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Ribosomal protein S6 (rpS6) is known to relate to cell proliferation. Our recent
proteome analysis of human metaphase chromosomes revealed the enrichment of
rpS6 during mitosis. Here, structure, localization and molecular assembly in vitro
and in vivo of a human rpS6, were examined using antibodies (Abs) prepared
by immunizing rabbits with synthetic peptides. Five peptides, Ser6-Asp20 (S6-1),
Ile52-Gly66 (S6-2), Asp103-Gly117 (S6-3), Asn146-Lys160 (S6-4) and Arg178-I1e192 (S6-5)
were chosen as epitopes of human rpS6. These peptides except for S6-3 induced
strong Ab production, and with an enzyme-linked immunosorbent assay, anti-S6-2,
anti-S6-4 and anti-S6-5, showed high reactivity to recombinant rpS6 (r-rpS6), while
anti-S6-1 did not, suggesting that S6-2, S6-4 and S6-5 were exposed on the r-rpS6
surface, while S6-1 was less exposed or possessed a different conformation. The
immunostaining of HeLa cells as well as isolated chromosomes suggested that rpS6
occurs in endoplasmic reticulum (ER) but less possible on chromosomes since no Abs
showed localization of rpS6 to chromosomes. In addition, the immunostaining
suggested that only S6-4 is exposed on the protein surface, while S6-2 and S6-5 are
buried by the interaction with other macromolecules in HeLa cells. Present our
result shows new possibility of antibodies as tools for structure-oriented cell biology.
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Abbreviations: Ab, antibody; Ag, antigen; HPLC, high-pressure liquid chromatography; H. sapiens, Homo
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Antibodies (Abs) have long been used for studying
protein structure in solution because of their specificity
in recognition of structure and conformation (7). Abs
recognize the antigenic determinant (epitope) that has
structural complementarity to the Ab-combining site
(paratope). Epitopes have been classified into two types,
‘linear or segmental’ and ‘conformational or topographic’
(2-6). Linear epitopes are determined by their linear
amino acid sequences, while conformational epitopes are
related to the three-dimensional protein structure and
are considered to be an assemblage of several amino acid
segments. Abs prepared by immunization of animals
with native proteins seem to largely recognize conforma-
tional epitopes and sometimes fail to react with dena-
tured proteins or peptides (2). These Abs, therefore,
cannot be used for detection of proteins by western
blotting analysis after SDS-PAGE. On the other hand,
Abs prepared by immunization with synthetic peptides
are able to bind to both native and denatured proteins,
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and can be used for isolating and characterizing gene
products.

Due to advances in the methodology of peptide
synthesis, in addition to progress in the theoretical
understanding of the immunochemistry of Ag—Ab recog-
nition (7), anti-peptide Abs have been widely used for
identification of proteins in cell extracts or living cells
that contain corresponding peptide segments (8). Ab
reactivity is considered to depend on two factors; the
degree of epitope exposure on the protein surface and
the secondary structure of the peptide segments in the
target proteins. Although most peptides used as immu-
nogens possess no obvious secondary structure, the
rigid conformation of the corresponding segments in a
folded protein was expected to affect Ab reactivity.
However, Stanfield et al. (9) showed that the conforma-
tion of a peptide in complex with an anti-peptide Ab was
different from that in which the peptide was a portion of
the intact protein, forming a type II B-turn in the former,
and an o-helix in the latter. It was also shown that anti-
peptide Abs were able to create combining sites for
peptide accommodation by an induced fit mechanism
(10). Therefore, it is likely that the secondary structure
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of a peptide segment is less important in determining
Ab reactivity than its degree of exposure on the surface.
Peptide segments folded into the interior of a protein or
buried in the protein interface would not be accessible
to Abs. This suggests that the reactivity of an anti-
peptide Ab is a measure of the folding state of the
recognized peptide sequence, in the case of purified
protein, as well as of interactions with other macro-
molecules in the case of proteins present in cells.

