JOURNAL OF
CHROMATOGRAPHY B

D AP

ELSEVIE Journal of Chromatography B, 771 (2002) 237-249

www.elsevier.com/locate/ chromb
Review

Alteration of ribosomal protein maps in herpes ssmplex virus type 1
infection

Jean-Jacques Diaz*, Stéphane Giraud, Anna Greco

INSERM U369, Faculté de Médecine Lyon-R.T.H. Laennec, 7, Rue Guillaume Paradin, 69372 Lyon Cedex 08, France

Abstract

At present, the effect of herpes simplex virus infection on the entire proteomes of infected cells is very poorly
documented. Following several studies performed over the past few years, the modifications of a sub-cellular fraction
induced by herpes ssimplex virus type 1 can be documented. These studies were performed in order to characterize the
virally-induced modifications of a major component of the translational apparatus, the ribosomes. The very basic nature of
most of the ribosomal proteins renders them very difficult to separate using isoelectric focusing (IEF). Therefore these
studies were achieved using several different but related two-dimensional electrophoretic systems which allowed severa
two-dimensional ribosomal protein maps to be built. Comparison of the ribosomal protein maps built from non-infected cells
with those built from infected cells demonstrated that infection by herpes simplex virus type 1 (HSV-1) induces important
modifications of ribosomes: (i) non-reversible phosphorylation of ribosomal protein S6; (ii) unusua phosphorylation of
severa proteins of the small and the large subunits; and (iii) association of viral and cellular proteins to the ribosomal
fraction. An overview of these published studies is presented in this review. [0 2002 Published by Elsevier Science BV.
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1. Introduction

The molecular mechanisms governing the interac-
tions between herpes simplex viruses and their
eucaryotic host cells remain to be fully elucidated.
The tremendous progress made recently in
proteomics offers a unique opportunity to point out
the numerous changes in host-cells' gene expression
induced during productive infection with herpes
simplex viruses. However, at present, the effect of
herpes simplex virus infection on the entire
proteomes of infected cells is very poorly docu-
mented. Following severa studies performed over
the past few years, the modifications of a sub-cellular
fraction induced by herpes simplex virus type 1
(HSV-1) can be documented. Indeed, since the end
of the 1980s severa experiments have been con-
ducted in order to analyze the alterations of ribosom-
a protein maps of cells infected with HSV-1. These
analyses were initially conducted in Madjar’s labora-
tory [1-5] and were continued in this laboratory
[6,7]. An overview of these studies and of the
techniques used is presented in this review. This
introduction summarizes the experimental data re-
ported in the literature before the first experiments
and explains the rationale underlying these experi-
ments. The second section details the techniques
used for the preparation and analyses of ribosomal
proteins, while the final section overviews the most
significant published results.

HSV-1 was the first human herpesvirus discovered
and is considered a prototype of the aphaherpes-
virinae subfamily [8]. Primary infection occurs gen-
erally through the oral or genital mucosal tissues by
contact of a susceptible seronegative individua with
someone excreting HSV-1. A fundamental property
of HSV-1 is its ability to become latent after primary
infection. During the entire lifetime of the infected

individual, the latent virus persists within infected
neurons of either trigeminal, sacral or vagal ganglia,
in an apparently inactive state and may be reacti-
vated by numerous stimuli. The frequency and the
intensity of the reactivation are highly variable from
one infected individual to another [9].

During productive infection following either the
initial contact with the virus or a reactivation, the
physiology and morphology of the infected cells are
profoundly modified. Viral genome expression occurs
following three sequential steps that are coordinately
regulated and leads to the synthesis of very early (o),
early (B) and late (y) proteins. Expression of o
genes, controlled by the transcriptional transactivator
factor «-TIF brought into the cell by the virions,
activates transcription of B genes. Then, both « and
some B gene products stimulate the expression of -y
genes as well as viral DNA synthesis. Finaly,
expression of o and B genes is inhibited by late viral
proteins. Expression of the viral genome is accom-
panied by a shut-off of the synthesis of most host
proteins that occurs in two stages, a primary shut-off
occurring very early after infection and a secondary
shut-off occurring simultaneously with the synthesis
of B genes (for review see Ref. [10]). Experiments
performed since the discovery of the virus, in the
first quarter of the last century, up to the late 1980s
strongly supported the hypothesis that the virally-
induced shut-off, at least the secondary one, resulted
in part from translational control [11-14]. For exam-
ple, it was known that at this time of infection, an
increasing amount of non-tranglating polyribosomes
accumulate in infected cells [15]. Remarkably, the
viraly-induced inhibition of host protein synthesis is
selective since several cellular proteins are still
produced even late in infection [6].

