC is hydrolyzed by the 40S fraction only. The
% Dl steady-state fluorescence spectra displayed inset show
;% 10 N.wﬁu..;r;;wﬁ-ﬂﬁ A 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
a b
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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 Zn*"
(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 Zn*' 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 Zn* (lanes 3, 4, and 5, respectively, in
Figure 7B). The restoration in the presence of Zn®" is relatively less, perhaps due to
chelation of a part of it by traces of DTT in the lysate. As illustrated with leupeptin
and Zn”" 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 elF family of translation
initiation proteins®®. 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 elF2-o. and
elF2-B, and endogenous elF4E and elF5 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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elF2-a, elF2-B, and rat liver extract in the presence and the absence of inhibitors,
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Figure 8. Western analysis of
cleavage of eukaryotic translation
initiation factors (elF) by S4. In
each experiment, the S4 fraction
was incubated ~ with elfF
(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
elF 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, elF+S4+leupeptin; elF+S4+Ac-
DEVD-CHO. (A) elF2-a (recombinant human). (B) elF2-B (recombinant human). (C) elf4E

(endogenous from rat liver).(D) elF5 (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

27



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 $4

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 Ndel and Xhol 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 (lanel), uninduced (lane2), 1 hr, 2 hr, 3hr

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

purified to homogeneity by Ni*"-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 °C and 0.4 mM IPTG produces the protein in the soluble
form. In cultures grown at 37 °C, 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 Hise 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 -80°C in aliquots of low concentration (~10 uM). 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'cm™.

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 Hisg-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-X; (-) 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-Xi, 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 rRNA*"**%

, 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-t0-267 nm shift in
the Amax. Ideally, the UV-absorption spectrum of a purified protein, even if Hise-
tagged, should display a Amax of 280 nm as shown for recombinant Hise-tagged Bel-xg.

(the black spectrum in Figure 11A). The observed Ama.x 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

A

the Hisg-tagged recombinant S4 (blue, Ay, =258 nm)

o
-
N

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 A,
of 267 nm. Ideally the A, should have shifted to

Absorbance
o o
o o
f =N (]

260 280 300
Wavelength, nm

B 1 2 3 4 5

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 Hisg tag
is not associated with the unusual appearance of the
spectrum of recombinant S4, the spectrum of Hiss-
tagged Bcl-xp (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-x; 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 Bcel-xp was loaded, clearly shows that there is no RNA
present in the recombinant purified Bcl-xp 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. Ky, Vimax values were found by keeping the protein
concentration constant and varying the substrate concentrations from 2.5, 5.0, 7.5,
10.0 pg. The calculated Ky and Ve values are 6.99 pM'l and 36.36 uM min'l,

respectively.
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Figure 12. Recombinant S4 can hydrolyze substrates in the presence or absence of RNA. (A)
Overproduced and Ni-NTA column purified S4 (5 uM) cleaves the cysteine protease substrate
analogue Ac-DEVD-AFC (10 uM) 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 uM). 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 pg of Ac-DEVD-pNA (Acetyl-Asp-Glu-Val-Asp-p-nitroanilide) added to
500 pL 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
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the a-subunit of elF2 (eukaryotic translation initiation factor 2) and, thereby,

Figure 13. S4 cleaves the two kinases that phosphorylate eIF2-ca. (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 initiation®”. 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-xp and human elF2a
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 Bcel-xp and elF2a, respectively), and the proteolysis is

blocked by the cysteine protease inhibitor leupeptin (lanes 5 and 8 for Bel-xp and

37



elF2a, respectively). The cleavage products appear to be small peptide fragments as

12 8 4 5 6 7 8 can be visualized from
19— . intensities of dye fronts of
— . the gel.

#—elF20 Figure 14. Coomassie-stained
. 10% SDS page analysis of S4-

33— , - - e mediated proteolysis of Bcl-xp
and elF2o. Lane labels are: 1,

‘ prestained marker proteins; 2,

20— recombinant S4 alone (5 pg); 3,

T R co— A — recombinant human Bcl-x; alone

(15 pg); 4, S4 (5 pg) incubated

overnight with Bel-xp (15 pg); 5, S4+Bcl-x;+tleupetin (5:15:10 uM); 6, recombinant human elF2a
g ng p o

alone (10 pg); 7, S4 (5 pg) incubated overnight with elF2a (10 pg); 8, S4+elF2atleupetin (5:10:10
uM). To note, since eletrophoretic mobilities of S4 and Bcl-x; 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 program.
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
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(figure 15). The 3D structure contains six a-helixes (a1=6-13, a2=23-27, a3=38-41,
04=43-47, a5=58-67, a6= 139-142) and four B-sheets (B1=112-116, f2= 120-124,
B3=88-92, 4= 71-73).

Figure 15. FUGUE search for S4 protein. The model was built by threading with Bacillus
tearothermophilus ribosomal protein S4 (PDB id: 1¢06, 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 system'"'*"
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1928, 4044 Regarding plant and animal S4, not much information is available except

for some detailed analyses of genetic structure and consequences of expression level

31,32,40,45

of human S4 encoded by sex-linked genes Nevertheless, structural

similarities of corresponding proteins, including S4, from different organisms have

d'**_ The following discourse is, therefore, presented in the light of the

been suggeste
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 DNA*"*.
It is a highly conserved and ubiquitous cysteine protease® having a hexameric

structure, where each monomer has the characteristic fold of two-domain

40



50,51
structure™

similar to that for S4. Bleomycin hydrolase can proteolyze substrates in
the presence or absence of nucleic acids®. 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

20242552 ., -
RIS gt 1s also

catalytic cysteine. But, because S4 is a RNA-binding protein
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 structure'®, and
this motif is probably preserved up to plants and animals. To note, the zinc binding
cysteines are not conserved'?, 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, Kz, =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

28,52 .
~“. Induction of

E. coli was provided by a series of studies in Nomura’s laboratory
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 protein’’. This feedback regulation is also reproduced in cell-free

28,29,52
d”""*. More recently, have

translation system of E. coli when purified S4 is adde
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 antitermination®’. 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-xp (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 apparatus® 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

28.54 .. . . . ... 30 .
" and transcription antitermination activities” described

control of the a-operon
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 synthesis™.

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 ***°° 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 o operon genes’ >

, and facilitates synthesis of
ribosomal RNA by direct binding to RNA polymerase thereby acting as a
transcription antiterminator’". However, functional roles and regulatory actions of S4
in eukaryotes are little known, although its deficiency in humans has been associated
with Turner syndrome’'?. 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 elF2a. 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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High affinity binding of Bcl-xp to cytochrome ¢: Possible relevance for
interception of translocated cvtochrome ¢ in apoptosis
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The mleass of cytnchrome o from milochondria and apoptosis relies on sevem] prefrential and selective mieractioms mvoahvimg the BolZ
family af proteins. There is, bowever, no diredt evidencs fio the interaction of oyiochmome ¢ with these odeins 2t any sage af apoptosis. To
imvestigate iff any pro-survival pmtesin from the Bol-2 family could imercept oytodhnome ¢ after its trans location from mitochond ria, the mteracton
of cytochrome « with hacterially expressed human Boloxg, wes stdied at pH 7. In sizeexchision chromtagraphy, purified full-length His, -t ged
Bol-x. mi grated as both dimer and monoames, of which the monomeric fractons wers used for ex permmenis. Coimmamoprecipi iion sfudies show
ithat oytochnomes o mieracts with Bolx, . The exient af capase activity in osll lysate elicited by exiermally added cyiochoome o is reduced when a
premoubated mixiwe of Bolx, amnd coyiochoomes ¢ 5 wsed instead. Equilibrom bodimg momioned by apical absapbon of oyiocloomes ¢ as a
functim of titating cemcemtratons of Bolx, yislds the assodation omstant, K, —E£80+4) =10% 37" (rinding affinity, K., = 170, = 120 nMy
which decreases at high onic stremgih. The males for bmding of Bolx; fo oyiochoomes o, sdied by siopped-flow kinstics at pH 7, show tha the
bimolecular rate constant for bnding, ke —024% 10° M 57 ' Values af the thenmodynamic and knetic pammeters for Bol-x; —oyiocimmes ©

imemction are very similar to those known for regulseory profen-—protein imenctions i apapiosis.

£ 2007 Elsewvier BV, All nighis reserved.

Kavworde: Apoptosis; B2 pmasisg Belag ; Cynocboene ¢

In e intrinsic apopintic pathway, oyiochrome o translocated
from mitochondria assists in the sssembly of an apopdn spane
roguired for activation of caspase -9 and subsaguent activation
of ofher caspases [1-3]. The rapid release of cytochrome o from
mitschondria is belioved o arise from effects of pro-apoptotic
pro®eing of e Bol-2 family, including Bax, Bal, snd Bad,
which form pores on fwe outer mitochondrial membrane o
facilitate melease of eyichrome o [4—9]. Alematively, these
proteins may function to cause a loss of mitechomdrial
membrane potential tatcan lead o membrane permneahdlization
[10-14].

The pro-survival members of the Bel-2 family proteins,
imcluding Bel-x; ., Bel-2, and Bel-w, counter the release of
cyinchrome o fromn miese homndria by less understood moec hen-

= Cormsponding avtbor Schocls of Chemissy, Universing of Hyderobad,
Hydembod 500048, kadia. Tel: 451 40 XI034000; oo 451 40 Z300 460
E-mail address: akbsoicbyd emetin (A K. Bagan)

IETOSEISE - mee fiosd saSer £ 0007 Eleevier B W All Sghis resesved
oz 1016000 o p P00 601

ismas WNumerous shedies have established thet Bel-x; partici-
pakes in a number of protein—protein inersctions o exent its
pro-survival effect. In the inkrinsic apoptotic pathwsay, Bel-sxg
blocks cytochrome o release by preventing Bax from dismpting
the integrity of the owter mitne hondrial membrane [15, 16], and
im the extrinsic apoptotic pathway indtisted by death ligsmds,
Bel-xp, cm prevent death by blocking Bid redistribotion
downstresm of campease-B [17] In  hoypostia’meo oy mensation-
induwoed apoptosis, Belxp has been found & interfere with the
assembly of death-inducing signal complex (DISC), hlock the
translocation of both Bax and Bid @ mitechondria, and inhibit
the activation of caspase-8 [18].