In the present experiments, we prepared Abs by
immunizing rabbits with synthetic peptides possessing
amino acid sequences corresponding to human rpS6 as a
model for the analysis of the protein—-macromolecule
interactions in living cells using Abs. Recently, it has
been reported that rpS6 phospholylation as well as
the activation of several protein kinases is essential
for regulating the protein synthesis and the cell size (11).
In mammals, phosphatidylinositol 3-kinase (PI3K) is
a component of a growth-regulation pathway, one of
whose downstream targets is rpS6 that is the major
phosphoprotein among the components in 40 S ribosomal
subunit. The phosphorylation of rpS6at multiple sites
was induced by several kinds of stimuli like serum,
growth factors, insulin and tumour promoting agents
(12-15) and is caused by rpS6 kinase (S6K1 and S6K2)
including PI3K, at early stage after stimuli and regulates
the translational activation of terminal oligopyrimidine
tract (TOP) mRNAs, which encode the important compo-
nents of the protein synthesis, led to the expression of
proteins and the progression of cell cycle (16). Although
rpS6 phospholyration is thus important for cell cycles in
eukaryotes, biophysical and biochemical information
such as 3D structure or localization of rpS6 in cells has
not been provided yet. Since recent proteome analysis
of human metaphase chromosomes suggested the possi-
bility of rpS6 to be a chromosomal protein (17), although
it is generally known to occur in ribosomes, its localiza-
tion in cells throughout cell cycle was required to confirm
by the other methods such as immunostaining. In order
to choose epitopes of Abs for immunostaining, we utilized
the information on 3D structure, assuming the analogy
of 3D structure between human rpS6 and that of
Thermus thermophilus. We chose five epitopes: four of
them (S6-2, S6-3, S6-4 and S6-5) were expected to locate
on the protein surface and another (S6-1) was from
eukaryote-specific N-terminal region. Since rpS6 is
abundant in cells, the binding of Abs to this protein
was expected to be easily visualized by immunostaining
and behave as a positive control for determining the
localization. Before the analysis by immunostaining,
we examined the reactivity of the Abs with peptide or
recombinant rpS6 protein (r-rpS6) by the enzyme-linked
immunosorbent assay (ELISA), in which peptide or
r-rpS6 was each coated onto plastic plates, respectively.
This assay was expected to provide information on
the extent of exposure of the peptide segments on the
monomeric rpS6. In addition, we compared the reactivity
of Abs with r-rpS6 on plates by ELISA and rpS6 on
isolated chromosomes or in HeLa cells by immunostain-
ing and attempted to explain the observed differences
of Abs, if any, in terms of accessibility of the epitopes.
In other words, we showed that only an Ab reacted with
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the epitope exposed on the surface of the target protein
can be used for the analysis of its localization in vivo.

MATERIALS AND METHODS

Two-Dimensional Gel Electrophoresis—Chromosomes
and nucleic fractions were isolated from HeLa cells by
sucrose density gradient centrifugation and then, the
proteins extracted by acetic acid extraction method were
separated by radical-free and highly reducing two-
dimensional gel electrophoresis (RFHR 2-DE) as
described previously (17).

Preparation of Antigens—The peptides corresponding
to the amino acid segments of rpS6, Ser6-Asp20 (S6-1),
Ile52-Gly66 (S6-2), Asp103-Gly117 (S6-3), Asn146-Lys160
(S6-4) and Argl78-I1e192 (S6-5), were prepared. A Cys
residue was added at the N- or C-terminus of these
peptides for conjugation with carrier proteins. We used a
solid phase Fmoc strategy for synthesizing the peptides.
The synthesis was performed on NovaSyn-TGR resin
(Novabiochem, Darmstadt, Germany) and the peptides
were purified by high-performance liquid chromatogra-
phy (HPLC).

The synthetic peptides were conjugated to bovine
serum albumin (BSA) using m-maleimidobenzoyl-N-
hydroxysuccinimide ester (MBS, Pierce). MBS was first
reacted with BSA at pH 8.5 (HEPES buffer containing
150mM NaCl) for 2h, followed by gel filtration with a
PD-10 column equilibrated with HEPES buffer contain-
ing 1mM EDTA. Peptides with a free Cys residue at
either the N- or C-terminus were added to the MBS-BSA
solution at a peptide to BSA ratio of 50:1 and reacted for
1h. The unreacted peptides were removed on a PD-10
column. The amount of peptides conjugated to the BSA
was estimated by mass spectroscopy.