Other experiments performed during this period
demonstrated that another virally-induced modifica-
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tion of the host cell concerned nucleoli and more
particularly ribosomes. Soon after infection, nucleoli,
which are the site of ribosome synthesis, increase in
size, localize close to the nuclear membrane and
finaly become fragmented in small pieces [10]. In
addition, the phosphorylation of the ribosomal pro-
tein S6 is stimulated by infection [16,17].

Taken together, all the above data suggested that
complex regulatory mechanisms involving transcrip-
tional and translational controls take place in infected
cells and supported the hypothesis that ribosomes
might be sequentially modified during infection. To
verify this hypothesis, a first group of experiments
was initiated to analyze ribosome and protein syn-
thesis modification of human cells during the course
of infection with HSV-1 [5]. These experiments
allowed identification of some of the ribosomal
proteins which are phosphorylated after infection and
determination of their kinetics of phosphorylation
[2,5,18]. Other experiments performed since then
alowed us to identify all the ribosoma proteins
which are phosphorylated during infection, to iden-
tify non-ribosomal proteins which appear associated
with ribosomes, and finally to demonstrate that
synthesis of ribosomal proteins persists late in in-
fection, while that of most of the other cellular
proteins is inhibited.

2. Methods of analysis of proteins

The following methods were used for all the
experiments reported here.

2.1. Analysis of total proteins

2.1.1. Infection of cells and radioactive labeling of
proteins

HeLa cells were plated into Petri dishes and
incubated at 37 °C for 16—18 h. Pre-confluent cells
were infected with HSV-1, macroplague strain, at a
multiplicity of infection of 20 plague-forming units
(PFU) per cell. The medium (M 199) was sup-
plemented with 1% inactivated fetal calf serum
(FCS). After 1 h at 33 °C, the inoculum was replaced
by M 199 containing 1% inactivated FCS and the
infected cells were incubated at 37 °C for different
periods of time. For radioactive labeling, the medium

was replaced 1 h before harvesting, by methionine-
and cysteine-free minimum essential medium sup-
plemented with 1% inactivated and dialyzed FCS
containing a mixture of [**S]methionine and
[**S]cysteine at a final concentration of 1.85x10°
and 0.925x10° Bqg/ml, respectively.

2.1.2. Purification of total proteins

After infection and labeling, the medium was
discarded and cells were scraped off and washed
twice with ice-cold PBS (130 mM NaCl, 4 mM
Na,HPO,-2H,0O, 1.5 mM KH,PO,). Harvested cells
were resuspended in 50 mM Tris—HCIl buffer at pH
7.5 containing 25 mM KCl and 5 mM MgCl, (300
wl for 5x10° cells). At this stage, total proteins were
extracted using the acetic acid extraction method
previously described [19—21]. This method allows a
fraction of proteins to be obtained which is highly
soluble in isoelectric focusing (IEF) buffer and
devoid of nucleic acids. Briefly, the cell suspension
was adjusted to 0.2 M magnesium using
(CH,CO0),Mg-4H,0 before addition of 2 vol. of
cold glacial acetic acid. After 1 h a 4°C with
occasional vigorous agitation, the precipitated nu-
cleic acids were removed by centrifugation at 7500 g
at 4°C for 10 min. The supernatant was kept at 4 °C
during the time required for the second extraction of
the pellet. For this, the pellet was incubated for 30
min in 200 pl of 0.1 M (CH,COO0),Mg-4H,0 and 2
vol. of cold glacial acetic acid. The precipitated
nucleic acids were removed by centrifugation. Both
supernatants were pooled and dialyzed three times
against 1000 vol. of 1 M acetic acid and stored at
—80°C.

2.1.3 lIsoelectric focusing for separation of total
proteins

The acetic acid soluble fraction of *°S-labeled
proteins was separated as described [6]. Aliquots of
each sample containing 20 g of protein [22] were
lyophilized and resuspended in |EF buffer containing
8 M urea, 4% CHAPS and 40 mM Tris base. The
sample was then diluted with 8 vol. of a solution
containing 8 M wurea, 2% CHAPS, 20 mM
dithioerythritol (DTE), 0.5% (v/v) immobilized pH
gradient (IPG) buffer, pH 4-7 (Amersham Phar-
macia Biotech). IEF was carried out in the
IPGphor™ using linear pH 4-7 IPG DryStrips
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(Amersham Pharmacia Biotech). |EF was performed
at 20 °C with 40 000 Vh after 14 h of rehydration. At
the end of the focusing time, the IPG strips con-
taining focused proteins were equilibrated immedi-
ately for 15 minin 5 ml of 50 mM Tris—HCI, pH 8.8
containing 6 M urea, 30% (v/v) glycerol, 2% (w/v)
sodium dodecyl sulfate (SDS), 65 mM DTE and
traces of bromophenol blue. The strips were then
incubated for 15 min in 5 ml of the same solution
than that used for equilibration except that the DTE
was replaced by 135 mM iodoacetamide. At the end
of the incubation times, the strips were loaded onto a
1 mm thick 12.5% (w/v) polyacrylamide slab gel.
The second dimension was performed at 20 °C in the
presence of SDS with 650 Vh [23]. Proteins were
visualized by silver staining of the gels [24]. Gels
were dried and submitted to autoradiography.