Thus, Bel-x; appears i prevent cell death thwough diverse
proEin—protein interactions, seomingly in a case specific
manmer. However, there iz no koown mechsnism by whdch
cyinchrome o ranslocated i cytoss] can be intenceptod, swch
theat thee: ageog i maot bled. There have been reponts
that Bel-x; can block the fomation of the apoptossme by
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mn-unnrg imelf with Apaf-]l and caspase-9 to produce an
b ‘_... i Y _,_‘ [1!1I 20]. In anofver earlier

itati o« was found to intersct
apocifically wﬂh Bel-xg as a celllar response o dondzing
radiation and genotoxic stress [21]. The present stdy is
basically asimed at mvﬂ:lrgmwvedahm e inderaction
between the two p i To ch ire the affinity of this
interaction o dﬂ Bel-xp. could possibly be inmplicated for
amrgud]duhhy:ﬂﬂuuummhcmq.we
have figated the interaction hacterially owver-
m:ptmedfu]]-ilugﬂll‘umﬂc]-nandlm cytochrome o
JIESE T T ipitation and classical biochemical meth-
ods. We report thet cytochrome o displays very high binding
af finity for Bel-xg, which closely hees ithe rep d affinities
of BH3 peptides/domains for Bel-x; . The himoelecular hinding
rate of Belxp i oytoechrome ¢ is alko within the range et by
dimerization of Bcl2 family proteins, and by BH3-Bcl-2
protein interactions. Possible signifi and el of
these hinding cherscteristics to I'be megulation of the indrinsic
pathway for apoptosis is di

P

1. Materials and methods

TP and purifoani
A pET-18b (Movagen) veoor oeding for fill lengsh beom Bol-xy widh
M-termizal Hisg fag was dsdly » by D Apesva Sasin, osd the plasenid
was Taemsfoened oo F aalil BL2ZI{IVEY ) cells The cells we e grown LB media
0 B o o 05 Priotsin expaes shom was | mdeosd wirh O SmMIPTG a2 30 90 amd
150 rpen. Cellls weoe borvested oo 10000 rpen dor 10 mim The cell pelile | wasbed
wirth PES, wirn maosgpended in 125 WA Baufer A (30 o Tris, pH 20, 0.2 M
MaCl 0.F sodd PMSE 5 oM B oeexopicedonol, 5 o Enddazole, omd 1%
gheerol), and stred for 15 mim at 4 90 The cells wen dismepied by pulsed
momic o om, and e hysate wism spana 15000 pon fbr 30min. The solebds froction
s boaded omio o Wi N TA-His bisd oobem s Movage s | aged Bhated wid baffer
A The colemm was washed with 45 mM inddazole o bafler A endl e Ay,
renched 0000, and the pontein wos ol wad widh D00 ol § soddenods i e same
buafier The podem facSoss wes pooked, cowesimisd, ond baded osan o
Hephadex G-75 {Aon ensbam) @al filration cobern presguilbeated with buffer B
(50 =M Tes, pH £0, 50 o MaCl, | o DT, 2 oo EDTA, amd 02 ool
PREF) a 450 O e fwn moa jor pealios, © b ome oo spossding fo Se mosom enic
proteim was oollacted and loaded oodo an mios-ochamge A E-cellulose
o | Whasra s ) egueilibomed widhbafer B The colemes won wasbedwid 100
vodemnes of budier B, and dhe prodein was ebeted vwich o S0 400 mbd Mol grodi et
Mmﬂlumsudtkm-p-w“mnbeb%!y
B8PAGE sill ver staiming, ']'hepntl-r-r : ! d spec =o-
phecomne trically wsing & e =41940 M ' o™ -sumn}mm

af Belaxy

§2 Colmmunoprecipsia s on

A nieere of 50 g sach of Borse Beort cytoe banane & g e paarifi ad Baemron
Belxg was mocbated with comstant shaldeg, | pg mosoclosal] and ¢
e Movagen) was added i Dhe ol xoeme, omed imocbated foramedher 3hat 4 0 To
this mibreme, |mgwmpm-4uqmnmmwm
shaldng ot 4 9 for3 b The beads o5 e i wheme o
el rpen for 0 onim, omed chee pellat s 'lmdﬁli-ﬂw‘ O PRS T dhe
wadted beads, 60 @l of 2= srnple-loadieg, dye was added, boibed e 4 mism o
muﬁlmmﬂﬁm wnene collbar ted by conmrifisgation.

The prossis-oc ¥ W d by 15% SDEPAGE, o
o cemin e P ITHE i e ot i probed wikh i
b by (Pm o e clieer Wit an cynochnoone o The bameds were detectad

with cormesposding ALP conjegae I° ool bodies and MET/ECIE

§ 2 Covie i ming e’ i, ey
eﬁnmwﬁd&ul’.@ it fom i

Wister ms (12 o 14 weels ol d) were decapitated asad e liver was talken i
boe oodd 09 Malll. The lver wm wasbed thonoughly wirh 009 NaCl oo
remove e blood, mEsfered o MSH boffer 32000 mM massded, 70 o
Becose, T o HEPER, pH T4, 0.F mdd ETFTA, & pddl BRA), washed seioe =
her e baxfier, omdl oot imt o senalll osbers. The cuskbess where talnen in MSH bafier
e vl e of wrkich wan — D0 of e By mmigha. The liver was Booncmenatad
esing doesce bomogeniver mmd Teflom pesile, and cenmifaged oo Poxg for
20 mnim an 4 5. The sepermaeans, coliscted after removing the whits lipdd lyer
_gmdt-m“cﬂ-fugslnga-u Im-gi:lld--:-.'r‘h:#d
s Emespensded im 20 ml of & washi imimgg T30 =l il
TO ol merose, T ol HEPES, Mﬂzﬂlm&pﬂ T.d.ﬂldc:lllfl@ﬂl
mul“mhlﬂuud“ﬁhpﬁa&gdq“wcﬂ
more dSme 05 mil. of the dad el wram e
hmmmcc_gdnbﬂmh}ﬁdzd_.ufm
Perooll, omed o fop bver of ol of 26% Pemcoll i S washing madiem The
gradient v mpen o 30000 for 2 min in o Backoos SWS0 mior The
e cactoesds all fmction g i e inderfioe b e i Perooll |ayes
s mnwkered into o fiesh tebe, dileted 125 wirh the samne (s b nor) ooediemn,
ond cemsifisged ot 31,000xp for 20 min The pells wos then resespenadad im
0% ml of 63 M seeose owd lopd om bor Miscchosdrial prodes wos
determimed by S Bradiond mefead using BSA as o standard.

O o mnd nowchaemadiria ¢ ized i oam dorf maber won mockatsd wid
1.4 penod Ca™ per mg of proteis for 2 hat 490 Contols were generaed by
125 o KO fim Baaffer A) in ome sobe, omed 290 oM sacrose (in Bufier B) i
amoder  After incchotion, micchondsa were pelleed by ceniliggation o
2ol dor 10 onim. 30 pg perified Bol-xg wos added oo the supematemt omed
Ecubared for 1 h ot mom emperaare by comsmret shaling. The mivsere wos
Then divided oo teo balves; one ball was seated widh 10 g of moewce lomal
andcyiochrome ¢ (Movagen)., and S ofer balf with [0 pg oo losal ot
capsase- 9 (Homm Cnes) o8 o segative commol amsibody. Afer imocbating & mom
femnperaiese for 3 b, dhe mintee was combdned with 30 pl of 500 podein- A
alerry., omed imochated forber for | B @ rooon tempemtew. The Beads were
meparaed by cens fuging dhe oninvere ot 2000 rpen for | onin, amed S pellad wos
washed 3 tes wih0 3= PES. To the wasbedbeads, S0 pl of 2= sonpde - boading
dye wim added, bodled for 5 mim w disscciate e nmesccoonpben, omd e
meparated by 15% SIM/PAGE, md moeafered cofo a PVIF menbmene The
fimn we of membeomes wos probed widh mei bol-og (P oensga)., e second wikh
asd His (Sasda Cosr), ased de dhind with onti oyiochocone o The nsds were
detactad with comesponding ALP conjegate I antbodies and NET/BCIP.

4 Coimmunoprecipisagon using Hela cell stioubed to release
cvsmchmme o

Cells were maimdined o2 3T °C & Delbecon’'s modified sagle meadiemn
(TBVEML, Gibor) sepplenenied widh 100 POS, 2 e - ghetomine, D00 pg o'
peemicil lim, gmed 100 pg mi! sTepoenyein salfve oo bemidifiad oooepbere
(3% O / 99%; ai). Al S TS condlues? stage., apopiosis was imdeced widh
10 mgg ol ! Bemnas TN togetier with 10 pg sl ! cyclobeximide, omed fe colls
e imozbated ford b o 37 5. The media was dhen reploced by O 1% oypain-
ENFTA(TE}, ond the flask was modbased af 37 20 for 30 min The detacked oells
were rimsmed ol wirh 5 ol of the fresh soediemn, pelleted of D000 pan o 5 maim,
and vasked with 1= PES Cywosclic svmacts wem poeparad as denoribed earlier
by Boms y-Wetzel e al [22] Cells {2dx10°) wee mcdbated for 30 min om ice i
S lywis Basffer (85 oM mecrome, D00 bl emsdted , 50 s PIPES-KOH, pH
TA, 50 s KOl § ol BGTA, | =M EDTA, § s DTT, protsase i sbdbions),
hymed witth 50 sroies of a dowsce eppendosd boonogenirer, ond cesrifsged o
B4 00 fior IS mrdmatd . Tio she mapes maten o yiosolic extract), 50 a8 of Bl
g wos addad, and e ebared om o el for 3 B oo rocen temnpeeratese. 10 g of
e bomal and-cptochrame ¢ wias added G0 Se mibcere and mcdbated o | B
The imnmvenconen plex was precipitated with podein- A agame:s Beads, amd Blots
e developead wsing momcclosal anc- Belag | e oyt odhromes ¢, asd i His
mg. Later, the blos were poobed with ALP conjegawsd 2° ol micese omd
deteciad by NET/BCIP.
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I 5 Imduction of caspase-fike activity by cptockhrome c and the
Bolx, —cyiochome ¢ complex