Mass Spectrometry—MS analyses were performed by
matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF-MS) to identify the
number of peptides conjugated to BSA. BSA and
peptide-conjugated BSA were dissolved in water and
mixed with matrix solution [2:1 (v/v) mixture of 0.1%
trifluoroacetic acid/acetonitrile] saturated with sinapinic
acid (Sigma) on respective sample plates and then dried
at room temperature. All MS experiments were carried
out using a REFLEX III mass spectrometer (Bruker
Daltonics) in linear-positive ion mode. Sample ionization
was performed by irradiation using a nitrogen laser with
emission set at 337 nm.

Preparation of Recombinant rpS6 Protein—The rpS6
cDNA was prepared by reverse transcriptase PCR
(RT-PCR) from mRNA of HeLa cells and cloned using
the GATEWAY system (Invitrogen). The protein fused
with a His Tag at N-terminus was expressed in
Escherichia coli strain BL (DE3) (Stratagene). Cells
were grown in LB medium containing 100 pug/ml ampi-
cillin and induced with isopropyl-p-n(—)-thiogalactopyr-
anoside (IPTG) at a final concentration of 0.1 mM. After
incubation at 4°C for 4h, cells were harvested by
centrifugation. The cell pellet was re-suspended in the
sonication buffer (20 mM Tris—HCI pH 7.4, 130 mM NaCl,
1mM PMSF) and cells were lysed by sonication. The
precipitate was collected by centrifugation and dissolved
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Fig. 1. Two-dimensional gel electrophoresis. (A) The proteins extracted from nucleic fraction. (B) The proteins extracted from

isolated chromosome fraction.

in refolding buffer (20mM Tris—-HCI pH 7.4, 130 mM
NaCl, 8 M urea). This protein solution was dialysed twice
against a Ni column buffer (20mM Na,HPO, pH 7.4,
500mM NaCl, 6 M Urea) containing 50 mM imidazole,
and applied to a Ni column. After washing, the target
protein was eluted with Ni column buffer containing
500mM imidazole. The urea-denatured purified protein
was then folded by a stepwise dilution of urea concen-
tration by dialysis against 20mM Tris—HCl (pH 8.0),
1mM EDTA solution containing respective concentra-
tions of 4, 2, 1 and OM urea. The folded protein was
purified using an anion exchange column, and the target
protein was then concentrated and dialysed against
phosphate-buffered saline (PBS).

Immunization and Ab Purification—Rabbits were
purchased from Oriental (Japan). The peptide-BSA
conjugates were emulsified with complete Freund’s
adjuvant (CFA) and rabbits were immunized subcuta-
neously followed by booster immunizations on Days 14,
28 and 56. They were bled 9 weeks post-immunization.
Anti-BSA Abs were removed by passing through a
column of BSA-Sepharose, and flow-through fractions
were used for further analysis.

ELISA—In order to estimate the amount of Abs
capable of binding to the peptides or r-rpS6 protein,
micro titre plates were coated with either peptides or
r-rpS6 protein at 0.33 uM (50 ul/well) at 4°C, followed by
incubation with 5% skimmed milk (250 ul/well). Sera
from the immunized rabbits were then applied to the
plates and IgG bound to Ags was detected by horseradish
peroxidase-conjugated goat anti-rabbit IgG (MP
Biomedicals, Inc.).