2.2. Analysis of ribosomal proteins

The method used to purify ribosomes and
ribosomal proteins allows a mixture of total ribosom-
a proteins (TP30S) free of RNA molecules to be
prepared. This procedure originaly developed by
Fraenkel-Conrat [19] was modified and described in
great detail in Refs. [20,25,26]. It permits the
subsequent separation and analysis of ribosomal
proteins by two-dimensiona polyacrylamide gel
electrophoresis (2D-PAGE).

2.2.1. Purification of ribosomes

Ribosomes were purified after infection and/or
%S |abeling. For this, 15x10° mock-infected and
HSV-1-infected Hel a cells were washed three times
with cold PBS, kept at 4 °C, and scraped off the flask
in 10 ml of PBS. After centrifugation of the cell
suspension at 500 g for 5 min at 4°C, cells were
resuspended in 0.3 ml of cold 0.25 M sucrose, 25
mM KCI, 5 mM MgCl,, 50 mM Tris—HCl, pH 7.4
(buffer A), containing 0.7% NP-40, and left on ice
for 10 min to disrupt the cell membranes. Nuclei
were then spun down by centrifugation at 750 g for
10 min a 4°C and removed. The postnuclear
supernatant was centrifuged at 12 500 g for 10 min
a 4°C to spin down the mitochondria. The KCI
concentration of the postmitochondrial supernatant
was precisely adjusted to 0.5 M.

The postmitochondrial supernatant was layered on

top of 1 ml of sucrose cushion made of 1 M sucrose,
0.5M KCI, 5 mM MgCl,, 50 mM Tris—HCl, pH 7.4.
After centrifugation for 2 h at 245000 g at 4 °C, the
supernatant was removed from the pellet of ribo-
somes. The ribosome pellet was quickly washed
twice with cold water, then resuspended in 300 pl of
buffer A. The amount of ribosomes was estimated by
measuring the optical density at 260 nm, assuming
that 14 A 4, units correspond to ~1 mg of ribosomes
and 0.5 mg of total ribosomal proteins [26].

2.2.2. Extraction, alkylation and lyophilization of
ribosomal proteins

Proteins were first extracted by the acetic acid
procedure as described above. Then, all the SH
groups of the proteins were blocked without change
of the net charge of the proteins by reduction by
DTE and alkylation by iodoacetamide according to
Madjar and Traut [27]. Briefly, the dried proteins
were resuspended in 6 M guanidine hydrochloride,
0.5 M Tris—HClI, pH 8.5, and 10 mM DTE at room
temperature under nitrogen for 30 min, then
alkylated in the presence of 0.04 M iodoacetamide
under nitrogen for 1.5 h. The mixture was dialyzed
against 1 M acetic acid to eliminate contaminating
salts and proteins were lyophilized in a SpeedVac
concentrator [26].

2.2.3. Separation of ribosomal proteins by 2D-
PAGE

Except for Sa, S12, PO, P1 and P2, the mammalian
eucaryotic ribosomal proteins are very basic. Their
pl range from 8.83 to 13.46 for rat S21 and L41,
respectively [28]. This intrinsic property means it is
not easy to analyse them by IEF. However, after
many attempts to obtain a reproducible separation of
very basic proteins by 1EF, Gorg and colleagues [29]
have been able to separate under steady state con-
ditions ribosomal proteins of HelLa cells, revealing
highly reproducible 2-D patterns. Unfortunately,
these systems can not yet be routinely used since the
identities of the ribosomal proteins visible in these
2-D patterns are still not known.