Thege experinants were conducad wsisg Soedopere Pupiperda (99
ovas o cealls . Powr million by calls pel ke d by cmmifiegasion o 3000 pon
fior & min, wer megpended in | PBS, and cendrifisged o8 10002 for 15 5 The
prellies was s i bl cosist img of 40 =M FIPES. KOH, pH 7.0,
o_z-:.um'm.n_zmuB:Ta..lnumm,.;nr'ﬁ—h.m,-;nr'
apemimin, mmd 10 gg ol PMSF @00 gl fr 10 ml cubure), omd the cells were:
nmnnelmnefﬂlimcﬂl“h&q&dﬂmﬂﬁm
ed geadh: omd spes ad Iéﬂ:\q—::ﬂ:lﬂﬂnl.']"h-
mmwm—ﬂlﬂth!ﬂm'}h“

keyricae Ak JF7H (0T TRFO-1EFO

enity In dhe concenmmdion ramge of dhe popd de (0T ph) us ad for e Semasion
experiment, them W no e fihker offec m&-ﬂuﬂ“mmme
e opaical absorbame of dde o2 nky B was laas dhan
BT i this mege of oomcesdrasi o

1 & Swppad-Fow kinedcs of interaction of Belxy with optachrome o

Al soledices for idnetc “m-ﬂmﬂm
4 =M IFIT, a=d 50 i Na(l pH 7. In o two-sysings oicisg pnﬂedlnn
-:\Iﬂ:-l:\cf MuMe }M:mmﬂ“hhlnmm’

uc}mmmqmwmuuwwmﬂu-u

mcheding mincchondsa, omd was
hmﬂd?amdmmmﬂﬂ_ﬂq—ﬂpgpﬁ-}“
coonbimerd wird 30 pl od e dikes onbafies (10 sM PIPES, pH 7.0, $mbd BEGTA,
2 o Mgl 2 o ATP, 10 s phosphocratine, 50 mgfonl oreatise ionase ),
2 el AATP, o ome of e following: | pM oyochmene &, 2 pM Bolx, . ond o
prei nocbatad snibctese (120 omed 12F) of the man podeiss. The comerol mixsere
ooyt maed macemes o Zhemse; dhe fimall vol ume of each seac S0 oiciere was bowever
mraude comes e o 50 p i The mi xiees weme mcubatedat 3790 for [ b, made wpio
S0l with s pase sy Baffer (30 mdd PIPES, pH 7.0, 00 oM ETYTA, 009
Ehveenod, | e VT, amed dmosbased for amoches howr afer addistion of $ g Ac-
DEVIOARC s ARC is was 450 non eonisskon
{excifason: 450 mon) esing o Flecoobax-3 s ent Jobis-Yvom, Hos ba)

I Deserminagon of equilihrium conssant for the Binding af Bofx, 1o
cptochrome o

Tiratiom experimenss weme casried o bobding o yiochnome ¢ constant al ome
of e comentrations i fhe [-4 g mege A set of senples condaindng o ficed
comcennton of oyt hovene ¢ amd vasiable oo entras oo of Belag @0-E gM)
wnsprepamding pH Thefir coonpossd of 50 m M plcaphate. 4 mndd DTT, mmd o
dil sfion effeck Somples were mcebaded for ~d4 b ot 72 90 befire reconding
gl om wsing a Cary 100 (vVaris) specrophotomne e

mu4limﬂ&-ﬁeﬂmmfﬂm&d
[ = dicg amalysis. Thec ol e Bclxg i
e & mdon mixiee i gives by

N 0
im which, &A= A4 — A ond & e mda— A whem A A, 0md e e 415-mm
absodbamces of soledans commuining cyiocromne ¢ alose., oy B ¢ B e
Fwncfrﬂ:-:ﬂﬂc-mszlm_i q.t\ch:-:ec = S presesce of
fimie or Co som of HBelxg Thee o ssoes Gt
comstes, Kie, wos exmactad fromn e eguation

n[ﬁ] = logHam + bog [Pl xe] e

The x-imdeoceps of e plod of bog (& A Ae— A4)] v bog [Belag | gives e
valee of pi, for cyioe boene ¢ Bolxg imteraction

2

I.7 Equilibrium binding of the Bad B3 domain @ ovochmme o

In this = of experinent 475 b cywchrome ¢ was timnted out by a
Thacresc e it lad Bad BH3 pepd de (Call biochem). The S ios was followed
by Bodh Soret opdical sbsorbamce doe fo oriochrome ¢ as described dbonce, esd
235 mmn flecmescenoe emission due fo e BHI ide (ewcitcion: 485 =)
Absorbamce data wex malyeed wsing Ega. ( [jamd (2] The binding paramnsies

Toman S D daa wem d fooen e ageaton

@
bt Edrar ) 3}
whes ® is e mewber of peptides bownd fo cyiochrome ¢, Ky, 5 apparenst

disscciation oonsant, omd ¢ B e ol clomge in fheonsscee e mormalived W

m:ﬂdiﬂfq-:ﬂﬂcmmmmmam
amalyzed wsing o s Tlemacion: WEl= Ae+ A expi—i), whem Ak
e omplitede, A, dewdes S Bascline sigmal £ loog Smes, osd ko S
cbserved mte comsnmt. The bimdeculer binding mte wos calkouleed from e
slope of e plot of e cheerved rae cosstm as o funcion of Bolxg

ComcesInEon.
2. Results

Fig. la shows that the nicke] ool Tued i
aseql.n]frmtmufdﬂlﬂﬂ)}l-ﬂnmnnmﬂm{jmd‘m
Sephadex G5 size T isEent with recent
rp of b i of cymanlic Bel-x [23]. The result

indicates that purified Bel-x; exists in a slow dynemic
il ibrium hﬂweend'ue two forma The momemeric fractions
were furth hed on a DEAE anion-exchange

Fig. 1. @) Sepiadex (75 chromatograpky of e sdcioel ooleans-dhaied facioss
st ol o equilibeiemn of oo eric asd di menic fomn s 51 el et opkaoness
shows Sat dhe mosomesic factions alke containm smalle moldecelar weight
m—uum&-aﬂm;m e mremcereic Erac Som was

ez o e O e '\I_.-dclllﬁl-hlllﬂu}&ﬂ
gﬂﬂl.@-}silu-a_edsm af differen: fmcSons foon e
pealk cosrespossding o Beloxg (033 M NaC ) shoans =599, puasty of dhe protein
Lame [| shows e masier paodeins
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column, and more than 99% pure prokin was obmined, a5
confirmed by sibrer-stained SDS/PAGE (Fig. 1b).

Thdmkﬁtdmfumﬂammsﬂhrdrgwﬁutyuf
the purified human Bel-x, we perf d

1 2 3 4 5

tion amnd immunoblet analyses using Im-cymdrm -: :nrl r— . anti-Bel-5,
anti-Bel-xy. antibodies. Mitochondria fracti d in a d

ti Perooll gradi was ainmlaed to release '

by e wse of Ca™” in the wash buffer that contaimed 70 mM — t\unli—«.}-:{
sueroas but ne WaCl, We also generated two controls by simply

incubating mitechondria in Buffer A containing 125 mhd KC1,
and in Buffer B containing 250 mM sucrose. Various buffer
oompositions ame detailed under Materiak and methods. As
determined from the wisible shsorption spectrum of the
supernatants (not shown), only Ca*” induced the relesse of
cytochrome o, and fhe released cytochrome o acoounted for
~ 012% of the mitochondrial preparation (in terms of protein
tent) that was subjected to Ca®” induction. We then carried
out immunoprecipiation using all three supernatants, each with
| d anti-c ¢ &5 the positive control, =md

| l  andi-cag 9 mx the negative control, and
developed each blot with ant-Bel-x; , anti-His-tmg, and anti-
cytochrome ¢ Fig. 2 shows fhe Wesem blots In each, lane 7
shows the pure protein Blotted by the cormesponding antibody .
The supem atant ohtained in buffer B that contained no caleium
show no race of ¢ yinehrome o and Bel-xg in both positive {lane
1) and negative (lane 2) immunoprecipitations. Similarly, baffer

Fig 3 Westem blot shonving c oonple x fomration between pusifiad bumman Belxg
asd imTiEsic Hela cell c}mhm:l-nlﬂuclln mlmse o e cyuoncd by
reatment with THF ples cyclobewimide L dred cells were wsed o
peddomn oomtmd an. Por 20 g of pesified Bol-x, was
addad 1o e giosclic evract, asd imoesopecipieed by addisg 10 ug of
e bomal and-cyice bonone ¢ (posiive, 4) of andcospase-5 (megaive, —)
Blow wem developad wsing amd-His-mag m"lﬂld]h - Bac b pldcle
pasel], asd and-opiacheame ¢ (lomer pasel). | hosmane: §

o apopacse by THE omd cwel cbeimnide {—| };Z,—ldﬂedbwhym
amd cur‘l'" -I-}. 3, r d E_—}. 4~ 1 o+ amd 1.
Bolxy (iddle pomel). and oyt booone ¢ devel oped -‘mgﬁclmntﬂi.
(e pame).

of anti 9 {1 it v itrol) does mt meport any pootein
band {lane &). These resulis suggest that cyichrome o does
bind to Bel-x;, whatever may be e mechanismn by which the
latter 13 made ur:u]:lﬂe in the medunm The His-tagoed

A did not produce any effect {lanes 3 and 4, sponding
p-namue andnegmw ocu'lﬂn]s, respectively). Lamve 5 shows the
Ca*” -induced of e, Imderestingly, this lane
also exhibits ardmvd:rt’mmhﬂfmﬂdm detected by anti-
Becl-xL, hlnuthyml—ln—-ug,uwngdﬂummuf
endogenous Belxyg i m FIE e Ane Ey
have 1 d and po i d with cyinchrome & We
motice that the proteins in this lane (lane 5) were imnmEwoepre-
cipitated by using anti-cyinchrome o Here, anti-His-tag does
met ot Bd-.x,_ because the plu:q)umd Bd-.x]_ s endomemous.