Immunostaining of rpS6 in HeLa Cells—The immu-
nostaining was carried out according to the procedure of
Maeshima and Laemmli (I18) with a small modification.
HeLa S3 cells were grown on 18 x 18 mm poly-L-lysine-
coated glass coverslips in RPMI1640 (Nacalai Tesque)
supplemented with 10% fetal calf serum (GIBCO BRL),
1% penicillin and streptomycin, under conditions of 37°C
in a 5% CO;y incubator for 3 days. After washing with
PBS, the cells were incubated in 0.5mg/ml NaBHjy in
XBE2 (10mM HEPES pH 7.6, 2mM MgCl,, 100 mM KCI,
5mM EGTA) for 5min. Permeabilization was carried out
with 0.5% Triton X-100 in XBE2at room temperature,
and cells were then fixed with 2% paraformaldehyde
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(PFA)YXBE2 for 15min and incubated with 10 pg/ul of
the purified anti-peptide Abs (diluted 1:100 in XBE2
containing 1% BSA, 0.05% Tween-20) for 60 min. The
bound anti-peptide Abs were detected by FITC-labelled
goat anti-rabbit IgG Abs (Sigma) (1:200 in XBE2
containing 1% BSA, 0.05% Tween-20). The slides were
embedded in Vectashield containing 1ug/ml DAPI.
Images were obtained using a fluorescence microscope,
BX60 (OLYMPUS), equipped with a sensitive-cooled CCD
camera (PXL 1400, Photometrics). The B- or UV-light
excitation filters are used for the excitation of FITC and
DAPI, respectively. Captured images were digitally stored
and analysed using imaging software (Photoshop 7.0,
Adobe). Chromosomes isolated from HeLa S3 cells (17)
were diluted with XBE2 and then fixed with 1/10 vol of 8%
(PFA)Y/XBE2 for 15min. Equal volume of 60% sucrose/
XBE2 was added into chromosome solution and centri-
fuged at 2000r.p.m. for 10min. Immunostaining was
performed with same manner as described above.

RESULTS

Two-Dimensional Gel Electrophoresis (2-DE)—The
proteins isolated from nuclear fraction or chromosome
fraction were analysed by RFHR 2-DE (Fig. 1). The spots
obtained were subjected to proteome analysis and the
protein consisting of each spot was deduced on the basis
of amino acid sequences (I7). Since the rpS6 spot
occurred in both chromosome and nuclear fractions and
since its amount in chromosome fraction varied with
preparation methods employed, it was considered that
rpS6 interacted rather weakly with the surface of
chromosome and can be classified as ‘chromosome
peripheral proteins’ or ‘chromosome coating proteins’
(17). Since rpS6 has been known to exist only in
ribosome in general, further analysis of localization by
different methodology was required.