Several 2-D electrophoretic systems, dedicated to
the separation of ribosomal proteins, have been
developed which alow the reproducible separation
of al procaryotic as well as eucaryotic ribosomal
proteins. The first systems were developed by
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Kaltschmidt and Wittmann [30] for separation of
Escherichia coli ribosomal proteins. Since these
pioneer analyses of ribosomal proteins by 2-D
PAGE, numerous studies have been carried out using
different electrophoretic systems. From these studies,
reviewed in Refs. [31,32], a uniform nomenclature
for mammalian ribosoma proteins has been pro-
posed [31]. In the same period, Madjar and his
colleagues developed a procedure called the “ meth-
od of four corner” [32]. This method, which in-
volved the separation of proteinsin four different but
related 2-D electrophoretic systems, for the first time
alowed the identification of all the ribosoma pro-
teins, without their individual separation and purifi-
cation. In addition, this method presented the advan-
tages of identifying each of the ribosomal proteins
according to the uniform nomenclature and establish-
ing a correlation between the position of one given
protein in one of the four gels with that of the same
protein in other gel systems used previously [21].
The description and some of the applications of this
method have been reviewed previously [33].

The four systems are: system | (acidic—SDS),
system Il (basic—SDS), system Il (basic—acidic),
and system IV (acidic—acidic). In brief, the first
dimensional separation is performed in identical
conditions for systems | and IV, and for systems Il
and I11. It is carried out in tube gels containing 4%
(w/v) polyacrylamide and 8 M urea at pH 5.5 for
systems | and IV or at pH 8.6 for systems Il and IlI.
The second dimensional separation is performed in
identical conditions for systems | and Il and for
systems Il and IV. It is carried out in dab gels
containing 6 M urea in either 12.5% (w/v) poly-
acrylamide at pH 6.75 in the presence of SDS
(systems |1 and 1) or in 18% (w/v) polyacrylamide at
pH 4.5 in the absence of SDS (systems Il and 1V).

After electrophoresis and staining, the arrange-
ment of the gels is crucial for identification of the
proteins. The top of the first-dimension gels of
system | and IV and of system Il and Il are aigned
on the same vertical. Similarly, the top of the
second-dimension gels of systems | and Il and of 11l
and 1V are aligned on the same horizontal. Using
such alignments, a given protein is positioned on the
same horizontal line in systems | and I, and in
systems Il and IV while being positioned on the
same vertical linein systems | and 1V and in systems

Il and I1l. Therefore, a rectangle can be drawn, each
corner of which corresponds to the position of the
same protein [32].

Systems | and IV are used for their ability in
resolving acidic proteins that do not enter the first
dimension in systems Il and Il1. In systems | and 1V,
the different phosphorylated and non-phosphorylated
forms of a basic protein are in the same spot. On the
other hand, in systems Il and IlI, the different
phosphorylated forms of a basic protein can be
separated. This could allow the determination of the
number of phosphate residues incorporated per phos-
phorylated ribosoma protein [34,35]. Several
ribosomal protein maps have been established using
these four systems [21,27,32,36,37]. A map of
human ribosomal proteins obtained in this laboratory
using system Il is presented in Fig. 1. At present, the
sequences of 78 and 77 ribosomal proteins have been
determined from rat and human, respectively. As
reported in great detail in Ref. [28], these sequences
have been determined either by direct sequencing of
the proteins or deduced from the sequences of
nucleotides in cDNAs. A compilation of the primary
structure of the ~80 mammalian ribosomal proteins
has been reported [28]. The electrophoretic gel
systems used for most of these identifications were
very similar, if not identical, to that presented in Fig.
1 (see for example identification of rat ribosomal
protein L10 in Ref. [38]). However, sequencing of
al the proteins visible on Fig. 1 has not yet been
achieved.

3. Madifications of ribosomal protein maps after
HSV-1 infection

The HSV-1 induced alterations of ribosomal pro-
tein maps were analyzed in order to characterize the
modifications of the ribosomes during the course of
infection. These analyses were performed using the
four corner method. However, for clarity and be-
cause the electrophoretic system Il by itself allows a
very efficient separation of all the basic ribosomal
proteins, only the analyses carried out in system Il
are shown in this report. An example of a map
obtained in our laboratory with ribosomal proteins
purified from HSV-1 infected human cells and
separated in system Il is presented in Fig. 2.
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1-D pH 8.6/8Murea

PAGE

kDa

| 47.7

- 24.2

L 15.6

- 14.7

Fig. 1. Two-dimensional ribosomal protein map of basic ribosomal proteins purified from HelLa cells. An amount corresponding to 2.5 A,
units of ribosomes was separated in the two-dimensional electrophoretic system I1. The first dimension was run at constant voltage (72 V)
during 16 h, from the anode to the cathode, in 1.25-mm inside diameter tube gels. The second dimension was performed at 20 °C with 1000
Vh using a maximum power of 6 W per gel. At the end of the electrophoresis ribosomal proteins were visualized by Coomassie brilliant blue
staining and numbered according to the uniformed nomenclature [31]. L and S stand for proteins belonging to the large and the small

ribosomal subunit, respectively.