The Ca*™-i d sup ipitated by the use
2 3 4 & s 7T
;% — o .{ anti-Bel-xg
.
-I ancl-His-tag

~ 3 ' . ﬂ anti-cyl «

Fig 2 Effecsof buffer A, bafie B, asd Co®* ont be mnsslocation of o yaochroons
& from Perooll gradies: facsomased bealy miboc boedsia | gmd ondn sresopee -
cipiagon of Bolay and cyicchrome ¢ bnoesoprecipiatons  foon the
RupematE) were cormiad ool using ood-cyochrome ¢ (posiove, +) of ostic
caspase- (megative, —) and developed esing and-Bol-xg, jepper pamel), omti-
His-mag {maddle pasel), amad amt-cyaschaoan e o Jlover pasel ). Lase descriptions
am: I, bofier B seed () 2, buffer B teated (—) 3, buffer A& seased () 4,
buffer A Semted (- 5 Ca™imdeced @k 6 Co-indeced ) o=d 7,
racombdsaes Bl siznply developed widh oz Bel-xg (upper pasel) asd onti-
His-tag o ddle pomel), omd cyiochmene ¢ developed widh ot cyiochrome © a
(lower pamel). Parder details am given in e ext

is d d by both anti-Bel-x; and anti-
Hi&-ﬂg,utddwuﬂnguwu&fuﬂnmh]mdmﬂybyhepmwn
anti oy,

To showw that Bel-x;. indead amests oytosolic oytochrome ¢ in
apoptossd oells, westimulated Hela oells by using humsn TNF
tomether with oycloheximide [3], and checked for precipdiation
of Bel-xp with endogenous cytochrome o released from
miine hondria of the induced oells. Abowt 02 pg oy e hromes o
{detlermined from the wvisible megion ahsorption speciromg
Az =415 nm) was mleased per million of apoptosed oells.
Blots were developed using all theee amtibodies: smti-cyto-
chmqm-ﬁd«huﬂmﬂw {Fjg_ 3). In the exttract of
the apoptosed cells i@ by il &
{mmdmgﬂme)rmufmedmmhn-dﬂsdmeﬁam
{lane 1. But, a3z lane 2 shows, a]]ﬂm:lﬂ:budmsdﬂﬁ:tﬂhe
corresponding proteins in the i hitained from
the apopinaed oell mth:rhewmnfm-cymdrmc
{treated positive). Hene also, both anti-His-tag and anti-Bcel-xg
Hmhmbecmhod]mwmm
@ i Belxp. Lames 3 and 4 comrespond to
n&gatruetndp-umm controls, respactively, of fue ootract foam
healthy uninduwced cells. Lane 5 presents the bands duoe to
recomnbinant Bel-x;  amd ial horse o the
former blotied by both anti-His-tag and :M-Bd-x]_, and the
latter by anti-cytochrome o These Itz again d
that Bel-x, specifically i with ch o« Wihveever
the latter appeesars in the med:.l'ln_ Such immumochemical stdies
of Bel-xy —¢ i ion have already boen reponted
for human lenkemia t:e'lh challenged with y-imadistion [21].
Our resulis e]m:chze the phenomenon with more exanmgles
by i P 3 1z We dude that the
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[ I o 1 d & cyteanl from mitochondria in
response bo apoptotic stinmli s valnerable te amest by Bel-xg .

Yﬂ,dwnwunbjewwufdmmﬂyjammfydhe
binding parsmeters for Bel-xg o, T
study equilibrivm hinding in titration -e)q:-u']m.u'lx, w initialby
attempied to wse the intrinsic fluerescence of Belxy . Full-lengih
B-rJ-uq_ iz highly fluorescent due to the content of six troypboephsemn
T bt ¢ does not fluoresce doe o in-
tramnlecular excitation energy transfier from its lone tryptophen
{W59) to the heme. There fore, the fluorescence of Bel-xp can, in
principle, e wsed bo monitor its tiration with cytechrome c.
How ever, the tration of oyt ¢ in the solution
{=1.5 pM) neaded to achieve a complete tiration titvrate was
found to quench the intrinsic fluomesomce of Bel-x; . The
quenching of Bel-x; £l due & cytoch & im the
bulk aplution ob e Hhe d ch im due iy
thee interaction of e two proteins. A control eoperinment where a

lysoeyme solution was tivabed with ¢ | « sh dl
exactly the same behavior, supeesting that fluor s mot
prefermed to probe fe Bel-xg il |

We then wrned to the measurement of opdical ahbsorption of a

Fioad ation of ¢ ¢ in e Soret heme region as
a I of wariabl i uan]-qxl.F:g_-hdm-a
that fhe absorbance duwe to cyboch 'S wifl

imcrements of Belxg; for the 3 uM solution of ¢yiehaome o,
the change in shsorhance ﬂmhem‘l.p]eteutm i= 33
milliD. The diff ap tod by subtracting Hhe

of & alone fiodn speacirain the presence of
Bd-aq_ {Fig. 4a, inset) show that Bel-xp hinding causes the
absorption peak to shift from 415 o 413.2 nm These
observations sugpested that heme optical ahsomption of
cyichrome ¢ could be uwsed as a relizhle marker i folles its
interaction with Bel-xp. Fig 4b shows the plot wsed for himding
analysis as described uwnder Materials and methods. The x-
intercept of fe linesr fit of e dats yields the association
constant, K, =8 4+4)=10° MY, indicating tight affinity of
cyinchrome ¢ fior Bel-x; . The slope ofthe plot {(a=0.8) indicates
a 1:1 imeraction. The Gibbs free energy for Bel-x; —cytochrome
¢ ineraction (A GF=—RT In &) calculated by nsing this value
of K, is ~92.3 keal mol™" at 22°C,

Cyt ¢ is lysine-rich, and hence highly basic. It is
therefiore desirable to address as o how its ineraction with Bel-
xy varies with ionic srength and pH. Fig. 4¢c shows that K__ is
maximmm at -8 mbd NalCl, and doclines by nearly 12-fold in
thee presewce of S0 mbd NaCl, suppesting that the physiclegical
ipnic strength supporis the tightest imersction between te two
pruem'rhedepemluweufi’ o pH could not be sodied in
detail dwe to alksali ion of o | ¢ in basic
medivm {pH>8), and heme spin chenge in acid solutions
{pH=5).In the accessible range of pH, K was found to change
little.

The kinetics of p ions are of apocial
signd flcance sinoe rd:esnfsudl interactions ofien play important
regulatory roles. To determine the rate of binding of Bel-xg. &
[ & W [Peer d stoppad-flow experiments wherne
ithee e dsespee nads of the ch in 41 5-nm shsorhance due &
cyinchrome o was monitored afer miving e two pro®@in

LI B B S e (e B |

Ahsarhance, (00

[
? I.I'Il:—
il
a5 :uu..I-..-I....I-...l..-.
15 -l -DE Lk 0.5 L
tog [Beb-X, I, (M)

TR R W WA |

Y
M), nah

L] 2imy iy

Fig 4 fa) Abscoption specra of cyiochromne ¢ i fe presewce of differens
comenentions of Bolag, pH 7, I C, 3.5 mM IFIT, IW-ﬂ.’INﬂ:L'IE—:I
snoers dif ferenc e absoqprion specen obmmad by e af
Cynechromne ¢ aloms fman e speac T of Cyioe o ¢ i e prese noe of differens
comcensntions of Bolxg (B} The fimal plot dor amalysis of binding data, o
w“mdmg&u}—d@}}mﬂ_
asmcciwion comstom, Ko, EAzA) M) i Foen e x i af
e smight lime (pi ) The slope of dhe Hne (v= 08) imdicates o 121 binding
ImdeacSon {cf The varidion of K, as o fescdon of NalCl coscesindion i
20 mid phospiae bufies, pH 7, 4 mdd IVTT, T °C Mixteres of Belx, omd

mmTMremmﬁwtueshhdedl ?,:ndEinFig._'m
show the time depsends of the ¢hang, a0 after
mn‘gﬂpMMecmﬁﬁ,-ﬂ,tidszd-n,
respeactively. The solid lines theough the data are single-
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Fig. 5 Kimeics of binding of Bol-x w0 cywchrome ¢ i 50 md phoapiase
Baxfier, pH 7.4 = VT, X2 50 The comcenmmtion of cymwocbromes & wom beld
cossemt ot 3pMl () Repesenarive s c maces: hibels [ oo 3 commapondnn &,
4, amd T g Bl xg, mapectively The solid bBues derough Se data

Fig. & {a) Asalysin of boose cyichromne ¢ and Bad BH3 pepide binding
fapeton 1.2) mondomd by the optical sbecdbance of cyochmwens ¢, pH T,
TS0, 38 midl DT D00 M NaC] Valees of K, omd e e d 002 1) pM ! omd

sl - expomeniial fits b)) The mie obtaimedis propoeti cmal o e comee st Som
dMﬂ,mﬁpdklmﬂ%lhu}ﬂ&&mﬂw“
comstmt for binding, k=024 ! _']'Leemb-\-rq:rualﬂ-dnd
deviatl oos of e rae conatms Wit oo of Belag.

exponential fits, showing clearly that the rate of inEersction
changes with the concentration of Bel-x; . The dependence of the
ohserved rate on the concentration of Bel-x; isshown in Fig. Sh,
the slope of the linear fit of which yields the bimolecular

Fnade tation rabe constant, &y =0.24= 105 pr b g E,
Incorporsation of a control experiment is neosssary to show
that cytochrome ¢ does not inkermct with other proteins
indizcriminately. As a negative comtrol, we cdhecked for
intersction of Bel-x wﬂh o] o {dle ]m was chosen
b itr hi o in a heme grouy
and a Fairly sizable number of positively charped smine acids),
bt did not detect any binding. Asa positive control, we et i
losok into e interaction of eyinchrome ¢ with Bad BI—E Since
the BH3 domain is involved in a ber of interactions
w ithee Ed-z family proins and Bel-y is found @
with «, one naively expects hinding of the

a9i, (B} The same bisding mosicred by fleoescesce of e
Thecmaoeim-Libelad Bad BHI Hﬂﬁ:{Eq. 31 Vahees of Ko omd » exiacied
Foen this omal ywis ame 1 B0 ¥) g~ ond 13, respecively.