Ag Preparation and Immunization—Amino acid
sequence of Homo sapiens (H. sapiens) rpS6 (19) and
its comparison to those of other species (20, 21) are
shown in Fig. 2A. Compared to prokaryotic rpS6, the
eukaryotic rpS6 has an additional about 44 amino acid
residues in N-terminus and more than 40 amino acid
residues in C-terminus, respectively. The homology of
these additional regions is quite high among eukaryotes.
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A
S6-1 S6-2
H.sapiens 1:MKLNISFPATGCQKLIEVDDERKLRTFYEKRMATEVAADALGEEWKGYVVRISGGNDKQG 60
melanogaster 1:MKLNVSYPATGCQKLFEVVDEHKLRVFYEKRMGQVVEADILGDEWKGYQLRIAGGNDKQG 60
S.cerevisiae 1:MKLNISYPVNGSQKTFEIDDEHRIRVFFDKRIGQEVDGEAVGDEFKGYVFKISGGNDKQG 60
thermophilus Limmmm e e e MRRYEVNIVLNPN--- 13
E.coli Lt mm i m e e e e e e MRHYEIVFMVHPD--- 13
S6-3
H.sapiens 61 : FPMKQGVLTHGRVRLLLSKGHSCYR - - PRRTGERKRKSVRGCIVDANLSVLNLVIVKKGE 118
melanogaster 61 : FPMKQGVLTHGRVRLLLKKGHSCYR - - PRRTGERKRKSVRGCIVDANMSVLALVVLKKGE 118
S.cerevisiae 61 : FPMKQGVLLPTRIKLLLTKNVSCYR--PRRDGERKRKSVRGAIVGPDLAVLALVIVKKGE 118
Thermophilus 14 : LDQSQLALEKEITIQRALEN-YGARVEKVEELGLRR-------=-=-=-=-=---~ LAYPIAKDPQ 57
E.coli 14 : -QSEQVPGMIERYTAAITG-AEGKIHRLEDWGRRQ--------------- LAYPINKLHK 56
S6-4
H.sapiens 119 :KDIPGLTDTTVPRRLGPKRASRIRKLFNLSKEDDVRQYV--VRKPLN--KEGKKPRTKAP 174
melanogaster 119:KDIPGLTDTTIPRRLGPKRASKIRKLYNLSKEDDVRRFV--VRRPLPA-KDNKKATSKAP 175
S.cerevisiae 119:QELEGLTDTTVPKRLGPKRANNIRKFFGLSKEDDVRDFV--IRREVT---KGEKTYTKAP 173
Thermophilus 58:----GYFLWYQVEMPE-DRVNDLARELRIR--DNVRRVMV-VKS---------------- 93
E.coli 57:----AHYVLMNVEAPQ-EVIDELETTFRFN--DAVIRSMVMRTKHAVT-----=-~-~-~---~ 97
S6-5
H.sapiens 175:KIQRLVTPRVLOHKRRRIALKKQRTKKNKEEAAEYAKLLAKRMKEAKEKRQEQIAKRRRL 234
melanogaster 176:KIQRLITPVVLQRKHRRIALKKKRQIASKEASADYAKLLVQRKKESKAKREE--AKRRRS 233
S.cerevisiae 174:KIQRLVTPQRLQRKRHQRALKVRNAQAQREAAAEYAQLLAKRLSERKAEKAE--IRKRRA 231
Thermophilus 94:------- QEPFLANA- - - - - - - mmmmm oo e o m oo 101
E.coli 98 : -EASPMVKAKDERRERRDDFANETADDAEAGDSEE-----------------------—- 131
H.sapiens 235:SSLRASTSKSESSQK 249
melanogaster 234:ASIRESKSSVSSDKK 248
S.cerevisiae 232:SSLKA---------- 236
Thermophilus 102:--------------- 102
E.coli 132:--------------- 132

Fig. 2. Comparizon of amino acid sequences and structural
assignment of epitopes at rpS6. (A) Amino acid sequence of
H. sapiens (human) rpS6 and comparison to other species are
shown. Missing amino acid residues are indicated by dashes (—).
Numbers show the amino acid positions and coloured letters are
epitopes immunized to the rabbit (brown: S6-1, red: S6-2,

We chose five peptide segments as epitopes on the basis
of three-dimensional structure of 7. thermophilus rpS6
(Fig. 2B): S6-1, eukaryote-specific region; S6-2, signature
motif; S6-3, loop region in 7. thermophilus rpS6; S6-4,
high homology region among species; S6-5, nuclear
localization signal sequence. Table 1 shows the amino
acid sequences of the peptides used in the present
experiment. The number of peptides conjugated to one
BSA molecule was estimated by mass spectroscopy
(data not shown). The spectra displayed single broad
peak and the average number of BSA-conjugated pep-
tides was ~10.

The generation of anti-peptide Abs at various dilutions
of antisera to their respective peptides was examined by

S6-3

blue: S6-3, green: S6-4, violet: S6-5). (B) Three-dimensional
structure of 7. thermophilus rpS6 (PDB code, 1RIS) are shown
in ribbon model with the program RASMOL (22). The S6-2 (red),
S6-3 (blue), S6-4 (green) and S6-5 (violet) epitopes are indicated
on the S6.

ELISA using peptide-coated plates and is shown in
Fig. 3. Each peptide-BSA conjugate provided a high Ab
production. No significant difference was observed in
Ab production between peptides conjugated through Cys
at the N- versus the C-terminus (data not shown).
However, a peptide corresponding to the amino acid
segment S6-3 provided little production of Abs capable
of binding to this peptide.