3.1. Identification of phosphorylated ribosomal
proteins

At the beginning of the study performed by Massé
and his colleagues [5], it was not known whether the
phosphorylation of ribosomal proteins other than S6
could be stimulated after infection by HSV-1. There-
fore to identify these proteins, the following ex-
perimental strategy was developed. Mock-infected
and HSV-1 human infected cells were labelled with
%P for 90 min at different times after infection.
Some of these experiments were carried out after a
deprivation of serum because S6 phosphorylation
was known to be stimulated by addition of serum
[35]. Ribosomes were purified from mock-infected
and infected cells and ribosomal proteins were
analyzed by the four corner method described above.
An example of an HSV-1-modified ribosomal protein

map similar to those obtained in the above study is
presented in Fig. 2. All together, these experiments
demonstrated that HSV-1 induces the phosphoryla-
tion of five ribosomal proteins. Four of them, S2, Sa,
S3a and S6, belong to the 40S subunit and only one,
L30, belongs to the 60S subunit. Using the four
corner method, identification of the phosphorylated
forms of S2, Sa, S3a and S6 was unambiguous.
However, identification of the phosphorylated form
of L30, initially designated v2 [5], required the
further following experiments [2]. Ribosomal pro-
teins from infected cells were separated in system 11
and transferred to polyvinylidene difluoride (PVDF)
membranes. Ribosomal protein L30 and its suspected
phosphorylated derivative (L30a, Fig. 2) were sub-
jected to an in situ CNBr cleavage [39]. The
hydrolysis products were eluted and separated
through high-resolution discontinuous SDS-PAGE
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1-D pH8.6/8Murea

kDa

47.7

24.2

15.6

14.7

Fig. 2. Alterations of the two-dimensional ribosomal protein map of basic ribosomal proteins in HSV-1 infected cells. Hela cells were
infected for 15 h with HSV-1 (20 PFU per cell). Proteins were extracted from the ribosomal fraction, and 100 g were separated in system |1
as indicated in the legend to Fig. 1. For clarity, only the alterations are highlighted. The phosphorylated forms are indicated by a mark to the
left of the corresponding proteins. S6 is only present in its fully phosphorylated derivative S6d. S2a, S3a* and L30a are the phosphorylated
derivatives of S2, S3a and L30, respectively. US11 viral protein migrates under L17 protein, and its different phosphorylated derivatives

marked by arrowheads on its left.

[40] and then transferred to another PVDF mem-
brane. N-terminal aminoacid sequences of the major
peptides were determined and compared. This al-
lowed it to be demonstrated that L30a was a
derivative of L30. In addition, it was demonstrated
that L30a was a phosphorylated form of L30 con-
taining only phosphoserine. This was performed by
determination of the phospho-aminoacids of L30a by
vapor-phase acid hydrolysis of *’P-labelled L30
immobilized on PVDF membrane [41]. During the
course of these experiments, the phospho-aminoacid
composition of S2a, S3a* and S6 was aso analyzed
(Fig. 2). Phospho-serine was the main phospho-
aminoacid present in these three proteins, athough
very small amounts of phospho-threonine were also
detected.

Moreover, analysis of the kinetics of phosphoryla-
tion of these ribosomal proteins during the course of

infection revealed that S6 phosphorylation increases
immediately after infection, even in absence of
serum, while de novo phosphorylation of S2, S3a, Sa
and L30 appear later [2,5-7,18].

3.2 |dentification of non-ribosomal proteins
associated with ribosomes

From the very start of the analyses it has been
observed that non-ribosomal proteins were found in
the ribosomal fractions of infected cells. Initialy,
three proteins named v1, v2 and v3 were pointed out
[5]. Later, other proteins were detected and desig-
nated protein 1 to protein 7 [7]. These proteins were
identified (Fig. 3D).

For identification of v1, total proteins from the
ribosomal fraction were extracted by the acetic acid
procedure and separated in system Il. Proteins were
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PAGE