of the peptide up toe 7 phd. In this mnge of concentration of the
peptide, mo inner filter effect in the fluorescence of the peptide
was detecied. The analysis of the tiration monditored by the
absorbamce of cytochrome ¢ (BEgs. (1) and {2)) ywields K __=4.1
13« 10% MY, indicating rather tight affinity of e BH3
peptide for cyichrome o {Fig. 6a), and fhe slope of 091
sugmests 111 ineraction. Values of K and n extracted firoam the
peptide ﬂl.mnueqmrimted data {Eq. {3) and Fig. h) are
120,20 105 M ° and 1.3(+ 0. 1), respectively, Fairly consis-
mmﬁﬂmuﬂusdﬂun&dﬁmdﬂwﬂu}mh
In " 1 expe e died the equilib
hinding of Bid with cyin . The w i fipnale was
the same &z mentioned above in the conext of ineraction of
Bad BH3 peptide with cyinchrmome . Since the Bid prodein

Tabde §
K, valees dor imdemctions amnosgst homse cytochrome o, Buman Hisctagged
Bclxg, ond Bad BH3 peptide

BH3 peptide to cytochrame & We wmed the optical ahaorh

of eytoch e ¢ {lewe =415 nm) o assess this ineraction. We
adlso took advantsge of the fluorescence emission of the
fluorescein-labeled Bad BHI peptide {dmw =49 nm) o
moaitor fee titration of 475 oMM oytoch

B medlingg it erac Sons Ko (M) Risfireme
Bk xg ot oo o LY e Theis wooeic
Beloxg - Fiad BH2 Fry BT

o with i Bad BH} - cytochrome ¢ 285 (2 1.45) T s wodic
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Fig. 7. DEVI-AFC bydrolysis cbserved im &% ocll exmma afer addinion of
mmhm,h—:cm: ildpl\:-:lbﬂcdmncf&

pl'm-_'r tﬂmem&nmmmdhhpﬂmﬁta
i that Bcl-x; can armest fhe cytosolic
fraction of cytochrome o leadi o e i of
activation.

Tl

3. DMscussion

J1. Monomerie and associared forms of Bel-xp

The Bcl-2 family proweins ame i h i
hewemdimerize, and even homo-oligmerize to exent their
survival and death effects [23-30]. Cellular Bel-xp, irespsactive
of cynaolic or mitochondrial location, has boen shown to form
homadimers or olipemers [31] wherein monomers ane able i
sequester their C-wemminal hydrophobic membrane snchors in
the p BHA-hinding pock [23]. Although fhe function
asancinted with the homodimer {I¥) is less well understood, the
pro-aurvival virtee of Bel-x; is beli d o e & of
its e as h i It is then worth considering as &

man. The bam ane mormalised widh m dhe Do
(fl womsce s ) observed afer sdditon of | pM cyichnome ¢ bar 3 fom beft)

binds both pee- and antiapopiotic pro®eins, including Bel-xg ,
o expects iR interaction with oytochrome ¢ &5 well. Indeed,
by titrating 300 nhd ¢ o« with i of Bid, we
chtmined K =4.05(+225)=10° M ' for this interaction
{Tahle 1). These resulis sugoest that in addition to Bel-xg
certain pro- and antispoptotic Bel-2 proteins may bind to the

what extent Bel-x; may exist as monomer (M) In our
experiments, fwe purified full length Bel-x; shows a M—D
equilibrivm, where the aguilibration between the two forms are
very slow compared to the time of size-exclusion chromnsator-
raphy (Fig. 1b). We have observed this equilibrinm consistenthy
in all our preparations, as has alo been reposted previoushy
[32]. To note is that Belx; mi s high locular weight
large complexes, ofien with no trace of momemers, if noadomwic
deterpents {Tweoen 20, for e ple) are included in the
developer buffer [32,33]. The dimerization ahility of Bel-x. is
entirely due to its C-terminal hydrophobic tail, a fact consisient
with the observation that Bel-xy ACT iz recovered as a
[23]). Two additional observations: (1) the Western

cymanlic pool of o (AN S d cells.

To blish the il of the i of
Bel-xy. and ch « in the oy 1 we looked =t
activity promoted by cyinchrome o If Bel-xg inkeract with
[ i, then activity i nesp o esotrinsicalby
added ¢ o 1d bee diminished when ¢ &

and Bel-xy. are coadded to elicit the activity in cell lysates.

Hea]dljr.!ﬁ‘!i cell lysate was used to measure caapase activity by
ing fl of DEV D-AFC {Fig. 7). In the control

run {(har 1), o < oOWES fhe hasal

Ao

blots for Bel-xg in healtyy Cos-7 and Hela cell cytosolic
exracts show a small fraction of end ic finem,
amd {2} thee equ.u]ibnl.m binding experiments for Bel-wg—
[ s almaiim‘l.ﬁexﬁmnatm{l’-:g.

activity observed is due i traces of infrinsic cytochromes ¢« that
leaks out of mitechondria during the lysate preparation. In the
presence of 2 uM porified lmmam Bel-x; {bar 2], the

Ab), imudi the p of a in bodh
endug-uw:ndpunﬁed Beclx, preparation. Even ifthere is no
moaevmeric form, it might as well be that oytochrome ¢ canses
the di o di i ,Jlﬂa&dreptmpupmcﬂdduﬂadre

amwtyremmne-iylnlfnfﬂnhﬂ]vﬂugmm
Bel-x; somehow armests the tra ofi oy e I
the presence of | phd horse cytochrome &, the foor

s Bel-x; h v by direct
bunrlmg [34], causing t:mt]n-t::l:lm nde-xl o rrl.imdmlﬂn]
It will be inenesting to know if there ane other

imcresses two-fold (har 3) when pared to the 1 wom,
imdicating that the added cytochrome o elicits caspase activity.
The use of a preincubated 1:1 or 1:2 mivture of hosse
[ « amd h Bol-x; also inducss DEVD-AFC
h pared tothe case of eyinehoome & alome
{b.ﬂ},ﬂreaﬂhwtydﬁwmeahyuii%{hﬁ4tﬂ5},aw

of ‘ ion of Bel-x; and cytochrome o
Althowgh merely 15%, we could mot dismiss the dooresse by
considering the faet thatthe cell lysme already contains traces of
imtrinsic ¢y hrome i:ReMnflheobau’wedmt_v:ad-eha
balance of the effects of free forms of Bel-xy. and

T that disgl e i M—-Dup.u]:lummﬁmnf
B that will the C hor il and

I, + Ti to mitochomdsi

32 Binding of Bef-xp fee oy hrveme o

The major finding of fis stedy is a tight 1: 1 binding of Bcl-
. amd cyinehromee ¢, and it is of interest & & how this affinity
conpans: with those for known protein—protein  of pro®in—
peptide :lwu'ﬂ:tmns imvolved in survival and death The

existing in the protein mixbore that was added to the cell ]yn.h
The error Iﬂﬂ repteserlsﬂlﬂhrd deviations determinad from
three indep Admittedly, these results ane

R

app ding affinities or dissociation constants (K= 17
K for the ineraction of Bel-m with other members of the
Bcl-2 family have boen reported in the 2—6 ph range =t pH 7
[32]. In e recent studies, the apparent Kae., values for the
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interactions of BH3 peptides from pro-apoptotic Bel-2 family
proteins with Belxg A Cx {truncated at the C-tail by x residwes)
have heozn found to fall in due 1290 nbd moge [35], sueoesting
tighter binding, while the affinity of BH3 peptides from anti-
apoptotic Bel-2 family proteins with ofher survival or killer
proteins i relatively low, into micomolar mnge [36]. Thos the
binding of Bel-xy. with eyvtochaome ¢ { Kse~— 120 nh at pH ) is
indeed tight, and is fairly comparsble to it affinity for BH3
domains from fhe anti-survival proteins of the Bel-2 famiby.
Ewven the bimolecularSecomnd order rate constants for the
binding of Bel-xy to cyinchrome « (=024 ph ' 57", Fig.
S5h) and Bc}-:r:]_ to other Bel-2 family proteins (s in fe 0.27-—
.34 pM_ FETLEE [32]} are pearly identical, imphying that
mmmn e cloaahy ich in berms of hdinding
froe emergy amd the activation energy barrier.

33, Cwochrome c—Bad BHI and optochrome o—Bid
fnleracrions

Py Ty ~ B

iz individual hindi imis

beyrc Acaz JPP4 Q0O7F JETO-157

Structures of BHI peptide-bound Bel-x; show that the
alignment of the BHI helix along the hydrophobic cleft of
Bel-x; is stabilized by apolar interactions at the base and polar
cotacts along the sides of the cleft [39]). Cyichrome ¢ is a
highly charped protein with 19 bysine residues most of which
are surface exposad. It is likely thet dee polar residoes along the
side of the same Belxy cleft supp charged i tinns with
[ e The d of the binding affinity for the Bel-
¥ —cytochrome ¢ interaction at high NaCl concentration {Fig.
4c) lends support to this view. Swrategic high-resolution surface
mapping experiment are underway to st this conjectune.

35 How relevanr is the Bol-xp—cyinchnome o inferaction e
s T Fexsiever anf” rengds?

From the mesulis of this study together with earlier
imnunochemical results demonstrating that Bel-x,  ineracts
with cyinchrome o 35 & part of the cellular response bo dondzing
nda.tmandn‘tergumcagem[lil,:tmghtmdﬂdm

umufcymdmnecwlﬁ Bad BH3I and Bel-x; . The idea
dﬂaﬂ]:rmmnmﬂl mstem:mdasacmn]hr_vnf
the BH3 diated odein i the Bcl-2
family of prowins, and fe high-affinity hinding of Bel-xg
with eytochrome o observed in this study. The binding a ffinity
(K= LK) of Bad BH3 for ch o, & d froamm
optical shsorption and fluorescence data {Fig. &), is 538(+295)
i, which is numerically significantly higher than the valwe of
21.5 nm reported for the Bad BH3-Bcl-xp. intersction [37,26].
The numerical value for the binding affinity of Bid for cyto-
chrome c{ﬁﬁ{tll@nh[},mdheudﬂhnd,mmm]u
than fee reported valoe of 1.9 pM for Belxg—Bid i

tipn is operative b wve &3 well. IF the ineraction indead
exists under cellular comnditions, then a regulatory mole can be
eatablished on the basiz of the cument understanding of
upsiream interprod@in  inEeractions involving cyiochrome o
Once | d to oy 1 im resp Y AT ApOpEtiC
stimulos [1,10,15], binds Apaf-1 in the presence of dATP or
dADP [10]. The binary complex in turn interacts with

™ 9, amd sk fy cleaves the CED-3-like prodo-
main of the fiorm of & [40]. The temarny cyt-
Apaf-l & e 3 and possibly

procaspase-7 in guick suncewun by form a fenctonsal

apnpmannw[?_] Thus, the initial temary complex formed of

at mewtral pH [32]. This sugoests fhat while the affinity of Bad
BH3 for cytochrome o i considerably lower, the affinity of
Bid for cytochreme o is high boith d with the
affinity of cytochrome ¢ for Bel-x (Table 1) Nonetheless, it

e, Apaf-l, and caspase-9 (the oyit-Apafl- 1 —caspase-
9 complex) appesrs to be the hallmark of the initiation of the
death cavcade [41]). The guentistive snd oomnclusive e viteo dats
presented here leads omne to wonder if Belxp conpeies with
Apaf-l in order i block the formation of the indtial Apaf-1—

does appeear that e cyteanlic pool of ¢ i o is i1
of interacting with both pro- and antiapoptodic prodeins with
varying degrees of affinity. For a mose definitive statement,
“ﬂ!nhmﬂﬂflmhdmrlmmﬂfh

of ¢ o with l odher bers of

[ i & | therchy inhibiting caspase activation.
TUnforunately, there is no conclisive evidence for this
megulatnry rm .m viver., If a regulatory mole of Bel-xg—

[ i o is d, the effectiveness of the

the Bal-2 family of proteins.