Preparation of r-rpS6 Protein—The r-rpS6 was pre-
pared with a His tag sequence at the N-terminus for the
rapid and high purity purification. The purity of r-rpS6
was examined by SDS-PAGE (Fig. 4). Two bands with
different MWs are evident in the purified material.
Since both components were capable of binding to Ni
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Table 1. Amino acid sequences of synthesized peptides
and location in human rpS6 protein.

Peptides Position Amino acid sequences
S6-1 S6-D20 SFPATGCQKLIEVDD
S6-2 152-Q66 ISGGNDKQGFPMKQ
S6-3 D103-G117 DANLSVLNLVIVKKG
S6-4 N146-K160 NLSKEDDVRQYVVRK
S6-5 R178-1192 RLVTPRVLQHKRRRI
1.4r

H 10

o 103

o 10°

Agoo

S6-1 S6-2 S6-3 S6-4 S6-5
Anti sera

Fig. 3. Response of rabbit sera immunized with each
peptide. The immune responses were checked by an ELISA
using the plate coated with each antigen peptide. Absorbances
at 490 nm (A49y) were plotted against dilutions of antisera.

kDa

175
83.0 —»

62.0

47.5 —»

325 + r1pS6
e

25.0 —»

16.5

6.5 —

Fig. 4. Analysis of r-rpS6 purification by SDS-PAGE. 1,
Molecular weight marker; 2, r-rpS6 protein purified on a Ni
column and an anion exchange column.

column, which indicated the existence of the His tag at
the N-terminus of these proteins, it was considered
that the molecular heterogeneity had not arisen from
proteolysis at the N-terminal segment and that either
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post-translational modification at the C-terminus or diges-
tion by proteases during preparation have occurred.
Since no significant differences were observed in Ab reacti-
vity with these components by western blotting using
anti-S6-2, anti-S6-4 and anti-S6-5 Abs, we utilized this
mixture as the source of r-rpS6 for further experiments.

Binding of Abs to r-rpS6—The binding of anti-peptide
Abs was examined by ELISA using plates coated with
the respective peptides or r-rpS6, and the results shown
in Fig. 5 indicated that reactivity varied greatly among
Abs, in spite of the fact that they showed a similar
capability of binding to the corresponding free peptides,
except for S6-3. Anti-S6-5 Abs showed the most efficient
binding to r-rpS6. On the other hand, the weak binding
of anti-S6-1 to r-rpS6 suggested that the segment at the
N-terminal region was buried in the protein interior and
was less exposed, or that the His-tag introduced at the
N-terminus hindered Ab binding to the S6-1 epitope.
High reactivity of anti-S6-2, anti-S6-4 and anti-S6-5 Abs
to r-rpS6 indicates the exposure of the corresponding
epitopes on the r-rpS6 surface.

Binding of Abs to rpS6 Protein in HeLa Cells and
Isolated Chromosomes—The binding of Abs to the
proteins in HeLa cells was examined by immunostaining
using anti-S6-1, S6-2, S6-4 and S6-5. Anti-S6-4 Abs
showed strong reactivity to rpS6 proteins in the
cytoplasm where they have been shown to exist in as a
ribosomal protein but not in the nucleus, as shown in
Fig. 6A. In contrast to the reactivity of anti-S6-4, the
anti-S6-5 Abs bound only at very low levels to rpS6 in
HeLa cells (Fig. 6A), in spite of their strong reactivity
with r-rpS6. This suggests that rpS6 interacts with
other macromolecules such as S18 or mRNA in the cell,
and that anti-S6-5 could not therefore bind to the
epitope. On the other hand, anti-S6-1 did show evidence
of binding to rpS6 in Hela cells (although rather weak),
despite a minimal level of binding to r-rpS6. When the
isolated chromosomes were examined by immunostain-
ing, rpS6 was not detected using any Abs including anti-
S6-4 Abs (Fig. 6B). The results suggest that rpS6 is not
localized on the chromosome isolated by the method
employed in the present study, although rpS6 was
detected from both nucleic and chromosomes fraction by
2-DE (Fig. 1). Judging from the observations of immu-
nostaining of HeLa cells and isolated chromosomes,
it was considered that rpS6 might have been washed
out from the surface because the interaction between
rpS6 and chromosomes is very weak.