Mock-
infected

6 hpi

1-D pH 8.6/§EA urea «Da

~47.7

-24.2

~ 15.6

- 14.7

Fig. 3. 2D-PAGE analysis of soluble acidic proteins and basic ribosomal proteins extracted from mock-infected and HSV-1-infected HelL a
cells. Hel a cells were infected with HSV-1 (20 PFU per cell) or mock-infected for 6 h. Total proteins (A and B) or proteins from the
ribosomal fraction (C and D) were analyzed by 2D-PAGE. Then 5 h after infection, cells were incubated with a mixture of [**S]methionine
and [*S]cysteine for one h just before harvesting. Total acetic acid soluble proteins and proteins from the ribosomal fraction were purified
and separated. For total proteins, the first separation was performed using a linear pH 4-7 IPG, and the second separation was performed
using the Laemmli—SDS system. Separation of proteins of the ribosomal fraction was performed in system |l as described in the legend to
Fig. 1. At the end of the electrophoreses, acetic acid soluble proteins were visualized by silver staining, and ribosomal proteins by
Coomassie brilliant blue staining, then the gels were dried and submitted to autoradiography. A and C, mock infected cells; B and D, 6 h
infected cells. The identified non-ribosomal proteins associated with ribosomes in infected cells are indicated by their namesin panel D. Any
of the proteins separated in A and B have been identified. Molecular weight markers, in kDa, are indicated to the right of panels A and C.

then transferred to PVDF membranes and stained
with amido black. As for identification of L30,
membrane pieces containing v1 were cut out and
pooled for in situ CNBr cleavage. The hydrolysis
products were eluted and separated through a high-
resolution discontinuous SDS-PAGE then transfer-

red to another PVDF membrane. N-termina amino-
acid sequences of the major peptides allowed it to be
determined that v1 was the product of the US11 gene
product of HSV-1.

Identification of proteins 1-7 was carried out by
N-terminal sequencing and also by peptide mass
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determination by mass spectrometry. For this,
ribosomal proteins were purified from mock-infected
and HSV-1 infected cells and separated in system I1I.
Non-ribosomal protein 1 was present in mock- as
well as in infected cells. Proteins 2—7 which were
present only after HSV-1 infection might be either
viral proteins or cellular proteins whose presence in
the ribosomal fraction is observed only upon in-
fection.

Protein 2 was identified by determination of its
N-termina sequence. For this, proteins were trans-
ferred to a PVYDF membrane after separation by
two-dimensional electrophoresis (2-DE). Immohil-
ized proteins were visualized with 0.1% amido black
solubilized in 45% methanol and 9% acetic acid, and
membrane-bound protein 2 was cut out of the PVDF
membrane. N-terminal sequence determination was
performed directly by Edman degradation using a
gas-phase sequencer, and the protein was identified
by comparison with sequences available in different
databases. The N-terminal seguence of protein 2,
MKTNPLP, matches that of HSV-1 protein VP19C, a
component of the viral capsid (SWISS-PROT entry
P32888). Its theoretical pl is 9.1 and its molecular
mass is 50.2 kDa, fitting that estimated for protein 2
(50 kDa) (Fig. 3D).

For identification of protein 1 and proteins 3—7,
fragments of the gel containing these proteins were
excised from the gel and then digested with trypsin.
Extracted peptides from digested proteins were
layered on the mass spectrometer target. Identical
volumes of solvent (10 mg/ml of «-cyano-4-hy-
droxycinnamic acid in 50% acetonitrile and 0.1%
(v/v) trifluoracetic acid) were added to the previous-
ly loaded digests, and samples were dried as quickly
as possible and analyzed by mass spectrometry using
MALDI-TOF mass spectrometers (Voyager™ Elite
or super STR, PerSeptive Biosystems, Framingham
MA, USA). Masses of the major peptides were
chosen for protein identification using Smartldent
software. The research was conducted against
SWISS-PROT and TrEMBL data bases. The query
was made for human and virus proteins.

Peptide mass fingerprinting of protein 1 revealed
that this protein should be one of the two poly(A)-
binding protein, PABP1 or PABP2. With this analysis
alone, even using different techniques, we were not
able to conclude whether protein 1 was PAB1P or

PABP2. Nevertheless, from other experiments it has
been possible to conclude that protein 1 should be
PABP1 rather than PABP2 (Fig. 3D).

Peptides obtained for protein 3 (v3) were matched
against the SWISS-PROT data base. This, combined
with other techniques (Bienvenut et al., in prepara-
tion) allowed us to identify this protein asVVP26 from
HSV-1 (SWISS-PROT entry P10219) (Fig. 3D).

Peptide mass fingerprinting of proteins 5-7
showed that these proteins were phosphorylated
derivatives of US11 protein (SWISS-PROT entry
P56958) (Figs. 2 and 3D). Peptide mass finger-
printing of protein 4 did not correspond to any
known protein.