4. Possile structwral factors B Bol-xp and cyiochnome o
Trleractioe

From parametric similarity of interactions hetween Bel-xg
and ¢cyinchrome ¢, and Bel-x; and other Bel-2 family proteins,
one raEy nEively sssume that Bel-x; deploys the same surface i
bind oytochrome cas it does for binding with other Bel-2 family
members or the BH3 sequences derived from them. The
availability of NMR and X-ray sroctres of Bel-xg [23,38]

deduction of fhe al basis of these interprotein
et al. have proposed that an eloneated
hydrophobic cleft, the constitwent residues of which ane highly
conserved in the Bel-2 family of proteins, is the site of

P

lation must he idered in the light of possible affinities
of cytochrome ¢ for other Bel-2 family proteins. For example,
some datm here indicate wariable affinity interactions of
eytochrome o with Bid and with Bad BH3. In this perspectiae,
the extent to which Bel-xy unamnymdmwcb exert &
megulainey role would depend on the hal dy
ics of various interactions involving fwe pro- -'-d antiswryival
proteins, provided these interactions operste fn vivo, Clearhy,
muore evidenoe must be obtained that de Bt:}-xl—-uyml'm I
interaction is indeed melevant for 1 of apop in
Ve,
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ABSTRACT: Ferrocytochrome ¢ liganded with CO refolds to a nativelike compact state, called the M state,
where the non-native Felt—CO contact persists. The M state resembles the generic molten globule-like
states and can be driven to the native state by pulsed laser photolysis of the CO ligand. The microsecond
kinetics measured all across the guanidine hydrochloride unfolding transition of the protein produce a
chevron plot with accentuated rollover in the folding limb, suggesting a glass transition of M en route to
M. The rate of exit of the folding structure from the kinetic trap(s) limits the overall rate of folding of M
to IN. Sulfate-induced deceleration of the observed folding rate suggests that the folding structure indeed
1s transiently frozen in glassy traps. The results connect the post-transition features of the funnel paradigm.

The emergence of theoretical models inspired by the
folding of lattice polymers (/— /) has fuelled the excitement
in protein folding research verv significantly. These studies
have unraveled the complexity of the folding process within
the framework of the sequence-based organization of con-
formational energies mto a funnel landscape (JJ). Remark-
ably, the organization of the energy landscape appears to
offer a variety of mechamsms for approaching the folding
problem from thermodynamac. kinetic. evolutionary. and
seguence-selection viewpomnts (9). Such developments most
definitely invite intense collaboration between theory and
experiments. Several theoretical studies already appear to
agree closely with experiments regarding the rate-limuting
structures, folding intermediates. and speed limat of real
protemns ([ @, 72— 18). Experumental studies, especially those
engaging laser-based kinetic methods (J/9—22) and protemn
engineering approaches (23, 24). have also begun to recip-
rocate (25). A nice illustration of such studies 1s the recent
demonstration of downhill (type 0) folding under native-
biased conditions (26).

A basic finding of theory is that discrete kinetic intermedi-
ates appear very late i folding (JJ). Post-transition late
mtermediates that are structurally nativelike have been
detected independently by native-state hvdrogen exchange
experiments using cyvtochrome ¢ (27— 29). Even though the
modified classical pathway that fits these experimental data
1s conceptually different from the landscape funnel regarding
at least the “barrier mechanism™ . both enumerate nativelike
mtermediates. Accordingly. even for an apparently two-state
protein like cvtochrome ¢, the energy landscape can be rough

T This work was supported by grants from the Department of
Biotechnology (BRB/15/227/2001), the Department of Science and
Technology (4/1/2003-5SF). and the TUniversity Grants Commission
(UPE Funding), Government of India. A K B is the recipient of a
Swamnajavanti Fellowship from the Departiment of Science and
Technology.

*To whom correspondence should be addressed. E-mail
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everywhere along the reaction coordinate. not just near the
unfolded state.

Amnother fundamental element of the funneling process 1s
that folding is donunated by glassyv dvnamics once the folding
ensemble has passed from the compact molten globule-like
band over the transition-state region of the funnel. Folding
is blocked as long as the protein stays frozen in the kinetic
traps, and a reorganization of the misconfigured imteractions
is required for descending to the native well (7. 17). In the
effort of connecting this prediction of the theory., experi-
mental work has focused on the namre of the exponential
relaxation during folding. since glass transitions are char-
acterized by stretched exponentials (30). Earlier observations
of the non-single-exponential nature of folding (37. 32)
appeared to indicate glassy dynamics. In more recent ultrafast
experiments, helix formation kinetics has been found to be
stretched exponential (33). On the other hand. single-
exponential. and hence nonglassy. kinetics for the folding
of protein L at low temperatures has also been reported (34).
However. sumple single-exponential kinetics can often
produce rate rollover due to kinetic trapping and glassy
dynamics (see below).

This work shows how a molten globule-like late interme-
diate enters glassy dynamuacs as the protein runs down the
folding funnel. We have used ferrocytochrome c. the
paradigmatic fast folding, two-state protein that preserves
the folding speed even when the native Fe?t—MBS80 link is
replaced with a Fe?*—CO link by using extrinsic CO ligand
(35, 30). In the stopped-flow expenment. the CO-liganded
protein (carbonmonoxycyt ) refolds rapidly with the Fe2t—
CO interaction intact. This natively folded species. labeled
the M state, exhibits the generic properties of molten globule-
like states and was first used in this laboratory to study the
protein stuffening effect of subdenaturing concentratnons of

! Abbreviations: GdnHCI, guanidinium chloride; cyt, cytochrome:
ferrocyt, ferrocytochrome:; cyt-CO, carbonmonoxide-liganded ferrocy-
tochrome ¢ MG, molten globule.

© 2007 American Chemical Society
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denaturants (37, 38). Pabit et al. (39) have elegantly subjected
the M state to laser photolysis to investigate the role of
mtemnal friction in protein folding. Along the same line. we
have employed a nanosecond laser pulse to photodissociate
the CO ligand over the entire range of aqueous solubilities
of guanidinivm hydrochloride (GdnHCTI). In the effort to
establish the folding dynamics of the molten globule-like
state, we treat the kinetic data as a chevron. Analyses imndicate
that the M — N folding proceeds via at least one glassy state
that gives rise to rate rollover in the chevron plot. For
simplicity, we liken this process to the phenomenological
M — I — N folding. where the I state belongs to a set of
trapped intermediates. Further. we show that the misorga-
nized interactions in the I state must be reorganized to
achieve the native state and that the energy barmer for the
exit from the kinetic trap 1s fairly high. Owerall, the paper
highlights the connection between “classic™ kinetic models
and landscape models.

MATERIALS AND METHODS

Cyt ¢ was from Sigma (type VI). Experiments were
performed 1 a strictly anasrobic atmosphere, at 22 “C, mn
0.1 M sodinm phosphate buffer (pH 7) containing 0.5—3
mM freshly prepared sodium dithionite. The concentration
of GdnHC] was determuned by refractive indices.

Eguilibrizim Unjolding. Samples of cytochrome ¢ (10—
15 uM protein) were prepared in the range of 0—7 M
GdnHCIL The solutions were deaerated and reduced under
nitrogen with 0.5—1 mM sodium dithionite. The samples
were saturated with CO by passing a slow stream of the dry
gas into the solutions for 1 nun. The tubes were then capped
with sleeved rubber stoppers and incubated for ~45 man.
The tryptophan fluorescence excited at 280 nm was measured
at 358 nm using a photon counting instrument.

Preparation of the M State (the CO-liganded nativelike
Jerrocyrochrome ¢). Cytochrome ¢ (0.6 mM). minally
dissolved in 6.35 M GdnHCI and 0.1 M phosphate (pH 7).
was deaerated. reduced. and liganded with CO. Ferrocyt ¢
thus obtained (called TJCO) 1s completely unfolded UCO
was then diluted at least 20-fold by transferring a required
volume of the solution into a cuvette containing 2 ml of
the degassed and dithionite-reduced CO-free refolding buffer
[0.1 M phosphate (pH 7) at 22 °C containing the desired
solvent additive]. This procedure allows complete refolding
of ferrocyt ¢ to the M state. The M-state preparation was
used up as quickly as possible. usually within 5 min.

Stopped-Filow Kinetics of the UCO = M Reaction.
Cytochrome ¢ (318 pM). initially unfolded in 6.35 M
GdnHC1 (pH 7) and reduced under nitrogen with 3.2 mM
sodmm dithiomte. was reacted with CO. The CO-saturated
unfolded protein solution contamed in a gastight syvringe was
mounted on the stopped-flow mixing module and equilibrated
at 22 °C for ~20 nmun Similarly, the dithionite-reduced
refolding buffer that did not contain CO was also mounted
and equilibrated at the same temperature. Folding was
initiated by two-syringe mixing (1:7 protein:buffer ratio) with
a total flow rate of 8 ml./s. This procedure ensures minimal
air oxadation of the protein. The final protein concentration
in the refolding muxture was 39 .