DISCUSSION

One of the goals in clarifying the structural biology of
proteins is to understand the role of their quaternary
structure in living cells. However, the structural aspects
of protein function and interactions with various
intracellular components in living cells is not yet well
understood, although information is available on the
three-dimensional structures of proteins as provided by
X-ray crystallography and nuclear magnetic resonance.
In this study, we attempted to deduce the configuration
of peptide segments within the protein structure,
i.e. whether they exist on the surface, or in the interior
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167 (A) S6-1 16T (B) S6-2
. —o— r-1pS6 o o 1-1pS6
L2r —e— peptide 1.2 —e— peptide
s 038 s 08T
<<l‘ <<f‘
04r 04 [ \\\
0.0—>==2 ® +——t—0p 0.0 : —t—20
10° 102 10* 100 108 100 102 o 6 8
_0.4_0 0 o _0.4_0 0 10 o 10 10
Serum dilution Serum dilution
16 - (C) S6-3 161 (D) S6-4
L _o 1-1pS6 ok _o_ I-TpS6
’ —e— peptide ' —e— peptide
s 081 s 08T
<<l‘ <<1‘
041 04
B e 0.0 : ——o—s
oo 102 10* 10° 108 ~ o0 102 10* 100 108
-0.4 Serum dilution -0.4 Serum dilution
1.6 _ (E) S6-5
o I-1pS6
1.2} .
—e— peptide
s 08+
<<I‘
04
0.0 : ~—s .
10° 10 10* 10° 108
04 - Serum dilution

Fig. 5. Binding of anti-peptide Abs to respective peptides or rS6 (0.33pM) coated on the ELISA plates. Absorbances at

490 nm (A49o) were plotted against dilutions of antisera.

DAPI FITC merge DAPI FITC merge

Fig. 6. Immunostaining of HeLa S3 cells (A) and isolated
chromosomes from HeLa S3 cells (B) for anti-peptide Abs.
1, anti-S6-1; 2, anti-S6-2; 3, anti-S6-4; 4, anti-S6-5. Nuclei were

stained with DAPI. The bound anti-peptide Abs were detected
by FITC-labelled goat anti-rabbit IgG Abs.

due to protein folding, or are located at the interface of
protein—macromolecule cellular interactions. For this
purpose, we prepared anti-peptide Abs by immunizing
rabbits with peptides of 15 amino acid residues and
examined the relative Ab reactivity with the peptides
versus the intact protein.

We assumed that Ab reactivity is determined by
accessibility to the epitopes. We considered that the
peptides, whether free in solution or coated on the plates,
were fully exposed and reactive with the anti-peptide
Abs. Since the peptide segments located on the surface of
rpS6 might not be exposed completely, unlike the free
peptide, it was expected that reactivity with rpS6 would
be less than that with the peptide. In fact, in ELISA,
r-rpS6 was ~100-fold less reactive than the peptides
(data not shown). However, it is worth considering that
the relative binding of Abs is a measure of the exposure
of the segment on the surface. In this context, we
surmised that the secondary structure of the segments
did not significantly affect the reactivity of anti-peptide
Ab, since Stanfield et al. (9) showed that the conforma-
tion of a peptide in complex with anti-peptide Ab was
different from that in the intact protein; the former
forming a type II B-turn, while the latter an o-helix.

We chose rpS6 as a model for the analysis of the
protein—-macromolecule interactions in living cells using
Abs because it exists as a complex with other proteins
and RNA as well as a major component of ribosome
small subunit. An X-ray crystallographic study of rpS6
from T. thermophilus (23, 24, 25) showed that this
protein contains four f-strands and two «-helices
(Fig. 2B). The small (30S) subunit of the E. coli bacterial
ribosome has been studied as a model for the ordered
assembly of a large ribonucleoprotein complex (26).
According to this model, rpS6 forms a heterodimer
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with another ribosomal protein, S18, with a dissociation
constant of <10nM (27) and the S6-S18 hetero-
dimer interacts with 16S RNA (28). It was expected
that a large surface area was involved in these
interactions (23).