Because VP19C and VP26 are components of the
capsid, and because US11 protein resides in the
tegument, one can not exclude that viral particles
were co-purified with ribosomes during the cell
fractionation procedure. However, this does not seem
to be likely. Indeed, these proteins were found
associated to the ribosomes as quickly as 6 h post
infection and recent data have clearly demonstrated
that capsids appear in the cytoplasm only at a very
late time of infection [42,43]. Furthermore, VP19C,
VP26 and US11 protein were found to associate to
ribosomes with different kinetics. All together, these
observations argue against a possible contamination
of the ribosomal fraction by the viral capsid at this
time of infection. However, the role, if any, played
by VP19C and VP26 on the tranglational apparatus,
remains to be elucidated.

3.3 Functions of phosphorylated ribosomal
proteins

At present, sequences of almost all mammalian
ribosomal proteins are known [28]. However, except
maybe for S6, their structures and functions within
ribosomes remain poorly documented. This is par-
ticularly true for Sa whose function is unknown. Not
much is known either about the function of S2,
athough it appears that S2 could be involved in the
P dite organization of the ribosomal 40S subunit
[44,45].

Nothing is known about the function of mam-
malian ribosomal protein L30. However it is clearly
demonstrated that L32, the homologous ribosomal
protein in yeast, is involved in the regulation of the



246 J.-J. Diaz et al. / J. Chromatogr. B 771 (2002) 237-249

splicing of its own pree-mRNA [46-48]. It is tempt-
ing to speculate that mammalian ribosomal protein
L30 might play a similar role. If this were the case,
its HSV-1 induced phosphorylation could be in-
volved in the modulation of this function, thus
regulating in some way the ribosome assembly after
HSV-1 infection.

As stated above, the function of ribosomal protein
S6 is now quite well elucidated. S6 plays a crucial
role in the control of the trandation of MRNAS
coding for many components of the trandational
apparatus [49]. Nevertheless, at present, the molecu-
lar bases supporting this regulation are not eluci-
dated.

Severa ribosomal proteins are bifunctional [50].
Among them, S3a has been shown recently to play a
rolein cell death and transformation. Constitutive or
transient enhanced expression of S3ais considered as
a‘‘priming” for cells apoptosis and suppression of
such enhanced expression as an ‘‘execution” [51].
Because HSV-1 modifies the host-cells' proliferation
and death programs through an unknown mecha
nism, one may postulate that HSV-1 induced phos-
phorylation of S3a participates in this mechanism. It
is not known however whether the functions of S3a
are regulated by phosphorylation.

34. Functions of non-ribosomal proteins
associated with ribosomes

34.1. US11 protein

Although the exact function of US11 is not fully
understood, multiple properties of the protein have
been demonstrated suggesting that this protein is
plurifunctional and is involved in post-transcriptional
regulation of gene expression. As a late gene prod-
uct, US11 protein is among the most abundant viral
proteins present in cells late in infection and is
packaged in the tegument of the native virion to be
delivered into cells after infection [4,52,53]. Soon
after infection, US11 protein of the parental virus
delivered into the cell could reduce the accumulation
of the activated cellular PKR and sustain protein
synthesis. Conversely, US11 protein made late in
infection does not block PKR activation. The mecha-
nism by which US11 modulates PKR activity is not
known. However, it is probable that functional
interferences between the two proteins is correlated

with their ability to bind both dsRNA and ribosomes
[54,55]. Moreover, it has been shown that US11
protein is able to activate the correct nucleo-cyto-
plasmic transport and trandlation of specific mMRNAs
[56]. From all these observations, it is clear that the
intracellular movements of US11 and its association
with ribosomes are determinants for its function.

34.2. VP19C, VP26

At least 39 of the 80 viral genes encode proteins
that are components of the HSV-1 virion which
consists of a trilaminar lipid envelope, an amorphous
layer tegument, an icosahedral capsid shell, and a
DNA-containing core. Capsids are assembled in the
nucleus of infected cells, where they are packaged
with viral DNA. The major components of the HSV-
1 capsid shell are the viral proteins VP5, VP19C,
VP23 and VP26 organized into 162 capsomers. The
capsomers are made of VP5, the more abundant
protein which constitutes the structural subunit, and
of the three less abundant proteins, VP19C, VP23 and
VP26. VP19C and VP23 are located in the space
between the capsomers whereas VP26 sits at the tip
of each copy of VP5 and may be involved in linking
the capsid to the surrounding tegument and envelope
at a late stage of viral assembly (for review see Ref.

(10D).

34.3. PABP1, PABP2

The poly(A)-binding protein (PABP) is an RNA
binding protein which has been identified in mam-
mals, yeast and plants. In human, two PABP (PABP1
and PABP2: SWISS-PROT entries P11940 and
Q15097, respectively) have been isolated which bind
the poly(A) tail at the 3’ terminus of mRNA [57].
Both proteins are very close in sequence but differ in
length. PABP1 is longer than PABP2 and possesses
four RNA recognition motifs (RRM) whereas
PABP2 possesses only one motif [58,59].