The same procedure was used for unfolding experiments.
The M state was prepared by 45-fold dilution of the UCO
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Ficure 1: (A) Equilibrivm unfolding of ferrocyt ¢ illustrating the
mass action effect of CO. Values of AG® (kilocalories per mole)
and mg (kilocalories per mole per molar) obtained from standard
two-state analysis are 11 £ 1 and 2.95 & 0.2 in the presence of
CO and 19 = 0.5 and 3.6 &+ 0.2 in the absence of CO. respectively
(B) Effect of the Fe"—CO interaction on the millisecond folding
chevron. In the presence of CO. the chevron is shifted both
horizontally and vertically. The refolding rate is only marginally
affected. To account for curvatures in the chevron limb, the data
were fitted assuming a quadratic dependence of rates on the
denaturant. Also shown is the denaturant dependence of the rate
of thermal dissociation of CO from the NCO or M state (H).

5 7

solution following the procedure described above. The final
protein concentration was ~3 u. A Bio-Logic SFM 400
instrument was used.

Laser Photolvsis and Microsecond Kinetics of rhe M —
N Reaction. The W-state preparation contained m a tightly
capped quartz cuvetts was equilibrated for 3 mun at the
desired temperature in the spectrometer cuvette holder. CO
photolysis was achieved by irradiation with 90 + 10 mJ
pulses of the 532 nm second-harmonic output of a Spectra
Physics Q-switched Wd Y AG laser (10 Hz). Spectral changes
at 550 nm following the photolysis pulse were recorded with
a pulsed Xe lamp. Photolysis was nearly complete. since
another laser shot pulsed immediately afterward produced
insignificant spectral changes. A fresh sample was used for
each single-pulse kinetic trace. For each concentration of
GdnHCL. four or five kinetic traces were taken. The basic
configuration of the insttument 1s based on the Applied
Photophysics laser-flash photolysis spectrometer. The tem-
perature of the cuvette holder was maintained by using an
external circulating water bath

RESULTS AND DISCUSSION

Routing Ferrocytochrome ¢ fo a Molten Globude-like M
State. The Fe?™ —MB0 covalent link of ferrocyt ¢, which is
wery stable under physiclogical conditions. weakens when
the protein is destabilized. thereby allowing the binding of
exogenous ligands such as CO and NO to the heme iron.
Figure la illustrates the effect of preferential binding of CO
to the unfolded state on the GdnHCl-induced transition of
ferrocyt ¢ at 22 °C. CO binds tightly to the unfolded protein
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(K. ~ 21 I 1) and lowers the folding free energy by ~8.1
keal/mol.

When the unfolded protein solution higanded with CO
(UJCO) is diluted into a refolding medivm. the protein
collapses and forms a nativelike “intermediate™ state (INCO
or M) in which the Fe?'—CO interaction persists for a
considerably long time. The WNCO state can also be droven
to unfold when the solution is transferred to the unfolding
buffer. Figure 1b shows that the muallisecond rates for the
refolding of UCO are only margimally faster than those for
the unfolded protein without CO (U7). The unfolding rates
of NCO are, however, mmch faster Because the concentration
of CO in the final refolding mediam 1s substantially low and
the Fe?*—MB80 interaction is preferred over the Fe?t—CO
interaction. the trapped CO escapes as thermal motions
facilitate the dissociation of the Fe?*—CO bond. The time
constant for this thermal process (NCO — N + CO)
measured by changes in optical absorbance at 550 nm is ~45
muin (Figure 1b and refs 37 and 38). The thermally activated
CO dissociation limits the overall UCO — N refolding and
thus renders the WCO — N part of the refolding reaction
nvisible. The NCO — N process can, however, be captured
by recording the kinetics of conformational changes follow-
ing photodissociation of CO.

The differences in kinetics of the UCO == NCO and U =
N reactions suggest that WCO and N are energetically and
structurally somewhat disparate. From simple thermodynamic
calculations using the data shown in Figure la, and the
comparison of spectral signatures of W and NCO. provided
as Supporting Information, it can be shown that (1) INCO 1s
less stable than N by ~2 kcal/mol (33) and (1) 1t fairly fits
into the molecular organizational definition of the classic
molten globule (MG) state (40. 47). The fluorescence and
far-UV CD spectra of NCO are nearly identical to those for
MN. The near-UW CD absorption of NCO i1s. however,
substantially weaker than that for N. Also. the 'H NMR
spectra of IWCO and the alkali MG state of ferrocytochronme
¢ match very closely (data provided as Supporting Informa-
twon). These observations suggest that NCO represents a
compact and largely mobile molecular state containing
nativelike secondary structure and hyvdrodynamic radius, but
without rigid tertiary structure. To emphasize such similanties
of NCO and MG states. we call WCO the M state. Thus. the
study reports on the reaction kinetics of the late molten
globule-like M state (M — N) and relates the observed
behavior to the predictions of the funnel paradigm.

M — N Kinerics Observed by Laser FPhorolvsis. As
mentioned above, the W — N process 1s difficult to study,
because the folding kinetics are rate-limuated by very slow
thermal dissociation of the Fe?t—CO bond. In the photo-
dissociation protocol. the CO dissociation occurs in the
subpicosecond regime so that the slower relaxations associ-
ated with the dynamics of side cham folding can be
conveniently monitored. Figure 2a shows the microsecond
kinetics of the M — N transition in 0.85 M GdnHC1 imitiated
by a single-pulse laser photolysis. The time evolution of the
optical absorbance of IV is adeguately described by a single
exponential with a rate constant (&) of 1.7 = 10° 571 (v =
5.9 us). Rates measured at several concentrations of GdnHC1
all across the unfeolding transition of ferrocyt ¢ are plotted
in Figure 2b. Clearly. /& rolls over in the pretransition region
(<=2.6 M GdnHCI) where ferrocyt ¢ 1s most stable but
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Ficure 2: Microsecond kinetics for the folding of M. {A) Single-
pulse laser photolysis of CO from the M state in the presence of
0.85 M GdnHCI. Subsequent laser shots produce no change in
absorbance (bottom trace). indicating that the folded protein does
not rebind CO under the conditions of low gas pressure and strongly
refolding solvent. The residual in the top panel indicates that the
relaxation is adequately monophasic (k= 1.7 = 1077l v = 5.0
pis). (B) Chevron plot for the folding of the M state. As described
in the text. the biphasic relaxations under the unfolding conditions
(=45 M GdnHCI) correspond to ligand exchange dynamics
reperted previously (39—47). That the rates measured i <45 M
GdnHCI correspond to refolding relaxations is consistent with the
CO-induced shift in the unfolding transition of ferrocyt ¢ (C).
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decreases rapidly as progressively destabilizing conditions
are employed. The decrease continues to the region where
the CO-liganded protein i1s unfolded. but the unligpanded
protein is not. Passing this. the transition region of ferrocyt
c is approached (= 4.4 M GdnHCI1) where the postphotolysis
kinetics begins to accelerate in two distinct phases. These
two phases are assigned to. in decreasing order of rate
coefficient, transient bindings of methionines (VIG5 and ME0)
and histidines (HI18 and H33) to the heme iron, consistent
with earlier studies of postphotolysis chain dvnamics (79,
42—44) The biphasic relaxation following CO photolysis
is the hallmark of heme—polypeptide dymamics in the
unfolded state of ferrocyt ¢. Thus, the rates in the range of
0—4.4 M GdnHCI contain the information relevant to the
M — IN conformational transition. We note that the rate
constant for this transition extracted by linear extrapolation
of the rate data from the transition region to the ordinate is
a2l x 10° 57! for & (T = 1 ws) This is the fastest
achievable rate for the M — N transition in the absence of
a trapped mtermediate and 1s within the range set for limired
structural events. mncluding local hydrophobic collapse (43).
and the folding of the model peptide a-helix (46—45) and
FA-hairpin fragment (49) It also closely matches the rate of
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FIGURE 3: (A) Rate rollover in the folding limb can be explained
on the basis of glassy dynamics. The exit of the frozen folding
structures from kinetic traps limits the overall folding rate. giving
rise to rate rollover. Within the framework of classical chemical
kinetics. the phenomenon is illustrated with the minimal M == I=—
N scheme. From the denaturant dependencies of the microscopic
rate constants. calculated by diagonalizing the rate matrix, the rate
constants in water (inverse seconds) and m?* values (kilocalories
per mole per molar) for the four processes are as follows: & wp =
1 2 108, mtyy = — 0.5, By = 500, "-\47 S, kg = 124 = 10°,

mtpy = —0.037, K% = 10, and mhg = 0 03? (B) Dependence of
the amplitude of the microsecond relaxation process fits to the
equilibrium unfolding transition of CO- hganded ferrocyvt ©
{AG"=10.34 kcal mol ! . and mg=292 kcal mol * M ° This
analysis would appear inconsistent. from the viewpoint of traditional
analysis, with transient trapping of the infermediate I {but see the
text).

local tertiary conformational changes following laser pho-
tolysis of carbonmonoxvhemoglobin (507