S6-1 comprises the N-terminal region of rpS6. Since
this region does not exist in rpS6 from bacteria such as
T. thermophilus (Fig. 2), for which the tertiary structure
was determined by X-ray crystallography (23), structural
information was not yet available. We predicted that
this region would be exposed on the protein surface
in vivo on the basis of the reactivity of anti-S6-1 Abs
using immunostaining of HeLa cells. However, anti-S6-1
Abs did not bind to r-rpS6 at substantial levels, suggest-
ing that the S6-1 epitope is not exposed on the surface
of r-rpS6. Such a disagreement between r-rpS6 and
rpS6 in HeLa cells in terms of reactivity with anti-S6-1
Ab can be explained in terms of a conformational change.
We expect that the N-terminal region of rpS6 is less
exposed when free, but is exposed in HeLa cells due to an
allosteric effect from interaction with other macromole-
cules. It is also possible that the His-tag introduced at
the N-terminus causes steric hindrance in the reaction
with anti-S6-1 Abs.

In T. thermophilus, S6-2 consists of a B-strand (1) and
an o-helix (01). We expected that rpS6 in HeLa cells
would bind to the anti-S6-2 Abs because the region
containing the S6-2 epitope did not interact with other
molecules such as RNA or S18 in T. thermophilus (28).
However, the finding that anti-S6-2 Ab bound to r-rpS6
but not to rpS6 in Hela cells suggested that human rpS6
interacts with other macromolecules via the segment
containing the S6-2 epitope, or that the conformation of
this portion changed after interaction with other macro-
molecules, even if the interaction occurred through
segments other than S6-2.

The region containing the S6-4 epitope is homologous
with respect to the amino acid sequences of various
species (24, 25). The corresponding region of T. thermo-
philus formed a B-strand ($4). The fact that the anti-S6-4
Abs reacted with both r-rpS6 and rpS6 in HeLa cells
suggested that this epitope is exposed on the protein
surface without taking part in interactions with other
macromolecules. Among the anti-peptide Abs capable of
reacting with r-rpS6, only anti-S6-4 reacted strongly
with HeLa cell rpS6. It is of interest that no reaction
with cytoplasmic proteins was observed with anti-S6-5
Abs, in spite of their strong reactivity to r-rpS6 (Fig. 6A).
This was explicable in terms of steric hindrance resulting
from interaction with macromolecules. We prepared
Abs to S6-4 and S6-5 by immunization of three rabbits
with the respective peptides and found that anti-S6-4
Abs reacted with r-rpS6 as well as with rpS6 in Hela
cells, while anti-S6-5 Abs failed to react with HeLa cell
rpS6 (data not shown). Therefore, the specificity of these
Abs did not depend on differences among individual
animals. Abs such as anti-S6-5 cannot be used for
cytostaining or immunoprecipitation experiments.

As described above, we were able to prepare highly
reactive anti-S6-4 Ab capable of binding to human rpS6.
Although all Abs possessed a similar level of reactivity
to the respective peptides, they behaved differently with
rpS6 protein in HeLa cells. Such variation in reactivity
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to proteins in living cells could not be explained in terms
of affinity for the peptide or for the purified proteins,
and seemed to depend on the extent of epitope exposure
on the protein surface. Steric hindrance caused by the
other components would affect interactions between anti-
peptide Ab and epitope, suggesting that anti-peptide Abs
can be used as tools for predicting sites of protein—
macromolecule interactions in living cells. Even using
anti-S6-4 Ab capable of reacting with rpS6 in cytoplasm,
we could not detect it on the isolated chromosomes or in
nucleus. The results suggest that rpS6 exists largely on
the ER in vivo and attaches to chromosomes during the
isolation process. This conclusion is consistent with our
comparative proteome analysis of metaphase chromo-
somes isolated by three different methods, where rpS6 is
largely dissociated from chromosomes upon thoroughly
purification (17).
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