PABP1 has been extensively studied and it is now
well established that this protein plays a major role
in mMRNA turn-over as well as in regulation of
trandlation [60]. By interacting with one of the
trandlational eucaryotic initiation factors (elF4G),
PABPL dlows the 5'-m’GpppN cap and the 3’
poly(A) tail of eucaryotic mRNASs to communicate
and promotes trandlation initiation. A model has
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been proposed in which interaction of PABP1 with
elFAG induces the circularization of mRNAs [61].
This model has been confirmed using atomic force
microscopy [62].

In contrast to PABP1, PABP2 interacts dightly
with the poly(A) tail of mMRNAs and does not interact
significantly with elFAG [58,59,63]. The exact func-
tion of PABP2 is still not fully determined, however,
it has been proposed very recently that PABP2 could
be a component of a so-called ‘‘Pioneer initiation
complex’’. This complex, which is probably involved
only in the first round of trandation, might act as a
quality control mechanism to eliminate mMRNAS
which prematurely terminate trandation [64].

PABPs are thus multifunctional proteins which
participate in the regulation of trandlation initiation,
tranglation accuracy, degradation and/or stability of
mMRNA.

3.5. Persistence of ribosomal protein synthesis
after infection

Synthesis of ribosomal proteins was analyzed in
cells infected with HSV-1 under different experimen-
tal conditions [1-3,6]. For this, the HSV-1 induced
dterations of **S-labelled ribosomal protein maps
were analyzed during the course of infection. An
example of such analysis is presented in Fig. 3. The
rate of synthesis of proteins present in the ribosomal
fraction was estimated in mock-infected cells and in
cells infected for 6 h corresponding to the early stage
of infection (Fig. 3C and D). In parallel, the rate of a
sub-set of total cellular proteins was also estimated
(Fig. 3A and B).

As expected for total cellular proteins, the syn-
thesis rate of host proteins decreased dramatically in
6-h infected cells (compare Fig. 3A and B). The
global synthesis rate of this set of proteins was
decreased to ~40% of that of mock-infected cells.
This reflected the typical HSV-1-induced shut-off of
the majority of host protein syntheses. Conversely,
the synthesis of al the basic ribosoma proteins
separated in system Il remained very efficient (com-
pare Fig. 3C and D). Indeed the synthesis of
ribosomal proteins was sustained until 9 h post-
infection and finally decreased for most of them at
15 h post-infection [6,7].

4. Conclusions

Ribosomal protein maps have not yet been estab-
lished using |EF. Thisis mainly due to the very basic
nature of ribosomal proteins which renders them
very difficult to separate using this method. How-
ever, several two-dimensional electrophoretic sys
tems have been developed over the last two decades
which alow a reproducible separation of al
ribosomal proteins from procaryotic as well as from
eucaryotic cells. Among them, four different but
related systems were developed by Madjar and his
colleagues which alowed severa 2-D ribosomal
protein maps to be built. Over the past few years the
modifications of ribosomes and protein synthesis
after infection by HSV-1 have been analyzed. This
has been achieved by comparison of the ribosomal
protein maps built from non-infected cells with those
built from infected cells. These comparisons demon-
strated that infection by HSV-1 induces important
modifications of ribosomes: (i) non-reversible phos-
phorylation of ribosomal protein S6; (ii) unusual
phosphorylation of several proteins of small and
large subunits; and (iii) association of viral and
cellular proteins to the ribosomal fraction. The role
that these modifications may play in the regulation of
virdl and cellular gene expression remains to be
determined. However, these modifications are corre-
lated with changes in the cellular protein synthesis
occurring during the course of infection. This ob-
servation led us to hypothesize that ribosomes them-
selves participate in the trandational regulation of
viral and cellular gene expression. The finding that
severa viral and cellular proteins with mRNA-bind-
ing activities associate with ribosomes after infection
and that the synthesis of these modified ribosomes
persists even late in infection, strongly supports this
hypothesis. Indeed, one might postulate that these
modified, and newly synthesized ribosomes allow the
specific trandation of some class of vira and/or
cellular MRNAS whose translation is determinant for
the outcome of infection.

5. Nomenclature

2-D two-dimensional
2-DE two-dimensional electrophoresis
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DTE dithioerythritol

HSV-1 herpes simplex virus type 1
IEF isoelectric focusing

IPG immobilized pH gradient
PABP poly(A)-binding protein

PAGE polyacrylamide gel electrophoresis
PFU plaque forming unit

PVDF polyvinylidene difluoride

SDS sodium dodecyl sulfate

VP viral protein
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