Rare Rollover and Accumulation of Kinetic Inrermediares.
The thermodynamically distinct molten globule-like nature
of the M state facilitates analysis of the rate— stability data
within the formalism of a folding chevron. The rate rollover
under strongly nativelike conditions is a distinctive feature
of the chevron plot for the M — N transition (Figure 3a).
Rollover to varying extents has been observed for numerous
proteins, as illustrated in Figure 1b for ferrocvt ¢ and
carbonmonoxycyt c. although the refolding limb of mitrosyl-
cyt ¢ does not exhibit this phenomenon (36). Unfortunately,
a clear understanding of curvatures in the plot of the
logarithm of folding rates wersus denaturant concenftration
1s lacking. A number of factors. mdirvidually or in combina-
tion. may be associated with rollover in a case specific
manner. In the funnel paradigm. a protein whose energy
landscape in the absence of denaturant 1s sufficiently smooth
should not exhibit a rollover, as observed for nitrosvlcyt ¢
(36). CspB (57). and CI2 (52). Analyses of coarse-grained
protein chain models indicate that rollover mayv result from
an intermal frictional effect that impedes chain motions under
strongly nativelike conditions (53— 55). Using the principles
of classical kinetics, the rollover has been explained bwv
mvoking the accumulation of at least one structural inter-
mediate whose slower rate of folding linmts the observed
folding rate (56). Yet another possible cause for rollover is
a broad energy barrier that separates the native state from
the mminal state. The rate-limiting transition-state ensemble
which 1s the highest point on the bamrer energy profile moves
toward the unfolded state when nativelike conditions are
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approached. giving rise to rate rollover in the refolding limb
of the chevron. This model was used to explain chevron
curvature for the two-state protein UlA (57). Indeed. these
subtly different explanations convey the same general picture
that folding decelerates because of rouglhmess toward the
bottom of the funnel A contribution to the roughness may
come from one or more stable intermediates as exemplified
by extensive native-state hydrogen exchange data on ferricyt
c (27, 20y, kinetic traps set up by non-native imnteractions
that mawv originate from nonspecific collapse of the initial
unfolded state or from proline i1somerization, and internmal
frictional effects that are intensified by fiustrating interactions
causing the traps to deepen. From this svnthesis, we attribute
the accentuated rollover in the folding chevron of the M —
™ transition to at least one kinetic trap. the structural nature
and the causative interactions of which stand to scrutiny. In
phenomenclogical terms. the mamimalist scheme 1s then IV
==1== 1N, where I is a trapped intermediate that occupies an
energy well. The microscopic rate constants shown 1in Figure
3a represent one of the eigenvalue solutions of the kinetic
model. At higher denaturant concentrations where the
intermediate is destabilized. the denaturant function of the
observed rate i1s linear, and the rate constant measured is
that for the two-state M — N transition. fbny. Linear
extrapolation of /o.p; values to the ordinate provides the fastest
rate for the folding of ferrocytochrome ¢. The phenomeno-
logical three-state nature of the M — I transition becomes
wvisible only when the glassy trap deepens under strongly
nativelike conditions reflected by the chevron rollover.
The amplitude of the single-phase microsecond spectral
change as a function of GdnHC1 is shown m Figure 3b. In
this time regime. we do not observe denaturant-dependent
mussing amplitude. Any ultrafast signal decay., which is
bevond the resolution of our spectrometer. can be attributed
to heme-associated electronic structural changes immmediately
after photodissociation of CO. The denaturant-dependent
changes in the observed amplitude (Figure 3b) are as
expected from the observed mass action effect of CO on the
unfolding transition of ferrocyt ¢ (Figure 2c¢). The denatur-
ant—amplitude data best fit a two-state M — IN transition
(Figure 3b), the iterated fit parameters for which are within
12%% of the values obtained from independently measured
data. Clearly. this 1s not a fit to the M = I == I model. nor
is it consistent with the missing amplitude analysis for
accummilation of intermediates (50, 58). The observation of
chevron rollover with no missing amplitude mught appear
to make the existence of I doubtful. While the rollover in
the rate-denaturant data suggests the intermediate state. the
denaturant distribution of the decay amplitude does not.
Howewver, the visible optical probe emploved here (550 nm)
may be silent to a possible tertiary structural change
associated with the formation of I that leads the M0 ligation
event. An illustratton of this point i1s found i the recent
“downhill folding” experiments with the As gs protein (26).
Also, spectra of deligated or five-coordinate hemes could
be quite complex (39). and optical changes as a result of
local tertiary structural adjustments in the photoproduct are
not assured. Further. missing amplitude is not a necessary
and sufficient criterion for chevron rollover. Simple single-
exponential folding kinetics. which become increasingly
insensitive to denaturant as strongly nativelike conditions are
approached, can often produce rate rollover and reveal kinetic
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trapping and glassy dynamics (33). The data presented i
panels a and b of Figure 3 are consistent with this interpreta-
tion of the folding transition.

Although the data available at this point are not guite
adeguate to provide mechanistic msights into the M — I
transition. a simple model may be contemplated on the basis
of what is expected to happen in the photoproduct. As
established by a number of seminal photodissociation studies
of CO-bound heme protemns (60— 04). protein terfiary con-
formational changes emerge only in nanoseconds or longer.
This time 1s well within the range expected for local structural
organization (45), or for fast folding of short loops. helices,
and side chains (33, 65). The ume range of ~10—500 ns
has been associated with an adjustment of the local tertiary
structure into the void created by the departing CO ligand
m hemoglobin (50). It 1s likely that such a structural
rearrangement that is perhaps spectrally silent occurs in the
photolvzed product of the M state, leading to transient
accumulation of the species labeled I. Further folding
mvolves the native-state WEOQ ligation to the heme iron and
1s limmited by reorgamization of presumably musfolded side
chain elements to facilitate the formation of a contact
between Fe’t and the sulfur of M80. This speculative model
must be treated cautiously before a more complete picture
of postphotolysis dynamics is obtained.

The Reverse Sodium Sulfate Effect for I — N Folding
Suggests that I Is a Trapped Misfolded Intermediate. To
understand the nature of the tertiary interactions m I we
measured the folding rate as a function of the stabilizing
salt, Na;S0O,. The rationale was that Na>SOy. which 1s known
to stabilize intermediate species (66). would retard the rate
of I — I conversion if I contained tertiary interactions that
were not nativelike In a folding scenario in which the
mteractions become mcreasingly nativelike () as the protein
runs down the funnel, Wa>50, will stabilize a transition state
with a higher Q value more than a state that is less compact.
Consequently. the rate will increase with an increase in the
Na-S0y concentration. As Figure 4a shows, at a constant
GdnHC1 concentration (0.3 M), the measured I — N folding
rate decreases monotonously with an increase in the con-
centration of Wa:50,. suggesting that the transition state (T3)
for the I — I segment exposes more surface area than the
I state. The addition of sulfate stabilizes the I state with
respect to the TS because I is the more compact state. the
consequence being a decrease in the observed folding rate.
By this explanation, to achieve the correct conformation with
respect to the N state. an unfolding event that would disperse
the incorrect organization in the I state i1s necessary.
Accordingly, the intermediate could be regarded as a trapped
musfolded structure. a prototype of dyvnamically frozen late
mtermediates predicted by the funnel theory (fJ). The
emerging picture then is that in response to the exit of the
photolvzed CO ligand, the tertiary structure of the M state
configures nonspecifically to give rise to the I state. One or
more interactions in I are geometrically and (or) energetically
frustrated: they act as kinetic traps. and the rate of their
reorgamzation mto the correct state limits the formation of
the native Fe?t—NMB80 bond.

Fairly Sizable Energy Barrvier for I — N Folding. To
estimate the energy scale for the interactions that must be
reconfigured to establish the IN state, we looked at the
temperature dependence of I — I folding (Figure 4b).
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Ficure 4: (A) Monotony of the decrease in the I —~ IN folding rate
with increments of Wa:S0: in the folding milieun which suggests
that I is indeed misfolded. The transition state from I to I thus
exposes relatively more surface area. with the consequence that it
is stabilized less by sulfate. (B) Barrier for the I — N transition is
substantial (£, = 8 £ 1 kcal'mol). consistent with the cbservation
that the fransition state is weakly stabilized by sulfate.

Assuming the applicability of the thermally activated rate
law, the derived activation energy £, = 8 & 1 kcal‘mol and
the prefactor 4, ~ 1.2 = 10" 7! Such a strong temperature
dependence 1s conceivable at very late stages of folding
where mitrachain reorgamizations of the kind pondered here
are necessary. L he conformational energy difference between
I and I¥ is just approximately a few ATt I is less mobile
and 1s as compact as N, implving no significant enthalpic
and entropic mismatch i I The observed barrier energy then
is likely to originate from substantial reorgamization of non-
native interactions in I. The TS is thus relatively more
unfolded, little stabilized by sulfate, and 1s sizable in energy.
Simular strong thermal activation and a large Arrhenms
prefactor have been reported for o-helix formation in a
photoswitchable peptide that displays stretched exponential.
and the authors relate the observed thermal activation to
multiple local barniers between misfolded microstates or.
equivalently, to activated diffusion on a mgged energy
landscape (33).

Giassy Folding of the M Srare of Ferrocyr c¢. The
conclusions reached here are consistent with at least two
earlier studies. Theoretical studies of Chan and co-workers
(53, 54. 67) show that rollover in the folding chevron maw
often be a consequence of kinetic traps. and hence glasswy
dynamics under nativelike conditions. The role of internal
friction effect under nativelike conditions 1s also documented
by the expenments of Hagen and co-workers (39). While
the results of this study agree with theirs. it is also shown
here that cham misconfiguration at very late stages of folding
intensifies the frictional effects producing rate rollovers and
glassy dynamics for cytochrome ¢. Misconfiguration and the
consequent geometric frustration deepen the energy minima
and obviously produce more drag forces. Kinetic traps and
internal friction are related phenomena. Internal friction could
be considered a kinetic trap because 1t decelerates folding.
but kinetic traps are more direct manifests of chain misor-
gamzation Thev make the landscape rugged because energy
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barriers to chain reorganization giving mise to drag forces
exist. It is interesting to note that varving degrees of internal
friction persist at all stages of folding. Even the native state
experiences internal friction. because the protemn structure
in solution is dvnamic. Thus, a perfectly smooth folding
funnel should not exist. The energy landscape theory does
find that the folding funnel 1s generally rugged toward the
bottom where molten globule-like states have already crossed
over the glass transition-state region (/. 3. /7). In a highly
rugged funnel where the minima are deeper than a few s,
folding becomes glassy and decelerates because of transient
trapping of structures mn the local mimima. Folding of these
structures containing non-native mteractions will be domai-
nated by the rate of their exit from the kinetic traps. The
data for the folding of the molten globule-like M state
corroborate these predictions. although we still do not have
complete information about the structural changes mnvolved
in the M — I transition. The frustrated interactions that trap
the I-like microstates and whose reorganization limits the
folding within this segment of the folding coordinate remain
to be mvestigated. Finally. the overall folding rate of a protein
could be limited by such late glass transitions onlv if the
earlier folding events are faster than the rate of exit from
the glassy traps.

SUPPORTING INFORMATION AVAILABLE

Basic spectral data. including one-dimensional proton
MNME spectra. for the WCO or M state. This material is
available free of charge via the Internet at http://pubs.acs.org.
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